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FOREWORD 

There are at present a limited number of primary standard dosimetry 
laboratories (PSDLs) in the world. These are national laboratories which have been 
designated by their governments to develop, maintain and improve primary standards 
in radiation dosimetry. They participate in the international measurement system by 
making comparisons through the medium of the Bureau international des poids et 
mesures, and provide calibration services for secondary standard instruments. 

The International Atomic Energy Agency and the World Health Organization 
have agreed to establish an IAEA/WHO Network of Secondary Standard Dosimetry 
Laboratories (SSDLs) in order to improve accuracy in applied radiation dosimetry 
throughout the world. These SSDLs must be equipped with, and maintain, secondary 
standard instruments which have been calibrated against primary standards, and must 
be nominated by their governments for membership of the network. 

The SSDL can serve on a national or regional basis. A national SSDL under-
takes the duties of a calibration laboratory within a country, whereas a regional SSDL 
may provide, in addition to national functions, calibration services and advice to 
other countries within a geographical area. 

The majority of the existing SSDLs were established primarily to work with 
photon radiation (X-rays and gamma rays). Neutron sources are, however, increas-
ingly being applied in industrial processes, research, nuclear power development and 
radiation biology and medicine. Thus, it is desirable that the SSDLs in countries 
using neutron sources on a regular basis should also fulfil the minimum requirements 
to calibrate neutron measuring devices. 

It is the primary purpose of this handbook to provide guidance on calibration 
of instruments for radiation protection. However, it does not seem sufficient to con-
centrate solely on this task since the use of intense neutron beams is increasing in 
industry and for radiation biology and radiation therapy. Therefore, a calibration 
laboratory should also be in a position to calibrate instrumentation being used for the 
measurement of kerma and absorbed dose and their corresponding rates. This calibra-
tion is generally done with photons. In addition, since each neutron field is usually 
contaminated by photons produced in the source or by scatter in the surrounding 
media, neutron protection instrumentation has to be tested with respect to its intrinsic 
photon response. The laboratory will therefore need to possess equipment for photon 
calibration. 

This publication deals primarily with methods of applying radioactive neutron 
sources for calibration of instrumentation, and gives an indication of the space, 
manpower and facilities needed to fulfil the minimum requirements of a calibration 
laboratory for neutron work. It is not intended to give a comprehensive survey of the 
methods currently employed in well equipped PSDLs, but rather to serve as a guide 
for centres about to start on neutron dosimetry standardization and calibration. 

The IAEA officer responsible for this work was J.W. Nam from the Dosimetry 
Section of the Division of Life Sciences. 
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1. INTRODUCTION 

Measurements performed in radiation protection to assure that occupational 
exposure is in compliance with regulations have to be sufficiently accurate. 
This is achieved by using an instrument with the appropriate characteristics and 
by proper calibration. A Handbook on Calibration of Radiation Protection 
Monitoring Instruments was published by the International Atomic Energy 
Agency in 1971 [1], Since that time neutron exposure of occupationally exposed 
personnel has gained considerable interest. It was felt, therefore, that a special 
handbook should be devoted to the calibration of neutron measuring devices. 

This handbook is provided as a guide mainly for those who are establishing 
and operating facilities for neutron standard laboratories. Calibration measure-
ments link the reading of an instrument to a quantity which is useful for des-
cribing the possible risk to a worker in a radiation environment. Which 
quantities should be measured, and how the different proposed quantities are 
related to each other, is a matter of dosimetric concepts (Section 2). Calibration 
may include several types of measurement to determine instrument charac-
teristics as well as possible (Section 3). The main calibration procedure used is 
that of providing reference fields with known spectral fluence. This necessitates 
neutron sources and certain equipment and facilities (Section 4). These various 
tools allow several procedures and methods to be used to perform the calibra-
tion (Section 5). Although the main emphasis is placed on calibration of 
radiation protection monitoring instruments, it seemed important also to 
mention the techniques and special problems of calibration of beam dosimeters 
(Section 6). 

In Appendix I the basic quantities and units described in Section 2 are 
defined in detail. A glossary and some more information on special neutron 
sources are presented in Appendices II and III. In Appendix IV all relevant 
fluence to dose equivalent conversion functions can be found. 

The handbook presents recent ideas on quantities in use and a complete 
description of these cjuantities, according to the latest recommendations of the 
International Commission on Radiation Units and Measurements (ICRU) and 
the International Commission on Radiological Protection (ICRP), combined 
with practical guidance on sources, equipment and performance of measurements. 
It therefore contains all information necessary for a complete understanding of 
the calibration of neutron measuring devices. 
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2. CONCEPTS OF DOSIMETRY AND CALIBRATION 

The handbook deals with calibration aspects for neutron beam dosimeters 
as well as for radiation protection monitoring instrumentation. Therefore, it 
seems necessary to mention briefly the conceptual basis for both fields of 
measurement. The explicit formulation of the concepts and quantities men-
tioned in this section is given in Appendix I. 

An attempt was made in ICRU Report 25 [2] to structure radiation and 
dosimetric quantities into a certain hierarchy. The most interesting distinction 
is that between dose quantities (e.g. absorbed dose and dose equivalent), which 
are defined under receptor conditions only, and other quantities (e.g. kerma and 
exposure) which describe the radiation field in terms of interaction 'capability', 
regardless of whether the field exists in vacuum or in any interacting medium. 

An extended derivation of dosimetric concepts is given by Roesch [3]. The 
basic ideas that he puts forward are that each radiation field can be described as 
a vector field of the directional energy fluence, and that absorbed dose at a point 
in the field is expressed by the net sink strength of the primary radiation plus 
the higher generation charged particle component. 

A pure neutron field in vacuum will be used for illustration. If a small 
probe of hydrogenous material is placed in the field, neutron interactions will 
produce charged recoil particles. All other reactions will be assumed to be 
negligible. The dose in the probe is the sink strength for the neutron field plus 
that for the recoils. For an infinitesimal probe, they are equal with reversed sign, 
and the dose is zero. If the same procedure is applied inside an extended homo-
geneous medium, the sink strength for the charged particles is zero in the case 
of ideal charged particle equilibrium and the dose equals the sink strength for the 
neutron field. The latter is determined by the mass energy transfer coefficient 
and is called the kerma. 

The same concept holds in principle for a pure charged particle field. There, 
the sink strength for the primary charged particle field can also be defined with 
respect to secondary charged particle production. The corresponding quantity 
is derived in analogy to the kerma for indirectly ionizing radiation by replacing 
the kerma factor with the collision mass stopping power. The resulting quantity 
has no special name. It is obviously as useful to describe an integral interaction 
property of a pure charged particle field under receptor free conditions as it is 
useful to introduce the kerma for uncharged particles. Again, this quantity 
equals the dose if there is ideal equilibrium of higher charged particle generations 
and hence only under receptor conditions. 

In summary, there can be no quantity like absorbed dose (or dose equi-
valent) in any material without the receptor conditions being specified. In par-
ticular, there is no dose in any material 'free in the air', if this means 'free in 
vacuum'. (There is, of course, always an air dose 'free in the air', in the presence 
of a radiation field, and this air dose may be converted into dose in any 
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TABLE I. STOCHASTIC AND NON-STOCHASTIC 
LIMITS (Sv) FOR AVERAGE ORGAN DOSE 
EQUIVALENTS 
(as recommended in ICRP Publication 26 [4]) 

Tissue/organ Stochastic Non-stochastic 

Whole body 50 -

Selective exposure of organs 

Gonads 200 (500) 

Breast 330 (500) 

Red bone marrow 417 (500) 

Lung 417 (500) 

Thyroid (1670) 500 

Remainder (833) 500 

(single organs) 

Skin - 500 

Eye lens; - 150 

material.) Also, terms such as 'first collision dose' or 'absorbed dose in a small 
mass of material in free air' should be avoided. Either they have to be replaced 
with the quantities explained above, such as kerma or exposure for indirectly 
ionizing radiation, or the receptor conditions have to be clearly stated. 

The major part of this publication deals with radiation protection monitor-
ing and related calibration problems. The quanti ty of interest is exclusively the 
dose equivalent. It is defined via the frequency distribution of absorbed dose 
components of the charged particles as a funct ion of stopping power at any 
point in a receptor by multiplying this distribution with the quality factor. The 
latter is given in ICRP Publication 26 [4] as a funct ion of collision mass stopping 
power and is intended to allow for the influence of radiation quality on biological 
effect. Of primary concern in radiation protect ion is the risk of radiation 
induced genetic and late somatic effects in single organs and finally on the 
whole body. To control this risk the ICRP [4-6] has adopted concepts that are 
based essentially on two principles. Firstly, all exposures of people shall be kept 
as low as reasonably achievable and, secondly, the dose equivalent of individuals 
shall not exceed recommended limits. The limits are given for the dose equi-
valents in various organs of an individual and for the weighted sum of the dose 
equivalents on some of the organs, the so-called effective dose equivalent. For 
the latter the annual limit for occupationally exposed workers is 50 mSv, for 
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the eye lens it is 150 mSv and for any small area of the skin it is 500 mSv. For 
any other organ, the annual limit is 500 mSv as long as the annual effective dose 
equivalent limit is not exceeded. The corresponding values are listed in Table I. 

The quantities in which exposure limits are stated (certain single organ and 
tissue dose equivalents) refer to real individuals and cannot be measured directly. 
Quantitative estimates of personnel exposure are based upon area and individual 
monitoring. The monitors need to be calibrated in terms of operational quanti-
ties, whose relation to the primary limiting quantities is established in such a 
manner that no underestimation but also no gross overestimation of individual 
exposure occurs. 

For neutrons the recommended quantities have always been receptor quan-
tities, namely dose equivalents defined under certain conditions in reference 
phantoms. For a long time the quantity used was the maximum dose equivalent 
(MADE) in a circular tissue cylinder irradiated with a homogeneous, parallel 
neutron field perpendicular to the long axis. The quantity was introduced a 
priori as a reference quantity, being defined only for the stated exposure con-
ditions. Since 1971 the ICRU [2, 7] has favoured maximum dose equivalents 
in certain depth regions of a 30 cm diameter tissue sphere, the so-called shallow 
and deep dose equivalent indices. They have the advantage of being independent 
of the orientation of the sphere in the field, although they are not independent 
of the angular distribution of the field. 

These two quantities were originally meant to be truly measurable, being 
defined for any exposure condition and linkable to the possible detriment of a 
person located at the sphere site. This concept has proven to be unrealistic for 
several reasons. Firstly, measurement of dose equivalent is only possible for 
photons, where the quality factor equals one and the dose equivalent is identical 
with the absorbed dose. For neutrons this is not the case. Measurements based 
upon tissue equivalent proportional counters could be considered, but the tech-
niques are not yet sufficiently developed. Therefore, direct measurement of 
dose equivalent is currently not practicable. Secondly, MADE and index 
quantities have the disadvantage of an unspecified point of measurement. The 
search for the maximum inside a receptor is unrealistic. Finally, the 'maximum 
quantities' have the conceptual disadvantage of being non-additive (see Sec-
tion 1.2 of Appendix I). 

For all these reasons more recently dose equivalent quantities at specified 
sphere locations have been proposed. They depend, of course, on the orienta-
tion of the sphere in the field and hence also on the angular distribution of the 
radiation. In order to verify such quantities by area monitoring, the monitors 
must have anisotropic response and be oriented in the field to deliver maximum 
response. Again, such a procedure seems unfeasible. The most convincing 
experimental concept starts f rom an isotropic and additive detector, the 
response of which depends neither on its orientation in the field nor on the 
angular distribution of the radiation. According to ICRU Report 39 [8] 

4 



quantities measured by such devices are quantities as defined in the aligned and 
expanded field (see Glossary, Appendix II). 

The corresponding reference quantity in the ICRU sphere is that for a 
homogeneous, parallel field impinging frontally with respect to the specified 
sphere location. As the quantity cannot be measured it cannot represent directly 
a calibration quantity. Therefore, the basic calibration quantity for neutrons is 
still the spectral neutron fluence of the reference fields. From this all opera-
tional quantities are determined by means of calculated fluence to dose 
conversion functions. They are provided by numerical transport calculations 
and allow instrument calibration in the following simple manner. The dosi-
meter (in the case of individual monitors together with a suitable phantom) is 
placed at a convenient distance from a neutron source of known spectral 
emission and irradiated for a known time. From the source strength, the 
distance and the time, the total spectral fluence 'at the dosimeter' is calculated. 
By means of the fluerice to dose equivalent conversion function (see Appen-
dix IV), an effective conversion factor for the source spectrum can be calculated, 
and the dose equivalent to which the dosimeter had been exposed can be 
derived. After correction of the dosimeter reading for background, scatter 
radiation, non-parallel radiation, etc., the calculated dose equivalent, divided 
by the corrected reading, is then the dosimeter calibration factor for that source. 

3. TYPES OF CALIBRATION AND TEST 
MEASUREMENT 

Calibration not only implies the determination of the response of an 
instrument in a reference field under standard exposure conditions, but may 
include several types of measurement to collect as much information as 
possible on the characteristics of the instrument. Following a proposal of the 
IAEA [9] four levels of test may be distinguished: 

(a) Type test. "This involves a full investigation of all aspects of the perfor-
mance of representative samples of an instrument type" [9]. It includes 
a 'comprehensive calibration', as well as additional tests on the environmen-
tal, mechanical and electrical properties of an instrument to comply with 
legal aspects of instrument qualification and acceptance. 

(b) Comprehensive calibration. "It involves the measurement of the radiation 
characteristics of an instrument over the complete range of radiation . . . in 
which the instrument is intended to be used" [9]. It has to include: 

— Estimation of the response function, by using as many different calibration 
sources as are available; 
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— Determination of the angular response at least at energies near the lower 
and upper ends of the applicable energy range; 

— Testing of the linearity of the instrument reading versus the dose equivalent 
rate (by using a range of sources and distances) so that the relevant range 
of possible readings can be covered; 

— Testing of the gamma discrimination, by not only measuring the gamma 
response alone, but applying gamma radiation at the same time as the 
neutron source. Recommended sources are 137Cs and 60Co. 

Additional tests may be necessary to satisfy special demands of manufac-
turers or customers. For example, a determination of dead time is 
indispensable if the instrument is intended to be used at pulsed sources, 
such as near a betatron. 

(c) Laboratory test (routine calibration). "The purpose of this calibration 
is to compare the present response of the instrument with that obtained 
on previous and subsequent occasions" [9]. The calibration should be 
performed periodically. It serves mainly for quality control of instrumen-
tation in service. For this test no absolute calibration seems necessary. 
It may therefore be performed as a check source test or by intercomparison 
with a reference instrument. 

(d) Operation check. "This consists of a simple test carried out by the user to 
ensure that the instrument is functioning correctly" [9]. The test should 
be performed frequently, as simplified check source testing. The aim is 
not to measure the response, but to ensure proper operation, which cannot 
be done by electrical checks. 

A comprehensive calibration or even a complete type test is clearly a very 
difficult and time consuming task, which will strain the resources of even a well 
equipped national standards laboratory. Indeed, there are very few laboratories 
which have facilities for measuring neutron response from thermal energies to 
20 MeV, and hence a complete type test will often be a co-operative effort by 
several laboratories. This kind of testing is only done once, or a few times, on 
representative samples of a particular instrument type. It is therefore not 
expected that a secondary standard dosimetry laboratory (SSDL) will necessarily 
become heavily involved in type testing. 

On the other hand, it will be very useful to have a few well characterized 
monoenergetic beams so that, for example, during the development of a new 
instrument its response may be checked at a few points in the radiation field 
prior to undergoing a complete type test. The development, characterization 
and use of monoenergetic neutron beams are, however, not nearly so straightfor-
ward as for radioactive neutron sources. Implementation of such beams will 
depend very strongly on the particular facilities available at each laboratory. 

6 



Appendix III briefly discusses radiation sources for type testing, it being 
left to the individual;laboratories, in consultation with the primary standard 
dosimetry laboratories (PSDLs), to decide which sources and devices are 
appropriate and which are the best methods for their implementation. 

Secondary standard dosimetry laboratories will primarily perform the 
linearity and gamma discrimination tests as indicated in the description of com-
prehensive calibration, as well as the laboratory test. In this handbook the main 
emphasis is therefore placed on neutron sources and techniques for these 
purposes. 

4. SOURCES, EQUIPMENT AND FACILITIES 

4.1. SOURCES 

4.1.1. General comments 

Neutron fields can cover a wide range of energies, from 'cold' (subthermal) 
neutron energies to more than 50 MeV. Only a limited part of this range can 
usually be represented by reference fields. The sources generally available for 
this purpose are: 

— Radioactive sources 
— Nuclear reactors 
— Particle accelerators. 

Radioactive neutron sources can be divided into three categories: 
(a,n) sources, employing one of the actinide isotopes as an alpha emitter; 
(7,n) sources, using a;radioisotope as gamma ray emitter; and spontaneous 
fission sources. The neutron sources can be further subdivided according to 
whether they are used 'bare' or moderated. Reviews of radioactive neutron 
sources have been given by Knoll [ 10], Geiger [11] and Blinov [12]. An earlier, 
but still valuable, review was given by Kluge et al. [13]. Griffith et al. [14] 
have discussed a very*complete set of moderated sources, and Schwartz and 
Eisenhauer [15, 16] and Harvey and Bending [17] suggested the use of particular 
moderated sources for calibrating neutron personnel dosimeters. 

Nuclear reactors can be very useful sources of high intensity thermal neutron 
beams. In addition, by careful selection of filters and scatterers, it is possible to 
produce nearly monoenergetic beams of intermediate energy neutrons. For 
example, neutrons of 2 keV can be produced using a manganese scatterer and 
scandium filter; 24 and 144 keV beams can be produced using iron-aluminium 
and silicon filters, respectively. More information on these beams is given in 
Appendix III. 
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TABLE II. SPECIFIC NEUTRON YIELDS, DOSE EQUIVALENT RATE CONSTANTS AND FLUENCE TO DOSE EQUIVALENT 
CONVERSION FACTORS FOR RECOMMENDED REFERENCE RADIONUCLIDE NEUTRON SOURCES [18] 

Source Half-life, t 

(a) 

Specific 

source strength, 

q' = q/ms 

Maximum neutron dose 

equivalent rate constant, 

G n = (H n /m s ) r 2 

Photon dose equivalent 

rate constant, 

G t = (H7/ms)r
2 

Mean neutron fluence to dose 

equivalent conversion factor, 

= H/<£ 

(s-'-g-1) (Sv-h-1 -g_1 -m2) (Sv-h-'-g-'-m2) (Sv-m2) 

252Cf with D jO 

(moderator sphere, 

0 = 30 cm) 

. 2.64 2.1 X 1012a 5.4 0.9 9.1 X 10"15 

252 Cf 2.64 2.4 X 1012 23.4 l . l b 3.4 X 10~14 

q^s- 'Bq " ' ) G; (Sv h"1- Bq~ !m 2 ) G+
7(Svh"1-Bq"1m2) 

241 Am-Be (a,n) 432 6.6 X 10"5 7.2 X 10'16 6.8 X 10"16 3.8 X 10"14 

241 Am-B (a,n) 432 1.6 X 10~5 1.8 X10 ' 1 6 6.8 X 10"16 3.9 X 10"14 

Notes: (1) q: neutron emission rate (s-1); ms: source mass (g); H: maximum dose equivalent (MADE) (Sv); r: source-detector distance (m); 

<!>: neutron fluence (m~2). 

(2) Quantities denoted by+ are related to the activity instead of the mass of the source. 
a Yield for Cd covered sphere. 
b Dose equivalent rate for 2.7 mm thick source encapsulation. 



Depending upon the reactor construction and facilities, intermediate 
energy neutron beams with a broad energy spread may be available, as may cold 
neutron beams. These beams, however, would seem to have few applications for 
calibration purposes.: 

Accelerators can generate monoenergetic intermediate and fast neutrons 
by employing various* combinations of accelerated ions and target materials. 

Unless there is already an accelerator or reactor on-site, it is unlikely to be 
made available to a calibration laboratory. Only low energy accelerators, such 
as D-T neutron generators, may become cheap enough in the fu ture to become 
a justified tool in well established calibration laboratories. Therefore, the 
characteristics of these sources as well as of additional radioactive sources are 
only described briefly in Appendix III. 

4.1.2. Recommended sources 

Table II [18] lists the properties of recommended sources. The quantities 
used in the table are explained in the following sections (see also Appendix I). 
The quantities are expressed in SI units. 

The preferred radioactive neutron source is 252 Cf. Such sources are phys-
ically quite small, have well known neutron spectra with relatively low photon 
contamination, and are available with any desired emission rate. Their great 
disadvantage is the relatively short half-life (2.64 a), which means that the 
sources must be periodically replaced and recalibrated, at great expense. If the 
laboratory chooses to use 2 5 2Cf, it should also have a 30 cm diameter heavy 
water moderator sphere, and possibly other moderating spheres as well. If it is 
not financially practical to use 2 5 2Cf, then (a,n) sources are recommended: 
2 4 1Am-Be or 2 4 1Am-B, or both. These sources are essentially permanent (half-
life 432 a) and need not be replaced. 

4.1.2.1. Californ iu m-252 

(a) Neutron emission rate 

Californium-252 is available with any neutron emission rate (or source 
strength) q that could possibly be of interest for dosimetry calibration purposes. 
Typical emission rates used in practice range f rom about 106 to 109 s~ ' , 
requiring masses f rom about 0.5 to 500 jug of californium. Sources with an 
emission rate lower than q = 106 s - 1 , when used at conventional source-detector 
distances (see Section 5.2), can lead to inconveniently long irradiation times. 
Emission rates higher than q = 109 s"1 lead to dose equivalent rates which are 
sometimes inconveniently high, as well as possibly posing problems of radiation 
protection to the people using them; such sources are also quite expensive. 
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For cylindrically encapsulated californium sources Hunt [19, 20] has reported 
anisotropy factors of 

<£(90) 
F(90) = — — - = 1.012 and 1.037 

q/47rr 

for different sources, where <£(90) is the fluence in the direction perpendicular 
to the cylinder axis at a distance r from the centre of the source. Schraube and 
Burger [21 ] measured F(90) = 1.05 for a high intensity, needle type source. 

Eisenhauer [22] has pointed out that the anisotropy is the difference 
between neutron inscattering and outscattering from the capsule material, and that 
some of the inscattered fluence consists of neutrons which have been inelastically 
scattered to lower energies. Hence, the anisotropy correction will generally be 
smaller for devices which are less responsive to lower energy neutrons, such as rate 
meters and track etch detectors. Hunt [20], in fact, reports that the anisotropy 
factor of 1.037, measured with a long counter, becomes 1.030 when measured 
with an 8 in1 spherical rate meter. 

(b) Neutron spectrum (Fig. 1) 

Californium-252 decays primarily by alpha emission, but also by spon-
taneous fission, giving a neutron spectrum which is very similar to that of the 
neutron fission of 235 U. 

The 252Cf neutron spectrum has been carefully studied by Blinov [12] 
and by Grundl and Eisenhauer [23, 24], and is well understood in the region 
between about 100 keV and 10 MeV. Blinov has suggested that the spectrum 
can be represented by the Maxwellian, N(E) = E 1 / 2 exp(-E/T) , E being the 
neutron energy (MeV) and T the nuclear ' temperature' (MeV). The best fit to 
the data is given by T = 1.42 MeV. 

Schraube and Burger [21] derived a value of T = 1.46 by fitting several 
experimental spectra. They showed that most of the dose equivalent arises from 
the part of the 252Cf spectrum which is rather well known and where the fluence 
to dose equivalent conversion factor does not vary much as a function of energy. 
Hence, spectral uncertainties contribute very little to the uncertainty in the dose 
equivalent conversion factor. 

The Grundl-Eisenhauer evaluation [23, 24] uses the same reference 
Maxwellian as Blinov [12] (with the same value of T = 1.42 MeV), but modifies it by 
using four piecewise continuous segments below 6 MeV plus one exponential 
segment above 6 MeV. Values of group source strength per logarithmic energy 
interval are listed in Table III. Over most of the energy range between 100 keV 

1 1 in = 25.4 mm. 
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NEUTRON ENERGY (MeV) 

FIG. 1. Neutron spectrum from a 2S2Cf spontaneous fission source [./§]. For each energy group, 
if El and EH are the lower and upper energy boundaries, then Aq0/&ln(E/E0) = hq0/In (EH/EL). 
The group source strengths Aq0 are normalized to unit source strength: q0 = 1 . E0 is taken 
as 1 Me V. ; 

and 10 MeV, the simple Maxwellian does not differ from the Grundl-Eisenhauer 
representation by more than the estimated uncertainties in the latter represen-
tation. 

Using the fluence to maximum dose equivalent conversion factors from 
ICRP Publication 21 [25] (Appendix IV) and the Grundl-Eisenhauer [23, 24] 
252 Cf spectrum evaluation results in an average conversion factor 
h<j> = 3.33 X 10"14 Sv-m2, which is very near to the one stated in Table II. Based 
upon this and the emission rate q, the dose equivalent rate for the bare, 
unshielded source at a distance r can be calculated as follows: 

H ( S v h - ' ) = ^ f / l . h g ( S v m a ) (1) 
4itt ( n r ) 

(c) Photon contamination 

There is some uncertainty in the photon spectrum from 252 Cf, particularly 
at the low energy end, but an approximate listing is given by Stoddard and 
Hootman [26] for the Savannah River Laboratory source encapsulation. Recent 
measurements by Goodman et al. [27] have shown, however, that there is a 
considerable flux of either soft photons or beta particles from a very lightly 
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TABLE III. VALUES OF GROUP SOURCE STRENGTH PER LOGARITHMIC 
ENERGY INTERVAL FOR A 252Cf SPONTANEOUS FISSION SOURCE [18] 
(The Aq0 are normalized to unit source strength, q0 = 1 s~l.) 

E h A q 0 / l n ( E H / E L ) E H A q 0 / l n ( E H / E L ) 

(MeV) o ( s _ 1 ) (MeV) ( s _ I ) 

4.14 X 10~7 
- 2.80 4.42 X 10_1 

0.01 4.40 X 10~5 3.00 4.27 X 10"1 

0.05 2.74 X 10~3 3.40 4.01 X 10"1 

0.10 1.24 X 10~2 
3.70 3.66 X 10~' 

0.20 3.33 X 10~2 4.20 3.25 X 10-1 

0.25 6.04 X 10~2 4.60 2.78 X 10"1 

0.30 7.90 X 10~2 
•5.0 0 2.39 X 10"1 

0.40 1.07 X 10~' 5.50 1.99 X 10"1 

0.50 1.46 X 10"1 6.00 1.61 X 10"1 

0.60 1.84 X 10_1 
6.50 1.28 X 10"1 

0.70 2.21 X 10"1 
7.00 1.01 X 10-1 

0.80 2.55 X 10"1 7.50 7.92 X 10"2 

1.00 3.01 X 10"1 8.00 6.16 X 10""2 

1.20 3.53 X 10"1 8.50 4.76 X 10"2 

1.40 3.95 X 10"1 9.00 3.65 X 10"2 

1.50 4.19 X 10"1 9.50 2.79 X 10"2 

1.60 4.32 X 10"1 10.00 2.13 X 10"2 

1.80 4.46 X 10"1 11.00 1.42 X 10-2 

2.00 4.58 X 10"1 12.00 8.04 X 10"3 

2.20 4.62 X10 " 1 13.00 4.51 X 10"3 

2.30 4.61 X 10"1 14.00 2.50 X 10"3 

2.40 4.59 X 10~' 16.00 1.08 X 10~3 

2.60 4.53 X 10"1 18.00 3.20 X 10-4 

encapsulated source. These soft radiations are absorbed by the Savannah River 
Laboratory encapsulation, but may be present to some extent in the Amersham 
source. 

Alberts [28] has shown that the buildup of fission products does not 
significantly increase the gamma dose equivalent rate over the useful lifetime 
of the source. 
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FIG. 2. Neutron spectra from a 2s2Cf spontaneous fission source in the centre of a heavy water 
sphere of radius r = 15 cm, measured at the sphere surface. The quantity plotted is essentially 
the same as in Fig. 1, namely the spectral fluence per unit lethargy normalized to unit source 
strength. Dashed line: Ing and Cross [29]; full line: Morhart and Burger [30], 

4.1.2.2. Heavy water moderated californium-252 

(a) Neutron emission rate 

The dose equivalent per unit fluence for the source centred in the 30 cm 
diameter bath is approximately one quarter that of the bare source. Sources 
four times as intense as those used for bare californium irradiation would there-
fore be useful. 

(b) Neutron spectrum (Fig. 2) 

The neutron spectrum was calculated by Ing and Cross [29] using the 
Monte Carlo code 05R, and includes the effects due to the 'hardware' of the 
steel shell and source tubes. Values of group source strength per logarithmic 
energy interval are listed in Table IV. Ing and Cross also showed that for the 
assembly described by Schwartz and Eisenhauer [15, 16] the hardware does 
not introduce significant asymmetries in the neutron field, except in the region 
near the 'poles'. They further calculated that the neutron flux density follows 
the inverse square law for separation distances greater than 30 cm from the 
centre of the sphere. For smaller distances greater deviations occur owing to 
spectral variations and geometry effects. 
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TABLE IV. VALUES OF GROUP SOURCE STRENGTH PER LOGARITHMIC 
ENERGY INTERVAL FOR A 252Cf SPONTANEOUS FISSION SOURCE IN 
THE CENTRE OF A HEAVY WATER SPHERE OF 30 cm DIAMETER [18] 
(The Aq0 are normalized to unit source strength, q0 = 1 s'x.) 

E H Aq0/ ln(EH/EL) E h Aq0/ ln(EH/EL) 

(MeV) (s"1) (MeV) ( S - ) 

4.14X 1CT7 _ 7.49 X 10-4 
9.41 X 10~2 

5.32 X 1(T7 2.30 X 10"2 9.61 X 10"4 
9.81 X 10"2 

6.83 X 1CT7 2.43 X 10"2 1.23 X 10~3 
1.02 X 10"1 

8.76 X 10'7 2.56 X 10~2 1.59 X 10~3 
1.05 X 10"1 

1.13 X 10"6 2.69 X 10~2 
2.04 X 10-3 

1.09 X 10"1 

1.45 X 10"6 2.84 X 10~2 
2.61 X 10~3 

1.13 X 10"' 

1.86 X 10"6 2.99 X 10~2 
3.36 X 10"3 

1.17 X 10"1 

2.38 X 10"6 
3.15 X 10~2 4.31 X 10~3 

1.20 X 10"1 

3.06 X 10"6 3.32 X 10"2 
5.53 X 10"3 

1.23 X 10"1 

3.93 X 10"6 3.50 X 10"2 
7.10 X 10~3 

1.26 X 10"' 

5.04 X 10"6 3.68 X 10~2 
9.12 X 10"3 

1.29 X 10"1 

6.48 X 10"6 
3.87 X 10"2 

1.17 X 10~2 
1.31 X 10"1 

8.32 X 10~6 4.08 X 10~2 1.50 X 10"2 
1.33 X 10"1 

1.07 X 10"5 4.29 X 10~2 1.93 X 10~2 
1.34 X 10~' 

1.37 X 10"s 4.51 X 10~2 2.48 X 10"2 
1.34 X 10"1 

1.76 X 10"5 4.74 X 10~2 3.18 X 10"2 
1.34 X 10"1 

2.26 X 10"5 
4.99 X 10"2 4.09 X 10"2 

1.33 X 10~' 

2.90 X 10"s 
5.24 X 10"2 5.25 X 10"2 

1.30 X 10"' 

3.73 X 10-s 
5.50 X 10"2 6.74 X 10'2 

1.26 X 10"1 

4.79 X 10~5 
5.77 X 10"2 8.65 X 10'2 1.21 X 10"1 

6.14 X 10~5 
6.06 X 10"2 1.11 X 10"' 1.14 X 10"1 

7.89 X 10"s 
6.35 X 10"2 1.23 X 10"1 

1.07 X 10"1 

1.01 X 10~4 
6.66 X 10-2 1.36 X 10'1 

1.03 X 10"1 

1.30 X 10~4 
6.98 X 10-2 1.50 X 10"1 

9.87 X 10"2 

1.67 X 10~4 
7.31 X 10"2 

1.65 X 10'1 
1.00 X 10"1 

2.14X 10~4 
7.65 X 10-2 

1.83 X 10"1 
8.49 X 10""2 

2.75 X 10"4 
7.99 X10" 2 

2.02 X 10"1 
8.57 X 10"2 

3.54 X 10~4 
8.35 X 10"2 

2.24 X 10"1 
8.17 X 10"2 

4.54 X 10~4 
8.70 X 10~2 

2.47 X 10"1 
7.80 X 10~2 

5.83 X 10"4 
9.10 X 10"2 

2.73 X 10'1 
7.51 X 10"2 
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TABLE IV. (cont.) 

EH 
Aq0/ ln(EH/E [) EH Aq0/ln(EH/EL 

(MeV) : <s (MeV) (S"1) 

3.02 X 10"' 7.26 X 10"2 2.23 1.21 X 10"' 

3.34 X 10"1 
7.04 X 10"2 

2.47 1.50 X 10'1 

3.68 X 10"1 
6.67 X 10"2 

2.73 1.37 X 10-1 

4.08 X 10-1 
5.27 X 10~2 

3.01 1.32 X 10"' 

4.51 X 10"1 
3.88 X 10"2 

3.33 1.23 X 10"1 

4.98 X 10~' 4.95 X 10~2 
3.68 9.51 X 10"2 

5.50 X 10"1 7.50 X 10"2 
4.07 8.82 X 10"2 

6.08 X 10"1 
7.90 X 10~2 

4.49 9.32 X 10-2 

6.72 X 10"1 
8.06 X 10~2 

4.97 7.78 X 10"2 

7.43 X 10"1 
8.26 X 10"2 

5.49 6.97 X 10-2 

8.21 X lO,"1 
8.53 X 10"2 

6.07 5.16 X 10"2 

9.07 X 10"1 
7.47 X 10~2 

6.70 4.29 X 10"2 

1.00 5.38 X 10~2 
7.41 2.88 X 10"2 

1.11 5.49 X 10~2 
8.19 2.00 X 10"2 

1.22 8.35 X 10"2 
9.05 1.31 X 10"2 

1.35 8.15 X 10"2 
10.0 X 101 8.30 X 10~3 

1.50 9.62 X 10~2 
11.1 X 101 4.73 X 10"3 

1.65 9.97 X 10"2 
12.2 X 101 2.40 X 10"3 

1.83 1.13 X 10~' 13.5 X 101 1.22 X 10"3 

2.02 1.05 X 10"1 
14.9 X 101 5.09 X 10"4 

More recent calculations have been performed by Prevo [31] with the 
Monte Carlo code MORSE and by Morhart and Burger [30] with a discrete 
ordinates code. The latter data have been plotted in Fig. 2 together with those 
of Ing and Cross [29] for the surface of the D 2 0 sphere. These surface data are 
not relevant for calibration purposes. The curves demonstrate, however, the 
degree of agreement of different authors and hence the accuracy of transport 
calculation. 

According to Eq. (1) the dose equivalent rate of the moderated source can 
be calculated as follows: 

H = ^ h $ f : (2) 
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The factor f = 0.89 takes into account the roughly 11% loss of neutrons which 
are moderated in the D 2 0 sphere to below the cadmium cut-off and absorbed 
in the cadmium cover [32, 33]. _ 

A dose equivalent conversion factor h' for this case may be defined by 

H = l? - ^ ( m S v h " 1 ) (3) 

with 

9 X IP ' 1 5 ( S v m 2 ) X 3600 (s/h) X 0.89 
4?t 4tt 

= 2.30 X 10"5 ( m S v h - 1 s cm2) 

where r is the distance from the source to the surface of the phantom in which 
the fluence to dose equivalent conversion factors are defined. In the case of 
extended detectors, an effective centre of response may have to be introduced 
(Section 5,2). 

This value of the dose equivalent rate conversion factor has been experi-
mentally verified by Schwartz et al. [34] to within an uncertainty of ±4%. 

(c) Photon contamination 

While the soft photons emitted by the californium are absorbed by the 
heavy water, the neutron dose equivalent rate is also reduced by the moderation. 
The net result is a photon to neutron dose equivalent ratio of approximately 
17% [35]. 

4.1.2.3. Americium-beryIlium and americium-boron 

(a) Neutron emission rate 

The maximum practical Am-Be source which may be considered contains 
about 2 TBq (50 Ci)241 Am, although most laboratories do not have sources 
larger than about 0.2 TBq (5 Ci). A 0.2 TBq Am-Be source will have a neutron 
output of q = (1.1-1.4) X 107 s"1, and a 0.2 TBq Am-B source an output of 
q = (2.5-3.5) X 106 s"1. A 0.2 TBq Am-Be source will thus be inadequate for 
directly calibrating a dose equivalent meter on its highest scale since, according 
to Table II, such a source will only produce a dose equivalent rate of 
H = 6 X 10"4 Sv-h -1 at 50 cm. A dose equivalent rate of at least H = 10"2 Sv h"1 

is required to test adequately most dose equivalent meters on their highest scales. 
The yield and, to a lesser extent, the spectrum of the neutron source will 

depend' upon its physical construction. The yield will be maximized when the 
atomic ratio of Be (or B) to Am is large, i.e. 3*200:1. The physical size of the 
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FIG. 3. Neutron spectrum from an 2A1 Am-Be (a,n) source [iS]. For each energy group, if E^ 
and Eh are the lower and upper energy boundaries, then Aq0/kln(E/E0) = Aq0/ln (EH/EL). The 
group source strengths Aqa are normalized to unit source strength: q = 1 s'1. E0 is taken as 1 MeV. 

source is largely determined by the amount of target material, and thus there is 
a compromise between maximum neutron yield and minimum source size. 

These sources are usually made as compacted mixtures of americium 
oxide and beryllium or boron metal powder. This raises the possibility that the 
physical composition of the source might change slightly with time as the con-
stituents shift relative to each other. This, in turn, could cause the neutron yield 
to change, and therefore the neutron emission rate should be recalibrated 
periodically (at least every five years) by a national standards laboratory. It 
would be desirable if the source were an alloy of americium and beryllium, so 
that no physical change would take place. It may be difficult, however, to 
obtain such a source with the desired emission rate. 

(b) Neutron spectrum 

The Am-Be spectrum has been reviewed by Geiger [11] and by Kluge and 
Weise [36]. Further information on Am-Be and Am-B spectra as well as details 
of source manufacture are given by Janzow [37]. In the case of Am-Be, the 
neutron spectrum extends over the range from approximately 1 to 10 MeV, with 
most of the neutrons between about 3 and 6 MeV (Fig. 3, Table V). 

Since the Q-values for the 10B(a,n) and nB(o:,n) reactions (1.06 and 
0.16 MeV, respectively) are lower than the Q-value for the 9Be(a,n) reactions 
(5.70 MeV), the neutron energy spectrum from an Am-B source is softer than 

17 



TABLE V. VALUES O F G R O U P SOURCE STRENGTH PER LOGARITHMIC 
ENERGY INTERVAL FOR A 2 4 1 Am-Be ( a , n ) SOURCE [18] 
(The Aq0 are normalized to unit source strength, q0 = 1 s'1.) 

E h 
Aq0/ln(EH/EL) E H Aq0/ ln(EH/EL) 

(MeV) (s"1) (MeV) (S- ) 

4.14 X 10~7 
- 5.68 6.19 X 10"1 

0.11 1.15 X 10~3 5.89 5.67 X 10"1 

0.33 3.04 X 10~2 
6.11 4.95 X 10"1 

0.54 6.35 X 10~2 6.32 5.23 X 10"1 

0.75 8.56 X 10-2 6.54 5.96 X 10"' 

0.97 9.72 X 10-2 
6.75 5.79 X 10"' 

1.18 1.09 X 10_I 
6.96 5.32 X 10"' 

1.40 1.16 X 10"1 7.18 5.39 X 10"' 

1.61 1.25 X lO'1 7.39 5.83 X 10"1 

1.82 1.57 X 10"1 7.61 6.42 X 10"1 

2.04 1.95 X 10-1 7.82 6.75 X 10"1 

2.25 2.19 X 10"1 8.03 6.37 X 10"1 

2.47 2.41 X 10"1 
8.25 5.31 X 10"1 

2.68 • 2.79 X 10_1 
8.46 3.85 X 10~' 

2.90 3.74 X 10"1 
8.68 2.54 X 10"1 

3.11 5.09 X 10"1 8.89 1.78 X 10"1 

3.32 5.64 X 10"1 9.11 1.50 X 10"1 

3.54 5.39 X 10'1 9.32 1.67 X 10"1 

3.75 5.32 X 10"1 
9.53 2.27 X 10"' 

3.97 5.26 X 10"' 9.75 2.74 X iO-1 

4.18 5.22 X 10"1 
9.96 2.59 X 10"1 

4.39 5.84 X 10"1 10.18 2.14 X 10"1 

4.61 6.50 X 10"1 10.39 1.81 X 10"' 

4.82 6.90 X 10"1 10.60 1.39 X 10"1 

5.04 7.47 X 10"1 10.82 7.37 X 10~2 

5.25 7.45 X 10"1 11.03 1.89 X 10"2 

5.47 6.67 X 10"1 11.09 0 
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FIG. 4. Neutron spectrum from an 241 Am-B (a, n) source [ iS] . For each energy group, i f E L 

and E^ are the lower and upper energy boundaries, then Aq0/kln(E/E0) = Aq0/ln(EH/EL). The 
group source strengths &q0 are normalized to unit source strength: q0=l E0 is taken asl MeV. 

that f rom Am-Be, with essentially no neutrons above about 5 MeV (Fig. 4, 
Table VI). Since the neutron yield per unit activity o f 2 4 1 Am in an Am-B source 
is approximately four times lower than in an Am-Be source, the main justifica-
tion for using Am-B is its softer spectrum. _ 

The mean fluence to dose equivalent conversion factors, h<j>, for the 
MADE response, as recommended in ICRP Publication 21 [25], are listed in 
Table II. 

(c) Photon contaminat ion 

As indicated in Table II, the photon dose equivalent rate f rom an unshielded 
Am-Be source is approximately equal to the neutron dose equivalent rate, and 
f rom an Am-B source the photon dose equivalent rate is approximately four 
times the neutron dose equivalent rate. A 1 m m thick lead shield, however, 
reduces the photon dose equivalent rate to <5% and <20%, respectively, of the 
neutron dose equivalent rate. 

4.2. EQUIPMENT 

List of essential equipment 

— Tools for remote source handling 
- Source storage, shielding and collimator 
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TABLE VI. VALUES OF GROUP SOURCE STRENGTH PER LOGARITHMIC 
ENERGY INTERVAL FOR A 2 4 1 Am-B (a,n) SOURCE [18] 
(The Aq0 are normalized to unit source strength, q0 = 1 s'1.) 

EH 
(MeV) 

Aq0/ln(EH/EL) 

(s"1) 

Eh 
(MeV) 

Aq0/ln(EH/E, 

or1) 

4.14X JO"7 
- 4.13 5.35 X 10"1 

0.82 1.21 X 10~3 4.27 5.17 X 10"1 

1.09 3.97 X 10~2 4.41 4.49 X 10"1 

1.34 3.91 X 10~2 4.55 3.19 X 10"1 

1.56 1.38 X 10"1 4.69 2.46 X 10"1 

1.78 3.44 X 10_1 
4.83 1.16 X 10"1 

1.98 5.93 X 10"1 4.96 8.26 X 10~2 

2.17 8.72 X 10"1 5.09 4.49 X 10"2 

2.36 1.06 5.22 1.20 X 10"2 

2.54 1.26 5.35 1.09 X 10"2 

2.72 1.41 5.48 9.83 X 10"3 

2.89 1.37 5.61 4.92 X 10"3 

3.05 1.31 5.74 6.34 X 10"3 

3.22 1.23 5.86 6.74 X 10"3 

3.38 1.03 5.98 1.37 X 10"2 

3.53 9.26 X 10"1 6:11 8.28 X 10"3 

3.68 7.62 X 10"1 6.19 2.24 X 10"2 

3.83 7.59 X 10"1 6.25 0 

3.98 6.57 X 10"' 

— Moderator assemblies for albedo dosimeter performance test 
— Phantoms 
— Shadow cones 
— Reference instrumentation (long counter, dose equivalent rate meter, 

Bonner spheres). 
Some equipment, either readily available in a calibration laboratory or 

easily designed and built, will be mentioned only briefly here. Electronics, for 
example, will not be treated at all. More emphasis will be laid upon phantoms, 
shadow cones and reference instrumentation. 
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4.2.1. Tools for remote source handling 

Such tools, e.g. long handled tongs, are generally available and need no 
further description. In some cases a tube construction may be realized which 
allows the source to be transported either mechanically or even pneumatically 
from the source container to the target location without being handled 
manually [38, 39]. 
4.2.2. Source storage, shielding and collimator 

Source storage is best provided by a floor bunker, which may be a simple 
hole in a concrete block with a polyethylene plug carrying the source in a void 
at its lower end. Movable or fixed above ground storage casks can also be used 
provided that they are big enough to guarantee sufficient shielding. The size of 
the cask, depending on the shielding material used, can be easily assessed on the 
basis of transmission data compiled by Jaeger et al. [40]. Some information on 
shielding can also be found in Section 4.3. 

If a laboratory test rather than an absolute calibration needs to be per-
formed, the source may stay inside the cask, with only a channel (collimator) 
opened in the shield, i, The instrument to be tested has then to be placed under 
reproducible conditions into the neutron beam. Owing to the building of a 
virtual scatter source in the shielding immediately around the source and to 
collimator duct scattering the beam spectrum will be degraded. Hence, the 
conversion factors listed in Table II are not applicable. 
4.2.3. Moderator assemblies for albedo dosimeter performance test 

These assemblies can be realized by means of a simplified 'thermal pile'. 
Such an arrangement I may consist of a polyethylene cylinder of, say, 30 cm 
height and 20 cm diameter, with a suitable Am-Be source, shielded by 1 mm 
of lead, positioned ati the geometrical centre. The cylinder may be polygonal 
rather than circular to facilitate mounting of the dosimeters. 

In any case the sources should be stored in the calibration room and trans-
ported remotely to the target position to prevent unnecessary neutron exposure 
of personnel. 
4.2.4. Phantoms 

Phantoms should be used for absolute calibration of all individual neutron 
monitors, not only albedo dosimeters. In many laboratories, cylindrical 
phantoms are used because they are easily produced, provide a reasonable 
approximation to the human body and agree with the model used for the 
calculations of Auxier et al. [41 ]. However, in order to meet the difficult 
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requirements of experimental reproducibility and adherence to the new defini-
tions of dosimetric quantities, several other kinds of phantom may be necessary: 

— For absolute calibrations and frontal irradiation only, the phantom should 
be a rectangular parallelepiped, 40 cm X 40 cm X 15 cm thick, in accor-
dance with the specifications of the American National Standards Institute 
Standard ANSI-N-13.11-1981 [42]. It should be made of polymethyl 
methacrylate, which is sold under various trade names, such as Lucite, 
Plexiglas or Perspex. Temporarily, phantoms with Lucite or Plexiglas walls 
and filled with water could be used if they have a flat front face and are 
not smaller than 30 cm X 30 cm X 15 cm. The detectors should be placed 
on the front surface, the sensitive portion being no closer than 10 cm from 
the edge. 

— Elliptical or circular cylinder phantoms, again either solid Perspex or water 
filled, may be used for special tasks, such as the relative calibration of 
detector-phantom arrangements with respect to the orientation of the 
latter in the field. 

— As the new quantities in radiation protection are defined for a 30 cm dia-
meter tissue equivalent sphere [7, 8], the provision of a spherical phantom 
of suitable material may also be advised. Corresponding dosimetric 
standards are, however, not yet realized. 

Phantoms should be placed on low mass stands for minimum scattering, 
and at the same height off the floor as the source. 

4.2.5. Shadow cones 

Shadow cones may be applied to shield the detector from the direct source 
beam. The proper choice of shadow cone dimensions depends on the user's 
environment. The general size is given by Hunt [19] and Eisenhauer et al. [43]. 
The cone consists of two parts: a front end, 20 cm long, made entirely of iron, 
and a rear section, 30 cm long, being a hollow iron truncated cone filled with 
paraffin wax or made of polyethylene, with 5% or more boron loading. Cones 
of this size have negligible transmission for the direct neutrons of all common 
nuclide sources. 

The choice of the (smaller) front end diameter has to be based on the size of 
the available neutron sources and neutron targets. The choice of the cone angle 
depends on the user's detectors. The cone should completely shadow the 
device under test, but not subtend a solid angle larger than two times the solid 
angle subtended by the device. This may involve the use of several shadow cones 
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4.2.6. Reference instrumentat ion 

Reference instrumentation may be classified into three different types: 
— Standard instrument: an instrument which allows one to derive directly 

the required radiation quantity from basic physical data to within the 
required accuracy. 

— Transfer instrument: an instrument whose radiation detection charac-
teristics, reading precision and long term stability are such that a radiation 
quantity may be transferred from one laboratory to another with the 
required precision being maintained. 

— Monitoring instrument: an instrument with physical properties such that 
it is suitable for monitoring the radiation field characteristics inside the 
same laboratory to within the required long term precision. 

4.2.6.1. Standard instrument 

There is no standard instrument for measuring directly one of the receptor 
based dose equivalent quantities as described in Section 2. The deep dose 
equivalent index H])(j is taken here as an example. The most direct approach 
would be the use of a small Rossi type proportional counter inside the 30 cm 
ICRU sphere to map the depth distribution of y-spectra (y is the energy 
deposited in the counter divided by the average chord length of the cavity [44]). 
From these measurements the dose equivalent distribution over depth can then be 
derived using the equation 

oo 

H(?) = / - j - (y, ?) Q(y) dy' (4) 
J dy 
0 

and the maximum H(r) = Hid can be determined. Here r is the radius vector to 
the point of interest, jy the linear energy, Q the quality factor, D the absorbed 
dose and H the dose equivalent. 

After this the ICRU sphere may be replaced by the instrument to be cali-
brated, the latter being adjusted at the point of reference. (The point of 
reference for the ICRU sphere is its centre; for any regular shaped neutron 
detector it may be the geometrical centre.) The reading of the instrument 
divided by the maximum dose equivalent in the sphere would then be the 
calibration factor. Such an approach is obviously extremely cumbersome and 
not recommended. • 

Another approach, in contrast to direct measurement, is the verification of 
a quantity by means of the inherent response function of an instrument. Such 
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an instrument could be a properly designed dose equivalent meter, becoming a 
standard in the same manner as the De Pangher precision long counter was 
introduced as a fluence standard. Such a standard is, however, not yet inter-
nationally agreed upon. 

Since there is no standard instrument each SSDL should have its own 
standard source (or sources). The source should be one of the types listed in 
Table II and should have its neutron emission rate and anisotropy determined 
by a PSDL. The dose equivalent quantities can then be calculated from the 
data given in Table II. Thus, the standard for calibration will be the neutron 
field produced by the standard source (with due allowance for the scattered 
neutrons, as discussed in Section 5.2.2). If, however, the calibration laboratory 
does not have a well calibrated standard source, the dose equivalent quantity 
may be transferred from the PSDL by means of a transfer instrument. 

4.2.6.2. Transfer instrument 

The transfer instrument can serve two purposes. Firstly, as indicated 
above, it may be used to transfer the dose equivalent quantity from the PSDL. 
In addition, as part of the accreditation of an SSDL, calibration intercomparisons 
with a PSDL should be made at regular intervals. The transfer instrument should 
be used for these intercomparisons, and the results of the calibration of this 
instrument by the primary and secondary laboratories should agree to within 
some previously determined amount. 

The transfer instrument should have the following properties: 
(a) A response function as close as possible to a dose equivalent response and, 

in any case, well defined over the energy range of interest; 
(b) A stable and reproducible response; 
(c) It should be relatively insensitive to gamma rays; 
(d) A spherical geometry and, as far as possible, isotropic response. 

A 20-25 cm diameter polyethylene sphere with a small3 He counter at the 
centre should fulfil these criteria. Thus, for example, a 10 in Bonner sphere 
(with a 3 He detector) should be satisfactory as a transfer instrument, as would 
the Harwell neutron dose equivalent monitor, type 0949-4 (an updated version 
of the Leake counter [45]). The latter counter has been studied at several 
different laboratories and has been found to be quite stable, capable of giving 
reproducible readings, and easy to use. Other types of spherical dose equivalent 
monitor might also be satisfactory as transfer instruments. 

Any other proposal, such as using a set of Bonner spheres [46] or perform-
ing measurements at more than one position inside a single sphere [47], seems 
to be unduly complicated and is therefore not recommended for verification of 
a transfer instrument. 
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4.2.6.3. Monitoring instrument 

The calibration laboratory should determine which type of dose equivalent 
meter it will most often be called upon to calibrate. This may turn out to be an 
Andersson-Braun type of meter [48], a 9 in spherical dose equivalent rate meter 
(particularly in the United States of America) [49] or some other type of 
instrument. The laboratory should then obtain (at least) one of these instru-
ments and very carefully calibrate it. This calibration should include 
measurements of response as a function of dose equivalent at several points per 
decade of the scale, using whichever type of radioactive neutron source the 
laboratory will use for its routine calibrations. The laboratory should also 
determine the response of this counter to room scattered neutrons (Section 5) 
and carefully measure the instrument dead time. The instrument readings 
should be checked for drift and warm-up time. 

The instrument should preferably have a digital scale output. It is also 
desirable to have an analogue pulse signal output from the detector. The goal is 
to understand the intrinsic behaviour of the particular instrument by analysis 
of the pulse height distribution. It is by no means advisable to use an instrument 
with an analogue scale reading only. This may introduce uncertainties owing to 
the non-linearity of the meter movement, scale divisions that are too coarse to 
permit accurate readings and, at low dose rates, statistical fluctuations of the 
meter that make it difficult to determine just what the reading should be. 

Once the behaviour of the instrument is well understood and it has been 
carefully calibrated, it becomes the laboratory's reference monitor. It is then 
periodically compared with other rate meters which are being calibrated. Calibra-
tions are always done in terms of a dose equivalent rate calculated from the 
source emission rate and distance, with allowances made for wall scatter and air 
scatter. Calibrations: are not to be done by comparison with the laboratory 
reference dose equivalent meter. Rather, the periodic checking of the laboratory 
reference instrument is an important part of the laboratory's own quality control. 
This is best done by recalibrating the reference instrument periodically, along 
with other instruments requiring calibration. Each time this is done, the calibra-
tion factor for the laboratory instrument should be the same, indicating 
consistency in the procedures. Any significant difference in the calibration 
factor between the reference instrument and the other instruments being 
calibrated can then be assumed to be due to problems in the other instrument, 
rather than errors in the calibration procedure. 

All of the discussion above has been concerned with instruments used in 
connection with routine testing with radioactive neutron sources. As indicated 
earlier, the instrumentation used with monoenergetic neutron beams for type 
testing is much more specialized and must be developed as an integral part of 
the beam facility. A detailed discussion of these instruments is beyond the 
scope of this handbook. 
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4.3. LABORATORY FACILITIES 

4.3.1. Physical facility 

The facility should consist of at least one irradiation room and suitable 
storage, set-up and office space, all designed to meet local safety codes and 
regulations. It should be sufficiently shielded from extraneous radiation sources 
so that the neutron background due to such sources is H < 10~3 m S v h - 1 . It 
should further be provided with an air-conditioning and heating system adequate 
to keep the temperature in the range 22 ± 4°C and the relative humidity 
between 20 and 65%. The laboratory should be free of undue vibration, shock, 
noise, debris and dust. 

The irradiation room may be either 'open' or 'enclosed'. An open room is 
one in which the walls and ceiling are generally of low mass, non-hydrogenous 
material essentially transparent to neutrons. Radiation protection is provided 
by means of a sufficiently large exclusion area. An enclosed room is one in 
which the walls and ceiling are sufficiently massive (usually concrete) to provide 
adequate shielding. An enclosed room should be as large as possible to minimize 
the room scattered neutron contribution and, in any case, the inside linear 
dimensions should be > 6 m. 

Sources and detectors or phantom arrangements should be placed on suitable 
low scatter supports in an open room, and should be as far off the floor as 
possible. In an enclosed room the optimum height is in the central plane 
between the floor and the ceiling. (In bigger laboratories it may be advisable to 
erect special lightweight intermediate floors for the calibration arrangement.) 
The source should be positioned near the centre of the room. Special emphasis 
must be given to minimizing the amount of scatter material near the source. 
The whole irradiation set-up should, on the other hand, be sufficiently rigid to 
allow reproducible alignment of source and detectors at various source-detector 
distances. 

A data taking area must be provided which is completely shielded from the 
irradiation area but which permits viewing of the irradiation set-up, either 
directly or by means of closed circuit television. 

4.3.2. Shielding and radiation protection 

In this section radiation protection provisions for both the radiation workers 
using the calibration laboratory facilities and the general population outside the 
laboratory will be discussed. Numerical examples will be presented for 252Cf 
sources, largely because a great deal of information is available concerning the 
shielding of Cf sources, and because 252 Cf sources are available with much higher 
intensities than Am-Be or other sources. 
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FIG. 5. Flux to maximum dose equivalent rate conversion factors for a Cf neutron source 
at the centre of a concrete shield, as a function of shield thickness. The (calculated) attenua-
tion curves are for a spherical shield; for the more usual slab shielding the attenuation factors 
may be about a factor of two higher close to the shield, and will approach these calculated 
factors at large distances from the shield surface [26], 

In cases where a calibration laboratory will have to make use of existing 
facilities for irradiation, it may not be practical to employ optimum shielding 
and some compromises may be required. These compromises may include using 
weaker sources than, would otherwise be desirable or using the facilities for only 
a limited number of ;hours per week. 

The problem of determining the proper wall thickness for shielding outside 
personnel from a Cftsource in the irradiation room is easily solved with the aid 
of the curves given by Stoddard and Hootman [26]. Figure 5, taken from their 
report, shows the ICRP maximum dose equivalent rate, multiplied by 47rr2, per 
fission neutron per second, due to neutrons leaking through a concrete wall, as a 
function of wall thickness. The quantity represents a conversion factor h s, 
defined similarly to h<t> in Eq. (1), from free-in-air flux to dose equivalent rate 
behind the shielding material. 
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As an example of the use of Fig. 5, the following problem will be considered: 
a 252Cf source with an emission rate of 5 X 109 s"1 is placed at the centre of a 
cubical room with 7 m sides and concrete walls 1 m thick. What is the dose 
equivalent rate just outside the wall directly opposite the source? For 100 cm 
thickness one can read the following values off the curve for the quantity h s : 

Dose constituents hs ( m S v h " 1 - s-cm2) 

Gamma rays: 

Capture • 3.0 X 10"7 

Primary 0.1 X 10~7 

Neutrons: 

Fast 1.5 X 10 
Thermal 0.1 X 10 

Total 4.7 X 10 

Since the distance from the source to the nearest point on the outside of 
the wall is 350 + 100 = 450 cm, the total dose equivalent rate H will be: 

• _ 4.7 X 10"7 ( m S v h - 1 -s-cm2) X 5 X 109 (s"1) 
4?r X 4502 (cm2) 

= 9 X 10~4 ( m S v h - 1 ) (5) 

It is important that the roof be shielded since skyshine can be very impor-
tant. The calculation of skyshine is beyond the scope of this handbook, but is 
treated in standard shielding texts. It is safest, of course, simply to make the 
roof comparable to the walls in thickness. 

An open room has the advantage of greatly reducing the problems of room 
scattered neutrons. Floor scattering alone is a much less serious problem 
(Section 5). The great disadvantage, of course, is that a large exclusion area 
must be provided, the size of which can be estimated with sufficient accuracy 
by using Eq. (1) or (2), as appropriate, and the data in Table II. 

Only at very large distances does air absorption become important and the 
dose equivalent decrease with distance at a much faster rate than 1/r2. Thus, 
at 1500 m, the dose equivalent is about 2% of that calculated from Table II. 

4.3.3. Storage and movement of sources 

The sources must be stored when not in use. Storage is usually in a hole in 
the floor or a shielded enclosure on the floor. In the case of the US National 
Bureau of Standards (NBS), for example, sources are kept in a hole 1.4 m deep and 
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8 cm in diameter. The hole may be plugged with a plastic plug having a lead 
cap. Other laboratories use water filled holes in the floor, water filled boxes on 
the floor or more elaborate shielding arrangements. It must be pointed out, 
however, that while water is quite effective for removing neutrons, at 40 cm 
depth the dose equivalent rates due to primary and capture gamma rays are each 
greater than that due to the neutrons, and that the gamma rays are only slowly 
attenuated with increasing water thickness. 

From storage the source must be moved into position for calibration. This 
may be done with a simple string and pulley arrangement or by more elaborate 
pneumatic or mechanical arrangements. However, the source positioning device 
must not introduce any appreciable scattering mass into the vicinity of the source. 
Such scattering effects could be difficult to evaluate and might seriously affect 
the accuracy of the calibrations. 

It will generally be important to have a shielded cask for moving the source 
or for temporary storage. A possible design for such a cask consists of an inner 
lead cylinder with 8 cm thick walls surrounded by 60 cm of lithium loaded 
paraffin (30 mg of normal lithium per cubic centimetre of paraffin). From 
Ref. [26] the following dose equivalent rate conversion factors can be calculated: 
Dose constituents h s (mSv-h - 1 - s-cm 2) 
Gamma rays: 

Capture 
Primary 

Neutrons: 
Fast 0.8 X 10~7 

Thermal 0.1X 10"7 

Total 7.1 X 10~7 

Almost the entire dose equivalent is due to the gamma rays rather than the 
neutrons, despite the fact that the lithium loading reduces the capture gamma 
rays by a factor of about 7 and the lead core reduces the primary gamma rays by 
a factor of about 12 [26]. If this cask were to be used for a 2 S 2 Cf source with 
an emission rate of 5 X 10 9 s' - 1, the total dose equivalent rate at the surface 
would be H ^ 0.2 m S v h - 1 . 

3.8 X 10"7 

2.4 X 10"7 
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5. PROCEDURES AND METHODS 

5.1. SPECIAL SOURCE SPECIFICATIONS 

5.1.1. Source calibrations 

Sources should preferably be calibrated by a PSDL before being put into 
service. The neutron emission rate is most commonly measured by the 
manganese sulphate bath technique, which effectively measures the neutron 
emission rate into 4n steradians. The PSDLs are linked to each other by means 
of international intercomparisons, and in general are capable of measuring 
neutron emission rates with an uncertainty of 1.2-1.5%. 

After the initial calibration, Am-Be or Am-B sources should be recalibrated 
at approximately five year intervals to check whether the emission rate is 
changing because of physical movement of the source constituents. 

Californium sources should also be recalibrated approximately every three 
to five years, but for an entirely different reason. At present, the estimated 
uncertainty in the half-life is approximately 0.4%. Thus, after about five years 
the uncertainty in the half-life produces an additional uncertainty in the neutron 
emission rate of about 1 %, which is comparable to the initial uncertainty in the 
calibration. 

5.1.2. Angular emission rate 

In most calibration laboratories the only neutron sources available will be 
radionuclide sources. It is assumed that the neutron emission rates are well 
determined by the manufacturer or laboratories linked to PSDLs. The spectral 
distribution is generally taken from the literature. The anisotropy of the source 
output depends on the source type, dimensions, encapsulation and support, and 
has to be determined experimentally. This may be done, with special pre-
cautions being taken with respect to neutron scattering, by using a long counter 
as a reference instrument for fluence measurement. 

For a cylindrical source an anisotropy factor is generally introduced, 
depending on the angle of emission 8 relative to the long axis of the cylinder. 
The angular emission rate is then defined as 

dfi 47T 
with 

C(g'=fl) F(0) 7T 
j J C(0 ' ) sin 6' dd' 
0 
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where 6' is the angle between the main long counter axis and the source cylinder 
axis, and C(0') is the corresponding long counter reading (count rate). The 
integral must be determined from a sufficient number of measurements as a 
function of d'. 

5.1.3. Special requirements 

To minimize the effect of anisotropy the source-detector line should be 
perpendicular to the source axis and, as far as possible, the source diameter 
should equal its length. 

5.1.4. Neutron emission rate 

The choice of neutron emission rate is important for calibrating dose equiva-
lent meters since these should generally be calibrated at at least one point for each 
decade. A high dose equivalent rate may be achieved, of course, by simply 
moving the instrument close to the source. At small distances, however, the field 
no longer follows the 1/r2 law, since the dose equivalent meter is not a point 
detector. As a rule of thumb, the source-detector centre to centre distance 
should always be greater than two to three sphere radii, and the appropriate 
corrections applied [50-52]. 

To obtain low dose equivalent rates, obviously the instrument should be 
moved further away. The limit is set by the distance at which the room scattered 
neutrons make a large contribution to the instrument reading. The following 
numerical example will make these points clearer, and show why it will usually 
be important to have more than one source. 

It is desired to calibrate a 20 cm diameter spherical rem meter which covers 
a dose rate range from 1 juSv/h to 10 mSv/h. Since it is desired to calibrate at a 
value of about 75% of full scale, a maximum dose equivalent rate of 
H ^ 7.5 mSv/h is required. If 50 cm is chosen as a convenient distance and 
2 5 2 Cf is used, the necessary source emission rate is q = 2 X 10 s s - 1 . As the 
source decays, it is moved closer, and a calibration at 50% of full scale (5 mSv/h) 
would be satisfactory. Thus, after two half-lives (5.3 a) the source would 
produce a dose equivalent rate of H = 5.3 mSv/h at 30 cm. This is still quite 
satisfactory, but the source would need to be replaced within the next half-life. 

To calibrate the instrument at the low end of the scale requires a dose 
equivalent rate of H « 5 /iSv/h or less. With a source emission rate of 
q = 2 X 10 8 s~\ a source-detector distance of r ^ 20 m is required, which may 
be physically impossible. A second source, with q « 2 X 106 s _ 1 , would allow 
such a measurement to be made at r « 2 m. In the NBS calibration room 
(12 m X 11 m X 4.6 m high, with low scatter ceiling) the air and room scatter 
corrections amount to about 25% for a rate meter 2 m from the source [53]. 
It is estimated that the uncertainty in this correction would introduce an 
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additional +5% uncertainty in the result for a routine calibration. This is con-
sidered acceptable. The room scatter is even less of a problem in the larger 
calibration halls at such laboratories as those of the Gesellschaft fur Strahlen-
und Umweltforschung mbH Miinchen (GSF), the National Physical Laboratory 
(NPL) in Teddington, UK, and the Physikalisch-Technische Bundesanstalt (PTB) 
in Braunschweig. On the other hand, in the 7 m X 7 m X 7 m 'bunker' at the 
PTB, at 2 m the room scatter corrections amount to about 65% [54]. It then 
takes quite careful measurements to determine these scatter corrections with 
sufficient accuracy. It is simpler to use a source with even lower emission 
(q 5 X 10s s"1) and work at shorter distances. 

Much more intense sources are required for calibrating with D 2 0 moderated 
252 Cf. One reason is that the fluence to dose equivalent conversion factor 
is almost exactly four times lower for the moderated source than for the bare 
source (Table II). In addition, the source is no longer a 'point' source, and there 
are deviations from the 1/r2 law and changes in the neutron spectrum close to 
the source [29, 30, 34], As a rule of thumb, the minimum source-detector 
centre to centre distance should be greater than the sum of the diameters of the 
source and detector. In the present example, this means a minimum distance 
of r ^ 50 cm. To allow for the decay, at the start the source should be at least 
two to three times more intense than the minimum required; hence, in the 
example a source strength of q as 2 X 109 s"1 would be desirable. While such 
sources are readily available, they are expensive and difficult to handle. 

An alternative to using such intense sources is to calibrate the rate meter 
with bare californium as indicated above, and then to determine the ratio of the 
bare to the moderated response at a few convenient dose equivalent rates. This 
approach is strongly recommended. 

It may be difficult to obtain an Am-Be source intense enough to test rate 
meters in their higher ranges. Specifically, most commercial rate meters will 
read dose equivalent rates of up to H = 20-50 mSv/h and more. To calibrate 
them at 15 mSv/h while keeping the'source-detector distance at 30 cm requires 
an activity of (Table II): 

A = H 4irr2/q+ h ^ 

(7) 
= 15 X 10~3 (Sv/h) X 4tt X 0.32 (m2) 

3600 (s/h) X 6.6 X 10"5 ( s^-Bq" 1 ) X 3.8 X 10"14 (Sv-m2)~ 2 ( T B q ) 

which is close to the upper limit of available source strength. 
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5.2. DISTANCE LAW MEASUREMENTS 

5.2.1. Effective calibration distance 

For a source-detector distance which is comparable to the detector 
dimensions, the detector response will depend on the differential surface response 
and the angular distribution of radiation. This effect leads to deviations f rom 
the 1/r2 law when the source is close to the detector. This is f requently the 
case when irradiating dose equivalent rate meters or dosimeters on phantoms. 
The result may be interpreted as a deviation of the reference point of measure-
ment f rom the 'effective' point, which is taken into account by introducing 
an 'effective ' source-detector distance r ' = r + a [52]. Alternatively, Axton [50] 
has shown that for a spherically symmetric moderating detector with radius b 
(e.g. Bonner sphere, Leake counter) in isotropic neutron fields the deviation 
f rom the 1/r2 law can be accounted for by introducing a correction factor of 
the form 1 + 5(b/2r)?, leading to 

1 (8) 

where M is the counter reading ( s - 1 ) , R the counter flux response ( s ' 1 - cm2 -s), 
r the source-detector, centre to centre distance (cm) and b the moderator 
radius (cm). 

The quanti ty 5 takes into account the differential surface response, and 
must lie between 0 and 1. The term (b/2r)2 describes the so-called geometry 
effect: that is, the deviation of the solid angle defined by the solid sphere f rom 
that defined by its cross-section. AxtOn suggested that 5 = 2/3. Recently, 
Hunt [55] experimentally verified the form of this correction, and showed that 
6 is a slowly varying funct ion of sphere size, with an average value of 
8 a v « 0.5 ± 0.1, for spheres with radii between about 3 and 15 cm. He also 
demonstrated that Eq. (8) is only correct at the 1% level if r > 3b. 

To keep the effect of this deviation f rom the 1/r2 law as small as possible, 
it is recommended that source-detector distance be at least three times the 
greatest linear dimension of the device. This recommendat ion is particularly 
important for the case of non-spherically-symmetric detectors, which allow no 
simple analytical correction for the effect. 

5.2.2. Scattered neutrons and room return 

Source scatter: Scattering and at tenuat ion inside the source itself mainly 
cause anisotropic source emission, which is generally taken into account by the 
anisotropy factor previously defined. The support generally influences the 

M = Rq 

47rr2 
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FIG. 6. Neutron spectra from a 252Cf spontaneous fission source at distances of 1, 2 and 3 m 
from the source, 2 m above the floor. Shown are both the uncollided and the collided spectral 
fluence component. 

angular emission, and the anisotropy factor for the total source-holder arrange-
ment should be derived in the way described. 

Attenuation (air outscatter): By this effect the direct neutron beam is 
attenuated by nuclear reactions with the air. The air attenuation factor is just 
the neutron transmission of the air. Numerical values of the corresponding 
attenuation coefficients (macroscopic cross-sections) for some common neutron 
sources have been given by Hunt [55]. 

Air inscatter: Neutrons from outside the direct source-detector path are 
scattered by the air and detected by the instrument under test. This effect is 
sometimes approximated by an inverse distance law. 

Floor scatter: Often sources are used free in air on a mast or on top of 
the laboratory roof. In this case the remaining solid scatterer is the floor and 
one is faced with the problem of floor scatter contribution as a function of 
source-detector distance and the height of the arrangement above the floor. 
The effects have been calculated for a 2 5 2 Cf source by Morhart and Burger [30] 
for source-detector distances between 1 and 3 m and heights above a concrete 
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FIG. 7. The ratio of the kerma of the collided neutron fluence plus accompanying gamma 
rays to the kerma of the uncollided neutron fluence in spherical rooms with a 20 cm concrete 
shell for two room radii.' 

floor from 1 to 5 m. For a height of 2 m above the floor the uncollided (but 
including scattering and absorption in a dry air environment) and ground 
scattered spectral fluences are plotted in Fig. 6. The collided fluence is 
dominant in the low energy region up to 10 keV because there are essentially 
no neutrons coming directly from the source at these energies. Between 
10 and 100 keV it amounts to between 30 and 50% of the total spectral fluence 
and decreases to below 10% in the 1-10 MeV region, depending on the source-
detector distance. The conversion factors depend only slightly on this distance. 
An alternative approach to these calculations is given by Schwartz and Eisen-
hauer [56], which has recently been verified experimentally by Linpei [57]. 

Room scatter: In an enclosed laboratory, neutrons are scattered off the 
walls, floor and ceiling in a complex way. Calculations suggest, in fact, that on 
the average each neutron makes about 2 j traverses of the measurement room 
before being captured in the walls [58], The exact contribution of the scattered 
neutrons to the detector response can only be determined by transport calcula-
tions for the particular laboratory. These calculations must, of course, also 
include the detector's angular and energy response functions. It has been shown, 
however, that for the ideal case of a source in the centre of a spherical room the 
scattered neutron fluence is uniform and isotropic over the room volume [59]. 
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For the same simplified geometry Griinauer [60] has performed neutron 
transport calculations for the room scattering of 15 MeV neutrons starting 
isotropically f rom the centre. The room diameters were 3.60 and 9.0 m. The 
results are shown in Fig. 7. They confirm the above assumption at least for the 
smaller room. The assumption is then of ten made that in real small and inter-
mediate sized rooms, i.e. with linear dimensions up to about 10 or 12 m, the 
scattered neutron fluence is also uni form except close to the walls [ 1 9 , 5 2 , 5 9 , 6 1 ] , 
As will be shown below, this assumption seems to be borne out in many cases, 
and results in a great simplification in the analysis of room scatter effects. 

For all scatter contributions (air inscatter and room scatter) the spectral 
distribution changes compared with the original source spectrum. Thus, the 
scatter contribution to the instrument reading at the same local position varies 
f rom instrument to instrument depending upon the instrument response. 

5.2.3. Methods for estimating scatter correction 

One method of estimating the scatter correction involves the use of 
shadow cones, whose design was described in Section 4.2.5. Their lateral 
dimensions depend on the detectors or phantoms to be shielded and the 
positioning of the cone. It seems advisable to place the cone directly between 
the source and the detector at the nearest distance chosen for the distance 
measurements without the cone, with the distance between the cone rear face 
and the detector being about equal to the overall cone length. 

For several source-detector distances, measurements have then to be 
performed with the shadow cone (readings Msi) and without the cone (readings 
Mj). The difference AM; = Mj - Msi represents the net detector reading due to 
unscattered neutrons impinging on the detector. The corresponding response R 
can then be derived by a least squares fit f rom the formula: 

q F ( 0 ) F A i h $ R k 
AM- = = (9) 1 47r(ri + a)2 (n + a)2 V > 

where F(0) is the source anisotropy factor, F^ i the air a t tenuat ion factor and a 
the distance adjustment (effective depth of measurement). The other quantities 
are the same as explained earlier. 

Initially, the calibration laboratory should check its shadow cone technique 
by making these measurements as a funct ion of distance, using an appropriate 
dose equivalent meter whose response is known to be stable and linear. F rom 
Eq. (9) it is clear that a plot of 1 / (AMi/FaD 1 / 2 versus r; should yield a straight 
line. Any deviation f rom a straight line would indicate a problem with the 
shadow cones. Alternatively, if a series of measurements as a funct ion of distance 
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TABLE VII. NET INCREASE (%) IN RESPONSE 
PER METRE DUE TO AIR SCATTER FOR VARIOUS 
QUANTITIES AND DETECTOR TYPES [56] 
(Detector readings should be decreased by these 
percentages to obtain free field values, although the 
correction is clearly negligible in many cases.) 

Bare 252Cf Moderated 2S2Cf 

Nuclear trade emulsion type A 0.5 0.9 

film, polycarbonate 

track etch dosimeter 

Dose equivalent 1.0 1.5 

9 in spherical rem meter 1.0 2.3 

Albedo dosimeter 1.1 3.0 

Fluence 1.2 4.0 

3 in sphere dosimeter 1.7 4.5 

for a new instrument: do not yield a straight line, although it has been demon-
strated that the scatter correction works satisfactorily, then this would be clear 
evidence for non-linear response of the instrument. 

Other methods to estimate the scatter contribution are based on measure-
ments without the scatter cone and introduce a scatter term on the right hand 
side of Eq. (9), as a fur ther fitting parameter, with certain assumptions being 
made about its dependence on source-detector distance. In one of the earliest 
approaches, by De Pangher [61], Ms was considered to be constant. Other 
formulas were checked by Schraube et al. [52]. As a result k was shown to 
depend on the distance region within which the measurements were performed. 

A refinement of the De Pangher fit was presented by Eisenhauer et al. [59]. 
Their approach rests on two assumptions: 

(1) Air scatter is small compared with room scatter, and can therefore be 
treated as a small perturbation. 

(2) The room scattered neutrons are uniformly distributed throughout the 
room. 1 

The data are first corrected for air scatter, using calculated correction 
factors [62]. Air inscatter is approximately twice the outscatter, so that the net 
effect is always to increase the fluence at the detector. The calculations also 
show that the net correction varies approximately linearly with distance. 
Table VII, taken f rom Schwartz and Eisenhauer [56], gives the calculated 
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fractional changes in response per metre for some quantities and detector 
readings, for a bare and a moderated 252 Cf source. For Am-Be or Am-B the 
results should not be very different f rom those for bare 252 Cf. 

Once a correction has been made for air scatter, Eq. (9) can be rewritten 
as [63, 64]: 

Mj = M0 + Ms = Mo/r2 + Ms (10) 

where M0 is the reading of the detector due to the source neutrons alone and 
Mq is the corresponding reading at unit distance; the other quantities are the 
same as those already defined. 

Equation (10) can be rewritten as: 
M ;r2 = Mo + Msr2 

= Mi, [ l + (MjM' 0 )v f ] (11) 

= Mi, (1 +Sr?) 

where S = MJML is the fractional 'room return detector reading' at unit distance. 
2 2 

Thus, plotting M^r; as a function of r; should give a straight line whose inter-
cept is Mo, the desired quantity. The slope will be MqS, from which the room 
scatter correction coefficient S can be determined. 

It has been shown [56] that for a bare 252Cf source, 

Ms 47T 
s = 5 wit ( 1 2 ) 

where g is a factor to account for anisotropic detector response (g = 1 for 
spherically symmetric detectors), and Ms and Mj> are the spectrum averaged 
readings due to the scattered and the source neutrons, as defined in Eq. (10). 
A; is the area of the i-th surface of the room, and the summation is made over 
the six room surfaces. 

The value of the numerical coefficient will differ for other neutron sources, 
but the form of Eq. (12) will be the same. There has generally been agreement 
between values of S measured directly (by fitting to Eq. (11)) and calculated 
from Eq. (12) [58, 59]. Numerical values for the quantity gMs/Mo for several 
detectors are given in Ref. [56], 

Equation (11) can be considered to define the conditions under which the 
assumption of uniform scattering is true. That is, if a plot of the data according 
to Eq. (11) gives a good straight line, the room scattered neutrons seem to be 
uniformly distributed. Extensive experience with this method has shown that 
this holds only for small and intermediate sized rooms. For larger rooms, the 
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assumption of uniform scatter is no longer valid. This can already be deduced 
from the results plotted in Fig. 7. 

Clearly, the procedure of making measurements as a function of distance 
at many points need only be done once, or just a few times, in any particular 
laboratory for a given source and detector type. This is true irrespective of the 
method, i.e. whether the shadow cone technique is applied or analytical 
distance functions with explicit scatter terms are fitted. Once the corrections 
have been determined for a particular source-detector combination, it can be 
assumed that they will remain approximately the same for another detector of 
the same type. ; 

6. CALIBRATION OF BEAM DOSIMETERS 

6.1. INTRODUCTION 
In these guidelines the main emphasis is placed on procedures for calibrat-

ing neutron.measuring devices used in radiation protection. At present, 
however, the use of intense neutron beams is increasing for purposes such as 
radiation therapy and radiation biology. Therefore, a calibration laboratory 
should be in a position 

— To understand the problems of beam dosimetry 
— To advise users of systems for external beam dosimetry 
— To perform the necessary calibrations. 

The quantities being measured in beam dosimetry are either the tissue kerma 
free in air or the tissue absorbed dose in a phantom, rather than dose equivalent. 
It should be re-emphasized that absorbed dose is a receptor quantity (see 
Appendix I) and is only defined under exactly specified receptor conditions. 

In principle,.calibrations for beam dosimeters can be performed in a way 
similar to that described for radiation protection instrumentation. The dosi-
meters may be placed in a reference neutron field for which the tissue kerma 
free in air or the tissue dose distribution in a phantom is well known, or they may 
be replaced in suitable neutron fields with standard dosimeters and hence 
calibrated by the so-called substitution method. Both methods are, however, 
difficult to apply in practice. The reasons are that no pure reference neutron 
fields exist, that kerma measurements free in air are difficult to perform, and 
that mixed field doses in phantoms placed in reference fields are not sufficiently 
well known and not yet standardized. The approach followed in neutron beam 
dosimeter calibration is therefore generally to determine the detector response 
in a reference gamma;field and to convert it on the basis of estimated theoretical 
parameters into the desired neutron response. As it is unlikely that a calibration 
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laboratory will ever be established for neutron dosimetry only, the procedure 
for gamma calibration should be well established. For this reason only the 
main points will be outlined in the following. 

6.2. MEASUREMENT OF ABSORBED DOSE AND KERMA 

There are many neutron detectors which can be employed to determine 
the quantities of interest, including activation foils, fission detectors, solid state 
dosimeters and ionization detectors, all with arbitrary response functions. If 
the response function and the spectral neutron fluence at the point of measure-
ment are known, the desired quantities can be derived. 

For reasons of accuracy and precision, however, practical neutron beam 
dosimetry is nearly exclusively performed with ionization chambers. The most 
direct relation of their readings to tissue equivalent dose quantities is achieved 
by using homogeneous tissue equivalent (TE) chambers. 

The situation is complicated, as in almost all cases neutron beams are 
accompanied by photons. This holds especially for measurements in hydro-
genous phantoms, where thermalized neutrons are captured by hydrogen, 
producing 2.2 MeV gamma rays. Neutron dosimetry is therefore always 
essentially mixed field dosimetry. As a TE ionization chamber is about equally 
sensitive to neutrons and photons, the use of two chambers is generally required 
to determine the dose components separately. The second chamber must then 
be one with a lower sensitivity to neutrons. 

The status of ionization chambers used in mixed field dosimetry was 
reviewed in ICRU Report 26 [65], in the proceedings of a workshop of the 
Commission of the European Communities in 1980 [66], and in the proceedings 
of the CEC Symposia on Neutron Dosimetry in Biology and Medicine [67], 

Further details on the twin chamber technique may be found in the 
American Protocol for Neutron Beam Dosimetry [68] and the European Protocol 
for Neutron Dosimetry for External Beam Therapy [69]. The protocols give 
almost identical equations for the dose computation, but employ somewhat 
different definitions, symbols and numerical values for the physical parameters. 
This section adheres to the European Protocol. 

The absorbed dose components in the mixed field are computed by means 
of the following equations: 

R T E = ^ T E D N
 + H J E D G 

(13) 
R u = k u D n + h u D G 

where Ry E and R^ are the readings of the two chambers relative to their sensiti-
vities to calibration photons; subscript TE refers to the TE chamber and u to 
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the neutron insensitive chamber; kxE, k u are the sensitivities of the chambers 
to neutrons relative to calibration photons; h^E, h u the sensitivities to photons 
relative to calibration photons; and D n , DQ the neutron and gamma doses in 
the mixed beam. 

For each chamber the absorbed dose D g in the gas cavity is given by: 
W 1 D =Q (14) 6 em 

where Q is the charge produced in the chamber gas, W the energy required to 
produce an ion pair, e the electron charge and m the mass of the gas. From this 
the absorbed dose in tissue is derived using: 

_ (M/P)T _ Q W (M/P)T 
° T = (M/P)m " m e r m ' g ( M / p ) m ° 5 ) 

where r m g is the gasito wall absorbed dose conversion factor and (n/p)j, (nip)m 
are the mass energy absorption coefficients for tissue (T) and wall material (m). 

Q is determined experimentally from the reading R of the chambers, with 
correction factors kR being applied for ion recombination, temperature and 
pressure variation, gas flow rate effects, wall effects, the effective point of 
measurement and stem scatter (Q = R IlkR). The other physical parameters need 
to be assessed theoretically. The only remaining quantity to be determined by 
means of calibration is the mass of the chamber gas. 

6.3. CALIBRATION 
The mass of the chamber gas is obtained by applying Eq. (15) to the dosi-

meter in a calibration field with known tissue dose Dx-C'• 
1 Wc,_ s AM/P)T 

kMP) 

where 
DT,C = 

is the calibration factor. Combining Eqs (15) and (16) yields, for a pure neutron 
field: 

D x = R n k R a _ L ( 1 7 ) 
k X E 

m = — T " ( l W c b T 7 7 ^ ) (16) 
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where k j E is the neutron sensitivity according to Eq. (13): 

k X E -
W c ( r m , g ) c [ ( p / p h 7 ( p / p ) m l 

W„(rm ,g)n [ (P/P)T / (P/P)m] r 

m Jc 
'n 

(18) 

If the charged particles produced within the wall lose a negligible amount 
of energy as they cross through the gas, then the Bragg-Gray conditions are 
satisfied and r m g is identical to the stopping power ratio S m This holds 
generally for the photon measurements. If the cavity is not small enough in 
relation to the average recoil proton ranges, more detailed calculations for r m g 

as a function of cavity size and neutron energy are necessary [70, 71]. 
If, for example, a 60Co reference source is used for which the exposure as a 

function of source distance is well known, or in connection with a standard 
exposure chamber which is traceable to a national standards laboratory, then 
DT | C is given by: 

where Xc (in rontgens) is the exposure, IIkA)C is the product of several correc-
tion factors to correct the chamber reading to the charge produced in the 
cavity, at standard temperature and pressure, and Kx jC is the air kerma in the 
calibration field; 0.963 is the factor for conversion of rontgens to rads. 

The calibration free in air according to Eq. (19) refers primarily to 
exposure from which the kerma in tissue is directly converted. The correction 
therefore takes into account the difference between chamber dose and kerma. 
The effect may be determined experimentally by using a series of buildup caps 
and plotting the measured dose as a function of effective wall thickness. 
Extrapolation of the data to zero wall thickness yields approximately the kerma 
and hence allows an estimation of the correction factor. Using Monte Carlo 
calculations, Nath and Schulz [72] found a value of n k A , c

 = 0.99 for a wall and 
buildup cap thickness of 450 mg/cm2 . 

By use of Eq. (19) the calibration factor can be rewritten as: 

Xc X 0.963 n k A ,c 

- K x c n k A j C (19) 

X c X 0.963 n k A , c 
= NC X 0.963 Ilk (20) a, "C A,c Rc

 nkR,c 
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Great effort is being made to replace exposure with an absorbed dose standard, 
such as absorbed dose in water inside a phantom. If this were achieved the 
calibration factor with photons could be written as: 

Dw.c : / O * / P ) T \ _ L _ ( 2 D 
a c _ R c n k R > c W p ) w / C ( k d ) c 

where (k(j)c represents a displacement factor which corrects for the lack of 
attenuation and scattering in the chamber when used inside a phantom. It is 
the ratio of the true point dose at the centre of the dosimeter to the dose 
measured. 

6.4. UNCERTAINTY 

The overall uncertainty in the determination of absorbed neutron and 
gamma doses by the twin chamber technique may be determined by error pro-
pagation analysis based upon Eqs(13) [65, 73]. The single parameter 
uncertainties depend; on chamber design and beam characteristics as well as on 
the application of the chamber free in air or inside a phantom. For this reason 
they are often estimated quite differently by different authors. The following 
percentage uncertainties may be taken as a guideline for the calibration of a 
1 cm3 TE chamber by means of a 6 0Co or 137Cs source: 

Reading of chamber, R c 1.0 

Correction factors, I l k R c, n k A c 0.5-1 

Exposure, Xc ' 1 -2 

W-value, W.,^,. j 1-2 

Photon mass energy absorption coefficient ratio, 

[(M/p)T/(M/p)air]C
 1 

Calibration factor, a 2.5-3.5 

The accuracy of dose determination by means of the twin chamber 
technique is greatest when the second dosimeter has the smallest possible k u 

and at the same time the uncertainty in k u is not too large. The k u values of 
ionization chambers and Geiger-Miiller counters have therefore been thoroughly 
investigated theoretically and experimentally. Experimental methods for this 
may be established in a standards laboratory. They are the lead filtration 
technique, the spectral difference method [65], the associated particle 
coincidence technique [74] and the time of flight technique [75]. k u can also 
be determined if the dosimeter is placed in a mixed field with otherwise well 
determined dose components [76]. k u values have also been calculated [70,71, 77]. 
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7. REPORTS AND RECORDS 

Three types of record must be kept: a log-book, a laboratory notebook 
and a calibration report. 

The log-book records the progress of the instrument and the associated 
paperwork through the laboratory. Thus, the log-book should contain the 
following information, as applicable: the date the device was received, the 
name and address of the sender, the type of device, the quantity and the serial 
number (or numbers). If it is customary for the owner of the instrument to 
issue a purchase order to pay for the calibration, then the date the purchase 
order was received, the purchase order number and the amount of money should 
also be entered in the log-book. 

Each calibration should be assigned a number; this number should go 
into the log-book, together with the date the calibration was performed, the 
date the device was shipped back to its owner and the method of shipment. 

Finally, the date the calibration report was sent should also be entered in 
the log-book. The log need not be kept in a notebook, but may be a computer 
file instead. 

The laboratory notebook should contain all the information needed for 
anyone to understand what was done for the calibration. Thus, all instrument 
readings and measurements of distances, backgrounds, etc., should be recorded, 
as should all formulas used, corrections applied and any notes or comments. The 
notebook should be complete enough so that at any time later the calibration 
report could be completely reconstructed. 

The calibration report should be considered as a permanent, archival 
document. The original should be sent to the institution for which the calibra-
tion was done, and copies kept on file at the laboratory. Neither copies of the 
report nor the results should be released to anyone other than the person or 
institution submitting the item for calibration, except as designated (in writing) 
by the person or institution. 

The calibration report should contain the following information, as 
appropriate: 
General information 

— Name and address of calibration laboratory 
— Calibration number 
— Name and address of person or institution submitting the item to be 

calibrated 
— Type and serial number of item submitted 
— Date of irradiation 
— Identification number(s) of source(s) used, together with emission rate(s) 

at time of irradiation, anisotropy factors and positioning 
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— Fluence to dose equivalent conversion factor used 
— Average temperature and relative humidity during irradiation 
— Signatures of person performing irradiation and person responsible for 

laboratory operation 
— Date the calibration report was written. 

Data for dose equivalent meter calibrations 

— Source-detector distance 
— Instrument reading 
— Instrument reading corrected for background and scattering effects 
— Dose equivalent rate at (effective) counter distance 
— Calibration factor 
— Estimated uncertainty in calibration factor. 

Data for pussive detector irradiations 

— Source-phantom and/or source-detector distance 
— Calculated 'free field' dose equivalent rate at phantom 
— Length of time of irradiation 
— Total 'free field' dose equivalent 
— Corrections applied 
— Estimated uncertainty in total corrected dose equivalent. 

Data for beam dosimeter calibrations 

— Source-detector distance 
— Gamma exposure rate at detector 
— Detector reading 
— Corrections applied 
— Estimated uncertainty in corrected exposure rate. 

Narrative description 

All calibration reports should also include a brief narrative description of the 
physical arrangement for the irradiations and a brief discussion of the uncertain-
ties. The report should include, if appropriate, a discussion of any unusual 
behaviour exhibited by the instrument under test. 
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Appendix I 

BASIC QUANTITIES AND UNITS 

The quantities selected for definition in this appendix are of special relevance 
in the context of this handbook. The definitions are in accordance with inter-
national recommendations. They refer to ICRU 33 [78], ICRU 39 [8], ICRP 26 
[4] and the IAEA Radiation Protection Glossary [79]. They are in some cases 
extended to elucidate further the basic concept behind the quantity. The units 
given are SI units. 

1.1. GENERAL QUANTITIES 

1.1.1. Particle fluence $ and fluence rate 4> 

The particle fluence $ is the quotient of dN by da, where dN is the number 
of particles incident on an elementary sphere of cross-sectional area da. The 
fluence rate is the increment of fluence in the time interval dt: 

<AN> dN 
lim — = — ( m " 2 ) (22) 

Aa ' da 

. d $ dN d2N / 
$ = — = — = — - ( m 2 s ' ) (23) 

dt da da dt 

The quantities so defined are non-stochastic point quantities of the field. The 
fluence is derived as the limit of the expectation value of the number of particles 
entering a sphere of cross-sectional area Aa, divided by this area. The principle 
of this definition holds also for all other differential quantities given below. 

1.1.2. Energy fluence ^ and fluence rate ^ 

The energy fluence is the quotient of dR by da, where dR is the radiant 
energy dN E incident on an elementary sphere of cross-sectional area da: 

dR 
* = = — ( J m - 2 ) (24) 

da ; 

. dtf . dR d 2 R 
* = — = $ £ = — = — r ( J m 2 s ' ) (25) 

dt da dad t 

where E is the energy of each particle. 
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1.1.3. Cross-section a and macroscopic cross-section 2 

The macroscopic cross-section or attenuation coefficient of a material for 
uncharged particles is the quotient of dN/N by dl, where dN/N is the fraction of 
particles that experience interactions in traversing a distance dl in the material: 

dN Z = an = ju = — (m"1) (26) Ndl 

where n is the target nuclei density. 

1.1.4. Mass attenuation coefficient j u / p 

The mass attenuation coefficient of a material is the quotient of the 
attenuation coefficient by the density p of the material: 

M 1 dN , - = — — (m^kg" 1) (27) p pN dl 

1.1.5. Mass energy transfer coefficient Mtr/p and kerma coefficient k 

The mass energy transfer coefficient for a material for uncharged particles 
is the quotient of dE t r/EN by pdl: 

Mtr 1 dEtr 1 V 1 V 1 AEii = = " ) ni) ^(E)—f(m2kg-i) (28) p pEN dl P Z_ Z-J dl 
i j 

The index i identifies the nuclide and j the type of nuclear reaction. AEy is the 
average energy transferred to kinetic energy of charged particles in a collision 
with the cross-section ffjj(E). It is worth while to point out the analogy with 
Eq. (27): dE t r/EN can be interpreted as the fraction of incident particle energy 
that is transferred to kinetic energy of charged particles by interactions in 
traversing a distance dl in the material of density p. 

The kerma coefficient is the product of the mass energy transfer coefficient 
and the particle energy: 

tr k(E) = — (E)E ( J m 2 • kg - 1 ) (29) P 

48 



1.1.6. Kerma K and exposure X 

The kerma (kinetic energy released in material) is the quotient of dE t r by 
dm, where dE t r is the sum of the initial kinetic energies of all the charged ionizing 
particles liberated by uncharged ionizing particles in a material of mass dm: 

dE t r K = —— (J • kg - 1 = Gy) (30) dm ; 
The kerma connects a field quantity with pure material constants and may there-
fore itself be considered as a receptor free field quantity. In this respect it is 
possible to talk of a material's kerma at any point in a neutron field, e.g. tissue 
kerma at a point in vacuum or inside a water phantom. 

The exposure2 X is the quotient of dQ by dm where the value of dQ is the 
absolute value of the total charge of the ions of one sign produced in air when all 
the electrons and/or positrons liberated by photons in air of mass dm are 
completely stopped in air: 

X = ^ (C-kg -1') (31) dm 
f It is very close to the kerma in air divided by the average W-value (energy to 

produce one ion pair) in air: 
X = ^ ( l - g ) ( G kg- 1) (32) 

w 

with g being the fraction of the energy of all charged secondaries that is lost to 
bremsstrahlung. , 
1.1.7. Total mass stopping power S/p 

The total mass stopping power of a material for charged particles is the 
quotient of dE by pdl, where dE is the energy loss by a charged particle in 
traversing a distance dl in the material of density p: 

S 1 dE 
- = - — ( J m 2 ; k g - i ) (33) p p dl , 

P/ tot \P / rad W col 

2 Exposure is only used for photon radiation. For neutron radiation it is recommended 

to replace it with kerma in air, which will contribute to more consistency between the 

quantities used in photon and neutron dosimetry. 
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where (S/p) rad is the radiative mass stopping power and (S/p)co l the collision mass 
stopping power. The collision mass stopping power can also be expressed in terms 
of cross-sections in a manner analogous to Eq. (29) for the kerma coefficient 
(see Section 1.3). 

1.1.8. Energy imparted, e 

The energy imparted by ionizing radiation to the matter in a given volume 
is: 

e = R m - Rout + 2 Q ( J ) (35) 

where Rj,, is the radiant energy incident on the volume, i.e. the sum of the energies 
(excluding rest energies) of all those charged and uncharged ionizing particles which 
enter the volume, R o u t is the radiant energy emerging from the volume, i.e. the 
sum of the energies (excluding rest energies) of all those charged and uncharged 
ionizing particles which leave the volume, and EQ is the sum of all changes 
(decreases taken as positive and increases as negative) of the rest mass energy of 
nuclei and elementary particles in any nuclear transformations which occur in 
the volume. 

1.2. SPECIAL DOSE QUANTITIES 

1.2.1. Absorbed dose D 

Like the concept explained in Section 1.1.1, the absorbed dose is a non-
stochastic point quantity within a receptor. It is derived as the limit of the 
expectation value (which equals the mean value for normal distributions) of the 
energy imparted to the mass Am, divided by this mass: 

<Ae> de 
D = hm — = — (J-kg - 1 = Gy) (36) 

Am-»o Am dm 

1.2.2. Maximum absorbed dose inside a phantom, D 

For unidirectional, uniform neutron beams and for perpendicular incidence 
of radiation on a slab or the long axis of a cylinder the maximum absorbed doses 
D were determined in infinite slab and cylindrical water phantoms [41 ].' 

Depending on the phantom, slight differences exist in the fluence to maximum 
dose conversion factor d<j>(E): 

r . d $ 
D= / d$ (E) — dE (37) 
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Both phantoms are anisotropic. Even in the case of the cylindrical phantom 
with 'planar' isotropy, the quantity D is not additive (see also Appendix II). This 
is because D is not defined at a fixed point inside the phantom. Its location is, 
for example, different for each 'partial beam' of a multidirectional field: 

where d(0) is the fluence to maximum dose conversion factor for a given angle of 
incidence. 

This is the local maximum of the product of dose D, quality factor Q and 
modifying factors flN under the same conditions as described for D above: 

nN is currently assigned a value of 1. 
The concept of dose equivalent is intended for use in radiation protection 

only, at levels of exposure smaller than or comparable with the ICRP dose 
equivalent limits. The quality factor Q is a weighting factor designed to allows 
for the effect on the detriment of the microscopic distribution of radiation 
energy deposited. 

1.2.4. Dose equivalent indices 

Deep dose equivalent index Hjd at a given point: the max imum dose 
equivalent within the 28 cm diameter core of a 30 cm diameter sphere centred 
at this point and consisting of material equivalent to soft tissue with a density 
of 1 g e m - 3 . 

Shallow dose equivalent index Hjs: the maximum dose equivalent within 
the spherical shell extending from a depth of 0.07 mm to a depth of 1 cm from 
the surface of a 30 cm diameter sphere centred at this point and consisting of 
material equivalent tp soft tissue with a density of 1 g em - 3 . 

Unrestricted dose equivalent index Hj: the maximum dose equivalent within 
a 30 cm diameter sphere centred at this point and consisting of material equivalent 
to soft tissue with a density of 1 g em - 3 . 

(38) 

1.2.3. Maximum dose equivalent inside a phantom, H 

(39) 
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1.2.5. Effective dose equivalent H E 

The effective dose equivalent is a weighted sum of organ dose equivalents: 

where w T are weighting factors representing the proportion of the total stochastic 
risk resulting from irradiation of special organs or tissue T when the whole body 
is irradiated uniformly, and H T is the average dose equivalent in a given tissue or 
organ (T). 

The values of w T recommended in ICRP 26 [4] are shown below: 
- Gonads 0.25 
- Breast 0.15 
- Red bone marrow 0.12 
- Lung 0.12 
- Thyroid 0.03 
- Bone surfaces 0.03 
- Remainder 0.30 

With regard to the value of w T for the remaining tissues, the ICRP recommends 
that a value of w T = 0.06 is applicable to each of the five organs or tissues of the 
remainder receiving the highest dose equivalents, and that the exposure of all 
other remaining tissues can be neglected. (When the gastro-intestinal tract is 
irradiated, the stomach, small intestine, upper large intestine and lower large 
intestine are treated as four separate organs.) 
1.2.6. Ambient dose equivalent H*(d) 

The ambient dose equivalent at a point in a radiation field is the dose 
equivalent that would be produced by the corresponding aligned and expanded 
field in the ICRU sphere at a depth d on the radius opposing the direction of 
the aligned field. 

The quantity is suitable for measurement of strongly penetrating radiation, 
using an instrument with an isotropic response (see also Section 2). A depth 
d = 10 mm is recommended, leading to the quantity H*(10) replacing H as well 
as Hp 
1.2.7. Directional dose equivalent H'(d) . 

The directional dose equivalent at a point in a radiation field is the dose 
equivalent that would be produced by the corresponding expanded field in the 

(40) 
T 
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ICRU sphere at a depth d on a radius in a specified direction. The quantity is 
meant for use in measurement of weakly penetrating radiation only. Therefore, 
a depth d = 0.07 mm is recommended, leading to the quantity H'(0.07). 

1.2.8. Individual dose equivalent, penetrating, H p (d ) 

The individual dose equivalent is the dose equivalent in soft tissue at a depth 
d below a specified point on the body. For neutrons only, the so-called individual 
dose equivalent, penetrating, is of interest with d = 10 mm, leading to the 
quantity Hp (10). 

1.3. RELATIONS BETWEEN DOSE QUANTITIES DEFINED FOR CHARGED 
AND UNCHARGED PARTICLES 

As can be derived from general concepts [3], the absorbed dose within a 
mass dm = pdV free in vacuum can be derived as: 

D = - - ( d i v g u + d i v g c h ) d V - q (41) 
P 

where g is the directional energy flux density (subscripts u, ch stand for uncharged 
and charged particles) and q is the increase in rest mass. 

It holds that: 

- d i v g = - /<I>(E)dE / — d£2AT 
p p J J d£2 

(42) 
p ' " - • 

where dE/d£2 is the differential macroscopic collision cross-section and AT is the 
energy transferred in the collision. 

Comparisons with Eqs (28) and (29) lead to: 

- ^ d i v g u - q = j / " $ ( E ) d E k ( E ) = K (43) 

For large masses dm the net outflow of charged particles is negligible and 
divgu becomes zero; for the limiting case of vanishing mass, this quantity 
becomes a maximum — each generated secondary particle flows out — and equals 
the kerma. 

Hence, the absorbed dose in sufficiently large probes free in vacuum 
approaches the kerma, but becomes zero for vanishing mass. Therefore, absorbed 
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dose, in a strict sense, is a receptor quantity only and should not be used as a 
field quantity. However, the limiting procedure is possible inside a receptor and 
defines absorbed dose as a differential non-stochastic point quantity. Similarly 
for a field of charged particles with fluence it holds, with Eq. (33), that: 

Thus, there is a close analogy between the kerma coefficient k for uncharged 
particles and the mass stopping power for charged particles. The difference is that 
div g u describes only the energy loss of the uncharged particle beam. The energy 
transferred to kinetic energy of secondaries must include the reaction energies, 
which finally leads to an increase or decrease of rest mass q. 

In the case of charged particles only their energy loss and hence only divg c h 

are of interest. Nevertheless, for the case of absorbed dose from external charged 
particle beams, again the history of the secondaries and higher generation 
collision products has to be taken into account, depending on receptor size, when 
applying Eq. (43) (see also Section 1). 

(44) 
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Appendix II 
GLOSSARY 

additivity. A quantity is additive if for an arbitrary field it is the sum of any 

For example, in the case of parallel opposing fields the dose equivalent at each 
specified point in a phantom will be the sum of the dose contributions of both 
beams. However, the resulting unrestricted index, for instance, will not be the 
sum of the maxima and hence of the partial indices. 
administrative quantity. The dose equivalent quantity derived directly from the 
reading of an instrument being used under field conditions by means of a 
calibration factor. 

A typical administrative quantity is the dose equivalent derived from the 
reading of a 'personal' monitor which has been calibrated at a standard phantom 
for frontal unidirectional irradiation and worn on the body under unknown 
exposure conditions. This quantity, often called the 'personal dose equivalent', 
is frequently taken 'administratively' to be the desired calibration quantity, such 
as the deep dose equivalent index. 
aligned and expanded field. A hypothetical uniform radiation field in vacuum, 
having the same particle fluence and energy spectrum as an actual radiation field 
at the point of interest, but being unidirectional and infinite. Dose equivalent 
quantities defined for such fields are correlated with the measurements of point 
detectors with isotropic response. 
calibration. Determination of the absolute response of an instrument. This may 
take into.account the dependence on neutron energy as well as on the orientation 
of the instrument in a unidirectional field. 
calibration factor. The multiplying factor that relates the instrument reading 
under reference exposure conditions to the dose quantity of interest. 
calibration quantity.: A quantity directly traceable to a primary standard. For 
neutrons no primary standards exist for dose equivalent quantities. The ; 

calibration quantity is neutron fluence, which has to be converted by means of 
recommended conversion functions to the desired dose equivalent quantities. 
check source testing.. Determination of the reading of an instrument under 
reproducible exposure conditions using a check source. 

temporal (i), angular (j) and spectral (k) components (see also Eq. (37)): 

(45) 
U,k 
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conversion factor. The ratio of the value of the dose equivalent quantity of 
interest, defined for special reference irradiation conditions and usually derived 
by means of neutron transport calculations, to the reference neutron fluence 
causing it. The reference neutron fluence in other than parallel, uniform fields 
must be clearly defined. For example, in the case of irradiation of the 30 cm 
diameter ICRU sphere by radionuclide point sources, the reference fluence taken 
may be that at the axial entrance point or at the centre of the sphere. 
conversion function. The conversion factor given as a function of any variable, 
such as neutron energy. 
detector. Any measuring device, regardless of its response function. In the case 
of combined set;ups, such as moderator devices, it is generally the directly 
measuring component only, e.g. the gaseous counter or scintillator. 
differential surface response. The response of a spatially extended detector to a 
pencil beam as a function of the defined position of the beam and its angle of 
incidence on the detector surface. 
dosimeter. A device, instrument or system which can be used to measure or 
evaluate any quantity that can be related to the determination of either absorbed 
dose or dose equivalent. This implies that the energy response function is 
proportional to the conversion function of the desired dose quantity. 
gamma discrimination. The ratio of dose equivalents of gamma rays and neutrons 
causing the same detector reading. 
intercomparison. Intercomparison may be carried out between different 
instruments under identical exposure conditions in the same reference field or 
with the same reference (transfer) instrument in different reference fields. 
isotropy, isotropic. Isotropy is generally used to mean independence of a specific 
quantity of the angle or direction relative to the detector. 

An isotropic detector is one whose response is independent of the angular 
distribution of the field. This can only be achieved if the differential surface 
response is constant for all directions in space. Independence of response of 
detector orientation in the field, as in the case of index quantities, does not 
describe the same property. 

A radiation field is isotropic at some location if there is equal differential 
particle fluence in equal increments of solid angle from any direction in space 
(spatially isotropic fields) or within a reference plane (planar or rotational 
isotropic field). 
limit. The value of a quantity which must not be exceeded. Primary dose limits 
include the whole body dose equivalent H w b , the effective dose equivalent H E 

and the mean organ or tissue dose H T . Another limiting quantity is the deep 
dose equivalent index Hi d , which has been proposed as a secondary limit. This 
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will probably be changed in the future, by replacing the dose equivalent indices 
with the ambient and individual dose equivalents, as defined in Appendix I. 
monitor. A system that indicates changes in the radiation environment over time, 
such as a detector system monitoring the output of a radiation source, e.g. an 
accelerator. In a less restricted sense, monitoring may also be used to check the 
radiation environment or an individual's exposure to guarantee compliance with 
established safety standards and to detect unexpected changes in this respect. 

In the context of the above defined terms a given radiation protection 
instrument may function either as a dosimeter or as a monitor, depending on 
whether or not a quantitative record of the dose is derived. 
operational quantity. The quantity in which the results of routine or operational 
monitoring are expressed. Such quantities should be measurable at least under 
reference conditions and hence enable a secondary standard to be established for 
calibration. 

response. The response R of an instrument is the reading M divided by the 
physical quantity causing it. The response should be specified with reference 
to this quantity, such as fluence response R<j, or dose equivalent response R H . 
The response is the reciprocal of the calibration factor. 

response factor. The (single valued response for any arbitrary distribution of the 
fluence with respect to the variable. 
response function. The response of an instrument as a function of an independent 
variable. Such a variable may be, for example, the energy or angle of incidence of 
radiation upon the instrument, resulting in energy or angular response functions 
R(E), R(0). 
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Appendix III 

NEUTRON SOURCES 

III. 1. RADIOACTIVE SOURCES 

III. 1.1. Technical specification of reference sources 

Since the quantity of californium in a californium source is very small, the 
encapsulation may also be made quite small. For example, a standard Amersham 
Corporation [80] californium capsule is 7.8 mm.in diameter and 10 mm high, and 
made of stainless steel. The total wall thickness is only 1.6 mm. Capsules from • 
the Savannah River Laboratory and from the Monsanto Research Corporation are 
5.4 mm in diameter and 21 mm high for sources up to about 109 s_ 1 . These 
capsules are made of various combinations of Zircaloy (a 98% zirconium, 1.5% tin 
alloy), 90% platinum and 10% rhodium alloy, and stainless steel, with a total wall 
thickness of 3.2 mm. 

III. 1.2. Other sources 

Besides (a, n) sources there are also (7, n), or photoneutron, sources available. 
Their great advantage lies in the fact that the neutrons are essentially mono-
energetic if the gamma rays are monoenergetic. Thus, 124Sb-Be (7, n) sources are 
frequently used to produce 23 keV neutrons. 

Since photoneutron cross-sections are very low, however, (7, n) neutron 
sources require very high gamma activities to produce a useful neutron yield. For 
example, a typical Sb-Be (7 ,n) source gives a gamma dose equivalent approximately 
104 times greater than the neutron dose equivalent. This, of course, limits the 
type of dosimeter which can be calibrated and makes the source difficult to handle. 
Another difficulty with Sb-Be is the short half-life of 124Sb: 60 d . Such a short 
half-life, with the consequent need for frequent reactivation, is not considered to 
be appropriate for a standard. 

Among the (a ,n) sources, probably the most widely used is Pu-Be. However, 
in many countries plutonium, as a fissionable material, is classified and thus 
becomes very difficult to obtain. Thus, the only actinide neutron sources which 
can be recommended as standards are those employing 241Am as the alpha emitter. 
The half-life o f 2 4 1 Am is sufficiently long (432 a) that for all practical purposes 
it can be considered a permanent source, and it gives approximately the same 
yield ( s _ 1 B q _ 1 ) and the same neutron spectrum as 238Pu. Although 241 Am does 
give a considerably higher gamma dose than 238Pu, most of this dose is due to 
60 keV gamma rays. Wrapping the source in a 1 mm thick lead shield reduces 
the gamma dose equivalent rate to less than 5% of the neutron dose equivalent 
rate, with a negligible (~ 1%) change in the neutron dose equivalent rate. The 
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TABLE VIII. FLUENCE TO DOSE EQUIVALENT CONVERSION FACTORS 
FOR MAXIMUM DOSE EQUIVALENT AND AMBIENT DOSE EQUIVALENT 
(see Tables IX and X) 

r 

(cm) 

; h(10"15 Sv-m2) h*(10)(10~15 Sv- m2) r 

(cm) Uncollided Total Uncollided Total 

Cf-H2 O 5 7.7 18.0 7.3 17.5 

10 2.7 10.8 2.6 10.5 

15 1.2 7.4 1-2 7.2 

25 0.67 6.5 0.67 6.3 

Cf-D20 15 1.2 8.0 1.2 7.8 

highest neutron yield is obtained using beryllium as the target material, and the 
second highest with boron. A m - F and Am-Li sources have also been used. Their 
yields are, respectively, 20 and 50 times lower than that of Am-Be. 

Average energies are 4.4 MeV for Am-Be, 2.8 MeV for Am-B and 1.5 MeV 
for Am-F. The values of these energies, as well as of the response weighted 
effective energies, depend on the assumptions made for the low energy components 
of the spectra, since the experimental data are generally only available above 
certain thresholds, depending on the technique used. So, for scintillation 
spectrometers the threshold is at about 700 keV [81 ], and for gaseous counters it 
might be as low as 90 keV [13]. 

In addition to the 30 cm diameter heavy water moderated californium source 
discussed in Section ;4.1.2.2, (a, n) sources (if of high enough emission rate) may 
be used within moderators to simulate more realistic leakage spectra. Examples 
of sources have been given by Burger et al. [82]. They measured the leakage 
spectra of a Pu-Be source f rom light water containers with 9.6 and 25.2 cm 
diameter. They also performed Monte Carlo and SN transport calculations for 
spherical light water and polyethylene moderators, demonstrating that the effective 
fluence to dose equivalent conversion factor does not vary by more than 40-50% 
at the most for a 30 cm diameter sphere. 

Some conversion factors for light water moderated Cf sources are listed in 
Table VIII. 

III.2. NUCLEAR REACTORS 

I I I . 2.1. Thermal beams 

Strictly speaking, a thermal neutron beam is not monoenergetic but has a =' 
Maxwellian distribution (quite possibly with a high energy tail) at the tempera-
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FIG. 8. Correction for the hardening of a Maxwellian thermal neutron beam passing through 
a 1/v detector. 

ture of the moderator material. However, over the eight or nine decades of 
energy response which are of concern here, the thermal response may be 
considered simply as the point on the low end of the energy scale. 

Methods for determining the flux density have been given in IAEA Technical 
Reports Series No. 107 [83] and will not be discussed further here, other than to 
point out that the most common method involves foil activation, but that fission 
chambers or BF3 or 3He proportional counters may also be used. Any of these 
methods is capable of giving accurate results and the choice of methods is largely 
a matter of personal preference. 

In most cases where a BF3 or 3He counter is used, the counter will be very 
'thin' to prevent large dead time losses. If the counter is not thin, however, 
corrections should be made for the 'hardening' of the Maxwellian spectrum as it 
passes through the counter [84, 85]. This may be done with the aid of Fig. 8, 
where the quantity (T - T') X 100 is plotted as a function of na0 , T being the 
actual transmission of a Maxwellian spectrum through a 1/v absorber and T' the 
transmission calculated without consideration of the hardening of the spectrum; 
n is the counter gas 'thickness' or 'areal density' (in units of, say, atoms/cm2) 
and a 0 is the absorption cross-section at the most probable velocity v0 at the 
temperature 6 (K) of the Maxwellian distribution. 

Figure 8 thus presents the percentage decrease in the counting rate of a BF3 

or 3He counter from the rate which would be calculated in the usual way. As can 
be seen, the correction is quite negligible for thin counters (na0 < 0.3) or very 
thick counters (ncj0 > 7), but amounts to about 4% for 1 < na0 < 3. 

Several other precautions are necessary when using reactor thermal beams. 
When a large beam (diameter greater than 0.5 m) is used, the beam uniformity 
must be carefully measured. This may be conveniently done with the same 
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technique used to measure the neutron intensity. It is often quite difficult to 
produce a very uniform beam, and non-uniformities of ±10% are quite common. 
This must be taken into account when interpreting the results of the measurement 
and in determining the uncertainty in the final result. 

The cadmium ratio should also be measured. This is done by simply placing 
a cadmium absorber,; about 1 mm thick, in the beam, and measuring the ratio of 
counting rates without and with the absorber. This is usually done with a 1/v 
detector such as a BF3 or 3He counter. 

Finally, some restraint must be exercised in interpolating between measure-
ments made at thermal energies and those made at higher energies. Since many 
rate meters and dosimeters use cadmium to obtain the desired response, it could 
be expected that their response as a function of energy might show a discontinuity 
at the cadmium cut-off energy of about 0.4 eV. 

III. 2.2. Filtered beams 
i; 

The existence of 'windows' in neutron cross-sections has made possible the 
development of filters which transmit neutrons in relatively narrow energy bands, 
starting from a continuous reactor spectrum. These windows are the minima in 
the total neutron cross-section arising from destructive interference between 
s-wave resonance and potential scattering. The most usual filtered beams are 
2 keV (Sc filter), 24;keV (Al-Fe filter) and 144 keV (Si filter). A brief review, 
with particular emphasis on calibrating dosimetry instrumentation, has been 
given by Schwartz [86]. The filtered beams at the PTB reactor are described by 
Alberts and Knauf [87], and a study of existing beams and a proposal for a wide 
range of filtered beams have been presented by Mill and Harvey [88,89]. A 
detailed discussion of the development of 2 and 24 keV beams has been given by 
Greenwood and Chrien [90]. 

A clean 2 keV beam is quite difficult to realize in practice, since scandium 
(the filter material) has many higher energy minima, giving a nominal 2 keV beam 
highly contaminated with higher energy neutrons. In fact, in a typical 2 keV 
filtered beam the dose equivalent due to the higher energy contaminants is 
approximately twice that due to the 2 keV neutrons. This situation is very 
difficult to avoid in any facility in which the scandium filter faces the reactor 
core, and is only eliminated by using a beam tube tangential to the reactor core 
and by making use of resonant scattering (2.4 keV resonance in Mn) to prefer-
entially scatter neutrons of the desired energy into the beam tube [86, 87, 91 ]. 
Thus, it is recommended that no attempt be made to develop a 2 keV beam for 
dosimetry calibration unless a tangential beam tube is available with adequate 
flux density. Such beam tubes tend to be quite rare. 

A 24 keV beam is much simpler to realize. Although iron and aluminium each 
have many high energy windows, there is very little overlap except at 24 keV. 
Thus, a filter containing roughly 30 cm thickness each of iron and aluminium 
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(with about 6 cm of sulphur) will give a very clean 24 keV beam, with relatively 
little gamma background. Greenwood and Chrien [90] give a complete discussion 
of the effects of varying the thickness of the iron and aluminium. 

It should be pointed out that the iron and aluminium must be the pure 
metals and not an alloy. Pure aluminium should be generally available from 
conventional commercial sources, but pure iron may be difficult to find since it 
has few industrial applications. 

The only difficulty in realizing a 144 keV (Si filter) beam is the high gamma 
background, since silicon is a poor gamma shield. Depending upon the particular 
reactor, the gamma background could be as high as 5 mSv/h [86]. Silicon also has 
a secondary window at 54 keV, but the neutrons arising from this window may 
be easily scattered out with a few centimetres of titanium. Silicon of more than 
adequate purity can generally be obtained relatively inexpensively as a by-product 
from the semiconductor industry. 

Filtered beams are generally 2-6 cm in diameter. Since the filter itself is 
usually quite long ( ~ 6 0 cm), the beams are effectively well collimated and it is 
not possible to use a diverging geometry. In order to irradiate uniformly a large 
device such as a rate meter, it will be necessary to scan the device in the beam. 
Hence, a reliable scanning table is an essential part of a filtered beam facility. 

A hydrogen gas proportional counter (proton recoil counter) is normally used 
for beam spectroscopy, although a 3He spectrometer would also be useful. A 
proton recoil or 3He counter can be used for measuring the intensity of the 
144 keV beam, and a BF3 or 3He counter can be used to determine the beam 
intensity for 24 and 2 keV beams. 

111.3. VAN DE GRAAFF AND CYCLOTRON BEAMS 

By proper choice of bombarding energy, reaction type and angle of obser-
vation, it is, in principle, possible by means of Van de Graaff and cyclotron beams 
to generate neutrons of any desired energy from kiloelectronvolts to tens of 
megaelectronvolts. The use of Van de Graaff accelerators and variable energy 
cyclotrons is very specialized, and detailed considerations for their operation are 
beyond the scope of this handbook. 

111.4. THERMAL NEUTRON FLUX STANDARDS 

Moderating assemblies of carbon and paraffin wax or polyethylene with 
radioactive neutron sources are sometimes used to provide a standard thermal 
neutron flux. The NBS flux density standard [92] consists of an almost cubical 
block of graphite, 25 cm on a side, surrounded by 5 cm of paraffin. Two 37 GBq 
(1 Ci) Ra-Be (a ,n) sources embedded in 22 cm diameter lead cylinders covered 
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with paraffin are placed on opposite sides of the graphite-paraffin moderator. 
A 5 cm X 11 cm 'exposure slot' is provided in the centre of the graphite cavity, 
where the flux density is 4 X 103 cm~ 2 -s - 1 . 

Such flux density standards provide a nearly isotropic, uniform, constant 
neutron flux density. Despite these great virtues, however, these devices are of 
very limited use in a dosimetry laboratory. Because of the relatively small 
irradiation volumes available they can only be used for irradiating dosimeters; 
active instruments are much too large. The isotropic flux density is actually a 
great disadvantage for calibration of dosimeters, since many dosimeter types rely 
on the body of the wearer (or a phantom) to shield the back of the dosimeter 
from direct thermal neutrons. In addition, the rather poor cadmium ratio (~7 
for a 1/v detector for the NBS standard) complicates the interpretation of the 
results. 

The principal use of thermal flux density standards is in the irradiation of 
gold foils, and while they may be a useful part of a neutron standard laboratory's 
armamentarium, they may not be appropriate for a calibration laboratory. 

Much simpler devices may be used to provide not exactly a standard thermal 
neutron flux but, rather, an arbitrary, though highly reproducible, source of 
moderated neutrons. They may consist of moderating assemblies of polyethylene, 
with one radioactive source positioned at the geometrical centre of the moderator. 
Such devices are applicable, for example, for the routine sensitivity checking of 
albedo dosimeters which are fixed directly at the surface of the moderator. A 
hexagonal or octagonal cylinder with a diameter of 30 cm and a height of at least 
30 cm, positioned on a lightweight stage as high above the floor as experimental 
conditions permit, provides flat surfaces for easy dosimeter mounting and may be 
recommended for the above described task. 
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Appendix IV 

FLUENCE TO DOSE EQUIVALENT CONVERSION FUNCTIONS 

TABLE IX. FLUENCE TO MAXIMUM DOSE EQUIVALENT CONVERSION 
FUNCTION FOR A CYLINDRICAL PHANTOM 
(according to ICRP Publication 21 [25]) 

Neutron energy 

(eV) 

h 

(10~1S Svm 2 ) 

Neutron energy 

(eV) 

h 

(10"1S Svm 2 ) 

2.5 X 1(T2 
1.07 2.5 X 10s 11.8 

1.0 X 10-1 
1.16 5.7 X 10s 21.8 

1.0 1.26 1.0 X 106 
32.7 

1.0X 101 
1.21 2.0 X 106 

39.7 

1.0 X 102 
1.16 5.0 X 106 40.9 

1.0 X 103 1.03 10.0 X 106 40.9 

1.0 X 104 
0.99 20.0 X 106 42.7 

1.0 X 10s 
5.79 

64 



TABLE X. FLUENCE TO DOSE EQUIVALENT CONVERSION FUNCTION 3 

F O R DOSE E Q U I V A L E N T AT 1 cm AXIAL DEPTH O F ICRU SPHERE 
IRRADIATED WITH A HOMOGENEOUS, PARALLEL NEUTRON BEAM 
ALONG THE AXIS 

Neutron energy h*(10) Neutron energy h*(10) 

(eV) (10" 1 5Svm 2 ) (eV) CIO-15 Sv m 2 ) 

10 1.0 1.76 X 10s 
10.5 

2.1 0.97 2.52 X 10s 
14.0 

5.80 0.89 3.76 X 10s 19.8 

9.50 0.85 5.00 X 10s 
23.0 

1.60 X 101 0.82 6.45 X 10s 
24.7 

2.60 X 101 
0.78 8.25 X 10s 27.6 

5.50 X 101 
0.73 1.00 X 106 

33.0 

7.00 X 101 0.72 1.50 X 106 
35.3 

9.00 X 101 
0.71 2.10 X 10s 

35.1 

1.16X 102 0.69 2.70 X 106 
35.1 

1.00 X 103 
0.61 3.50 X 106 

40.6 

3.50 X 103 0.64 4.50 X 106 
41.0 

1.00 X 104 0.91 5.50 X 106 
40.8 

2.30 X 104 1.62 7.50 X 106 
40.8 

5.00 X 104 3.96 9.0 X 106 
43.8 

1.00 X 10s 
6.33 1.10 X 107 

48.5 

1.31 X 10s 
8.17 1.35 X 107 54.9 

a This quantity is numerically equal to the ambient dose equivalent as defined in ICRU 

Report 39 [8], 

65 



TABLE XI. FLUENCE TO DOSE EQUIVALENT CONVERSION FUNCTIONS 
FOR SHALLOW AND DEEP DOSE EQUIVALENT INDICES AS DEFINED.IN 
ICRU REPORT 19 [7] 
(values taken from Morhart and Burger [93\) 

Neutron energy 

(eV) 

hj(10~ is 
Sv- m 2 ) Neutron energy 

(eV) 

hj (10" ~15 Sv-m2) Neutron energy 

(eV) Shallow Deep 

Neutron energy 

(eV) Shallow Deep 

1.0 • 1.03 1.11 1.7 X 10s 13.2 10.5 

2.1 0.97 1.09 2.5 X 105 16.9 14.0 

5.8 0.89 1.06 3.7 X 10s 23.3 19.8 

9.5 0.85 1.04 5.0 X 10s 23.9 23.0 

1.6 X 101 0.82 1.03 6.4 X105 25.4 24.7 

2.6 X 101 0.78 1.01 8.2 X 10s 
28.1 27.6 

5.5 X 101 0.73 0.98 1.0 X 106 35.2 33.0 

7.0 X 101 0.72 0.97 1.5 X 106 35.7 35.3 

9.0 X 101 0.71 0.96 2.1 X 106 
35.1 35.1 

1.2 X 102 0.69 0.95 2.7 X 106 35.1 35.1 

1.0 X 103 0.61 0.90 3.5 X 106 40.5 40.6 

3.5 X 103 0.64 0.88 4.5 X 106 ' 41.0 41.0 

1.0 X 104 0.92 0.89 5.5 X 106 40.8 40.8 

2.3 X 104 2.12 1.62 7.5 X 106 40.8 40.8 

5.0 X 104 5.39 3.96 9.0 X 106 43.8 43.8 

1.0 X 10s 8.42 6.33 1.1 X 107 48.5 48.5 

1.3 X 10s 10.6 8.18 1.3 X 107 54.9 54.9 
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TABLE XII. FLUENCE T O E F F E C T I V E DOSE EQUIVALENT CONVERSION 
FUNCTION 
(as derived by Wittmann et al. [94\) 

Neutron energy 

(eV) 

(PAR A-P)a 

(10~15 Svm 2 ) 

Neutron energy 

(eV) 

h E 
(PAR A-P)a 

(10~15 Svm 2 ) 

1.0 0.48 2.5 X 10s 4.82 

1.0 X 101 0.44 5.0 X 10s 8.70 

'1.0 X 102 0.41 1.0 X 106 14.2 

1.0 X 103 0.38 2.1 X 106 22.1 

1.0 X104 
0.45 4.5 X 106 31.5 

2.3 X 104 0.63 7.5 X 106 37.3 

5.0 X 104 1.01 1.1 X 107 42.7 

1.0 X 10s 1.98 1.4 X 107 47.7 

a Parallel beam, anterior-posterior. 
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Appendix V 

LIST OF SYMBOLS 

activity 
absorbed dose, with subscripts n, G for neutrons and gamma 
rays 
source beam air attenuation factor 
source anisotropy factor 
dose equivalent, with several indices describing differently 
defined quantities 
neutron fluence to dose equivalent conversion factor 
neutron fluence to dose equivalent conversion factor, averaged 
over source spectrum 
kerma, with subscripts T for tissue or other material and 
c for calibration radiation 
correction factor for displacement of effective point of 
measurement and geometrical centre of a chamber inside a 
phantom 
calibration factor of electrometer reading 
correction factor for gas flow effects 
correction factor for leakage current 
correction factor for polarity effects 
correction factors for radial and axial non-uniformity of 
calibration field 
correction factor for charge recombination (lack of current 
saturation) 
correction factor for stem scatter 
correction factor for chamber reading to standard temperature 
and pressure 
correction factor for attenuation and scattering by wall and 
buildup cap 
counter reading 



exposure to absorbed dose in tissue conversion factor 
quality factor 
source strength or neutron emission rate 
mass specific source strength 
activity specific source strength 
instrument response (reading divided by quantity to be 
measured); in Section 6, ionization chamber reading in the 
mixed field, with subscripts TE, u for the tissue equivalent 
and neutron insensitive chambers 
source-phantom or source-instrument distance 
gas to wall absorbed dose conversion factor 
total mass stopping power ratio for wall material m and gas g 
of chamber in the case of charged particles liberated in the 
wall 
average energy to create an ion pair in the chamber gas 
linear energy (energy imparted in a volume divided by the 
mean chord length in the volume) 
ratio of mass energy absorption coefficients for any radiation 
in tissue relative to that in the wall 
the product of several correction factors used to account for 
attenuation and scattering in the chamber, its buildup cap 
and stem when measurements are made free in air: 
n k A - k w k s t k m k a n 

the product of several correction factors to correct the 
chamber reading to the charge produced in the cavity, at 
standard temperature and pressure: 
f I k R = k e k t ) p k s k i k p k f 
neutron fluence 
solid angle 
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