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FOREWORD 

The IAEA, together with the World Health Organization (WHO), published 
a manual in 1979 entitled 'Calibration of Dose Meters Used in Radiotherapy' (IAEA 
Technical Reports Series No. 185) written mainly for Secondary Standard Dosimetry 
Laboratories (SSDLs). The information was also useful for other similar laboratories 
involved in the calibration of dosimeters, usually associated with radiotherapy 
centres. However, this manual had to be updated for a variety of reasons: 

— New quantities and units were introduced by the International Commission on 
Radiation Units and Measurements (ICRU) in Report No. 35 (1980) and 
Report No. 51 (1993). 

— New numerical values for some interaction coefficients were recommended in 
1985 by Section I (X and y rays, and electrons) of the Comité consultatif pour 
les étalons de mesure des rayonnements ionisants (CCEMRI). 

— The IAEA Code of Practice on 'Absorbed Dose Determination in Photon and 
Electron Beams' (Technical Reports Series No. 277) has been in wide use since 
1987. It was felt that some of the methods and data in this manual and in the 
Code must agree. 

— A new method has been recommended by the International Organization for 
Standardization (ISO) for the expression of uncertainty in measurement. 

Although the contents of individual chapters have been considerably revised 
and extended, the order of the chapters has not been changed, apart from the inclu-
sion of an additional chapter (No. 11) dealing with absorbed dose calibrations. The 
revision was undertaken by J.E. Burns (formerly of the National Physical Labora-
tory, United Kingdom) and R. Loevinger (formerly of the National Bureau of 
Standards, now the National Institute of Standards and Technology, USA). These 
authors also provided the example of an SSDL uncertainty calculation. Chapter 10 
was written by J.W. Müller of the Bureau international des poids et mesures (BIPM) 
according to the recommendations of the BIPM and the ISO. Accordingly, minor 
modifications were made to other parts of the manuscript. 

In accordance with current IAEA policy, the term dosimeter has been used 
here (rather than dosemeter) to mean a device, instrument or system that measures 
or evaluates, either directly or indirectly, the quantities exposure, kerma, absorbed 
dose or dose equivalent, or their time derivatives (rates) or related quantities of 
ionizing radiation. 

The draft versions of this manual were also commented on by K. Zsdánszky 
and H. Svensson of the IAEA's Dosimetry Section, in the Division of Human 
Health. The officer responsible for this report at the IAEA was K. Zsdánszky. This 
manual should supersede Technical Reports Series No. 185. 



EDITORIAL NOTE 

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use. 

The use of particular designations of countries or territories does not imply any judge-
ment by the publisher, the IAEA, as to the legal status of such countries or territories, of their 
authorities and institutions or of the delimitation of their boundaries. 

The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA. 



CONTENTS 

1. INTRODUCTION 1 

2. THE ROLE OF AN SSDL 3 

2.1. The international measurement system 3 
2.2. Metrological consistency of SSDLs - 4 
2.3. Further developments 5 

3. QUANTITIES AND UNITS 5 

3.1. Kerma and absorbed dose 5 
3.2. Relation between kerma and absorbed dose 6 
3.3. Exposure 8 
3.4. Quantities and units for radiation protection 9 
3.5. Activity 11 
3.6. Old special units 11 
3.7. Choice of quantities and units for calibration 12 

4. DEFINITIONS 13 

4.1. Introduction 13 
4.2. Calibration of instruments 15 
4.3. Classification of instruments 16 
4.4. Standards laboratories 17 
4.5. Imperfections in measurement IB 
4.6. Performance specification 20 
4.7. Miscellaneous 22 

5. CALIBRATION METHODS 25 

5.1. Calibration tip to tip or by substitution 25 
5.2. Calibration in air or in a phantom 26 
5.3. Indirect or direct calibrations 27 
5.4. Calibration at an SSDL or a hospital 28 

6. CALIBRATION EQUIPMENT AND FACILITIES 29 

6.1. Calibration set-up for X ray beams 29 
6.2. Calibration set-up for y ray beams 35 
6.3. Instruments 35 



7. MEASUREMENTS TO BE PERFORMED BEFORE 
CALIBRATION 40 

7.1. Introduction 40 
7.2. Electrical safety 40 
7.3. Leakage radiation 41 
7.4. Adjustment of the X ray beam 42 
7.5. Source centring of a ^ C o unit 42 
7.6. Beam uniformity 43 
7.7. Filtration 44 
7.8. Half-value layer 45 
7.9. Scattered radiation 47 
7.10. Positioning uncertainties of a 7 ray source 48 
7.11. Timing uncertainties 49 
7.12. Secondary standard dosimeter 51 

8. CARE AND MAINTENANCE OF CALIBRATION 
EQUIPMENT 56 

8.1. General instrument maintenance 56 
8.2. Stability check system for a secondary standard dosimeter 57 
8.3. Tests of the X ray monitor 59 
8.4. Timers 59 
8.5. Thermometers 60 
8.6. Barometers 61 
8.7. Hygrometers 61 
8.8. Routine checking of radiation beams 61 
8.9. Housekeeping 62 

9. CALIBRATION PROCEDURES 63 

9.1. Preliminary checks on dosimeters 63 
9.2. Additional measurements and checks 65 
9.3. Comparison procedures 70 
9.4. Quality control 76 
9.5. Calibration report 78 
9.6. Use of computers in SSDLs 81 

10. UNCERTAINTY OF THE CALIBRATION FACTOR 81 

10.1. Introduction 81 
10.2. General considerations on errors and uncertainties 82 
10.3. Type A standard uncertainties 83 
10.4. Type В standard uncertainties 85 



10.5. Combined and expanded uncertainties 86 
10.6. Propagation of uncertainties 87 
10.7. Example of an SSDL uncertainty calculation 91 
10.8. Example of an SSDL uncertainty statement 94 

11. MEASUREMENT OF ABSORBED DOSE 95 

11.1. Systems of dissemination 95 
11.2. Codes of practice 96 
11.3. Measurement in a phantom 100 

REFERENCES 105 

RELATED IAEA PUBLICATIONS 106 





1. INTRODUCTION 

This manual is intended for use by the network of Secondary Standard 
Dosimetry Laboratories (SSDLs) which was set up by the IAEA and the World 
Health Organization (WHO). The objectives of the SSDL network are to: calibrate 
radiation dosimeters and ancillary instruments; serve as a link between primary 
standard laboratories and radiation users; and provide advice and assistance in all 
aspects of radiation metrology. The information in this manual should also be of 
value to other similar laboratories, usually associated with hospitals, which are not 
formally part of the IAEA/WHO network of SSDLs. 

This publication is not a code of practice. It does not specify a unique proce-
dure for calibrating radiation dosimeters. Instead, it recognizes that the services 
offered by primary standard laboratories are evolving constantly to keep pace with 
advances in radiotherapy and equipment, and that there is a wide variety of users, 
from small to large organizations, each with differing requirements. As a 
consequence, each SSDL must adapt its work to provide the best results under the 
different circumstances. The various calibration procedures are described, their 
relative advantages and disadvantages are discussed, and criteria are put forward to 
help an SSDL decide which procedure is the best to use in order to meet a particular 
requirement. 

A typical SSDL will possess an X ray generator with a generating potential of 
between 100 and 300 kV, and an increasing number now also possess a 60Co y ray 
beam unit. This manual provides guidance on the setting up and maintenance of such 
laboratories, and also discusses the work of laboratories that do not possess radiation 
generators that are used solely for calibrations, but rely instead on access to X ray 
and y ray units in associated radiotherapy departments in hospitals. 

A modern radiation dosimeter used in radiotherapy consists of an air filled 
ionization chamber connected by a coaxial cable to a measuring assembly; there is 
sometimes an associated device for checking the long term stability of the instru-
ment. In addition to a detailed discussion of the procedures to be adopted in calibrat-
ing these dosimeters, advice is also given on their use, care and maintenance. Much 
of the information on calibration techniques is applicable to other types of radiation 
measuring devices, such as thermoluminescent and chemical dosimeters, and to 
dosimeters intended to measure low energy X radiation with generating potentials 
below 100 kV. However, the special techniques and problems involved in the use 
of such devices are not discussed in this manual. 

One subject discussed elsewhere in this report is that of quality control proce-
dures to reduce the possibility of errors entering into the calibrations. Clearly written 
instructions must be prepared, not only on the calibration procedures, but also on 
checks on the stability of all the measuring instruments used in the laboratory, and 
on the internal self-consistency of the system. It is essential that adequate records are 
kept, that they are presented in a form that alerts staff to unexpected changes and 
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that they are indexed in a form that makes them easy to consult. When finances 
permit, it is suggested that a calibration laboratory should acquire one or more high 
quality working standard dosimeters, in addition to the reference standard which is 
sent to the primary standard laboratory for calibration. 

The present manual is a revision of IAEA Technical Reports Series No. 185, 
published in 1979 [1]. Because calibration procedures in some laboratories may have 
been based on that manual, it was felt desirable to make as few changes as possible, 
although it had to be brought up to date. The order and general purpose of the 
sections has therefore been left unchanged, apart from the inclusion of an additional 
section dealing with the measurement of absorbed dose. 

After this introduction, Section 2 discusses the role of the SSDL network. 
Section 3 deals with radiation quantities and units, both SI units and the old special 
units that are still used in some countries, while Section 4 provides definitions of a 
number of the specialized concepts that are discussed in the rest of the manual. 
Section 5 discusses the advantages and disadvantages of four methods of calibration, 
while Section 6 discusses the calibration equipment and facilities, and is essentially 
the same as the information contained in the document entitled 'Secondary Standard 
Dosimetry Laboratories for the Calibration of Dosimeters used in Radiotherapy' [2], 
published by the International Organization of Legal Metrology (OIML), which in 
turn was based on Chapter VI of Technical Reports Series No. 185 [1]. 

This leads to a discussion, in Section 7, of the measurements that need to be 
carried out before calibration, and on the care and maintenance of the calibration 
equipment in Section 8. Calibration procedures are discussed in detail in Section 9, 
which amplifies the earlier discussion in Section 5. Section 10 provides information 
on how to estimate the uncertainty of measurements and how to state this uncertainty 
in calibration reports. 

A major advance in radiotherapy in the last ten years has been the increasing 
use of high energy X ray generators, particularly linear accelerators, with energies 
up to 20 MV and sometimes higher. High energy dosimetry is necessarily based on 
measurements with ionization chambers inserted into water phantoms. Some of the 
techniques needed for such measurements are described in Section 11. The recom-
mended procedure for medium energy X ray and ^ C o 7 ray dosimetry also 
involves measurements in water and this is discussed in Section 11. However, many 
radiotherapy departments still use measurements in air, so this is discussed in 
Section 3 in connection with the relation between air kerma and absorbed dose to 
water. 

Although the main responsibility of an SSDL is the calibration of dosimeters, 
it is important that staff learn how the instruments they calibrate are subsequently 
used in hospitals, and they should be prepared to advise and help on their best use 
when requested. A good introduction to dosimetry for radiotherapy is provided in 
Ref. [3], while Ref. [4] presents a Code of Practice for the determination of absorbed 
dose in water phantoms irradiated by photon or electron beams for radiotherapy. 
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A number of SSDLs are also responsible for calibrating dosimeters for protec-
tion purposes. Some of the precautions that need to be observed when designing the 
calibration set-up to make measurements at these low dose rates are described in 
Section 6, and the special quantities and units used are discussed in Section 3. 
However, this subject is dealt with in more detail in Ref. [5]. 

2. THE ROLE OF AN SSDL 

2.1. THE INTERNATIONAL MEASUREMENT SYSTEM 

The Bureau international des poids et mesures (BIPM) was set up by the 
Convention du Mètre, with its laboratory in Sèvres (near Paris), in order to ensure 
that there was worldwide unification of physical measurements. In radiation 
dosimetry, Primary Standard Dosimetry Laboratories (PSDLs) from member states 
of the Convention du Mètre participate in what is sometimes called the 'international 
measurement system', making comparisons with the BIPM and with other PSDLs 
(see Fig. 1). Those PSDLs that maintain primary standards of radiation dosimetry 
calibrate the secondary standards of the SSDLs, and they may also calibrate the field 
instruments of users. 

Worldwide, there are only some twenty countries with PSDLs. They cannot 
calibrate the very large number of radiation dosimeters that are in use all over the 

FIG. 1. The international measurement system. 
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world. The IAEA/WHO network of SSDLs was set up in order to establish links 
between member SSDLs and the international measurement system [6]. At the end 
of 1989, there were 66 member laboratories and 5 national SSDL organizations from 
51 countries in the SSDL network. 

Comparisons and calibrations performed within the international measurement 
system ensure consistency of physical measurements. The SSDL network contributes 
to this by improving accuracy in applied radiation dosimetry. 

2.2. METROLOGICAL CONSISTENCY OF SSDLs 

A programme for improving the coherence and accuracy of SSDL reference 
instrumentation was recommended by the SSDL Scientific Committee in 1986 (the 
SSDL Scientific Committee was appointed by the Directors General of the IAEA and 
WHO to advise on the SSDL programme). The name 'Programme CARE' was 
adopted in order to emphasize the importance of coherent and accurate reference 
instrumentation as the basis for a worldwide network of secondary standard calibra-
tion laboratories [7]. It was recommended that periodic comparisons of SSDLs be 
organized to ensure adequate consistency with the international measurement system 
in the field of dosimetry. 

Since 1981, the IAEA has organized postal dose comparisons every alternate 
year for SSDLs using thermoluminescent dosimeters (TLDs). Three Teflon capsules 
filled with a defined quantity of lithium fluoride powder are sent to each participant. 
It is requested that the dosimeters be irradiated in a ^ C o beam and be given an 
absorbed dose to water of 2 Gy in a water phantom under reference conditions. The 
participants have to determine the prescribed absorbed dose using their secondary 
standard dosimeter. In each case, a PSDL is also asked to participate in the compari-
son in order to check the IAEA method. The IAEA compares the dose reported by 
the participant SSDL with the dose it has determined. The uncertainty of this method 
is within 1 %, stated as one standard deviation of a single result. It is probably not 
possible to achieve better results using the TLD method [8]. 

Transfer standard dosimeters have been designed in order to improve the 
accuracy of these dose comparisons. Two ionization chambers, together with two 
measuring assemblies, are sent by the IAEA to SSDLs for irradiation to a prescribed 
dose in a water phantom under reference conditions. The four measurements (each 
ionization chamber should be used with each measuring assembly) are reported to 
the IAEA and are compared with the calibration values. The stability of the transfer 
standard dosimeters can be checked by comparing the ratios of their readings. Trans-
portation of a stability check source is not necessary. The uncertainty of this iono-
metriç method is less than that of the TLD method, and is estimated to be within 
0.3% (one standard deviation of a single result). 
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In addition, regional workshops on calibration procedures in dosimetry are 
organized by the IAEA for SSDLs. Calibration exercises are performed with therapy 
level and protection level secondary standards at various radiation qualities. The 
workshops are combined with lectures on pertinent subjects. 

The comparisons organized by the IAEA using TLDs and the ionometric 
method, as well as the comparisons performed at the workshops, contribute to the 
coherence and accuracy of the SSDL reference instrumentation. However, the 
SSDLs also perform regular measurements to check the consistency of their own 
instrumentation. 

2.3. FURTHER DEVELOPMENTS 

The main role of the SSDLs will continue to be the maintenance of the link 
between the users of radiation and the international measurement system. In 
addition, mainly in developing countries, SSDL staff should assist with dosimetry 
at those radiotherapy centres where they provide calibrations. This might include iso-
dose measurements and other types of clinical dosimetry. Direct assistance to hospi-
tals provides quality assurance for radiation therapy, using the SSDL staff and 
experience. 

In dosimetry for radiation protection, the accuracy required is not as high as 
that needed in radiation therapy, but these measurements must also be consistent and 
traceable to primary standards. Therefore, the role of SSDLs in calibrating radiation 
protection instruments is also important. Several SSDLs provide the personal 
dosimetry services of the countries in which they are situated. In the future the 
SSDLs might have an important role in the dosimetry of diagnostic radiology. 

3. QUANTITIES AND UNITS 

3.1. KERMA AND ABSORBED DOSE 

There are two physical quantities used as a measure of the amount of radiation 
in radiotherapy dosimetry — kerma and absorbed dose. The definitions of these two 
quantities can be found in Report 33 of the International Commission on Radiation 
Units and Measurements (ICRU) [9], and they are discussed at length in several text-
books on radiation dosimetry. 

In the context of this report, the definitions can be simplified as follows. If a 
particular material m is irradiated by photons, then the kerma is a measure of the 
initial kinetic energy of the secondary electrons liberated at a point by the photons 
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per unit mass of the material, and can be represented by the symbol Km. The 
absorbed dose is a measure of the energy imparted at a point by the secondary elec-
trons per unit mass of the material, and can be represented by the symbol Dm. 

In principle, both kerma and absorbed dose can apply to any material. In prac-
tical radiotherapy dosimetry, the use of kerma is restricted to the interaction of the 
photons in air; this quantity is called air kerma, and is represented by the symbol 
Ka. On the other hand, no one in radiotherapy is interested in the amount of energy 
deposited in air; what is of interest is the dose absorbed in the tissue of a patient. 
However, human tissue consists mainly of water, and it has long been normal prac-
tice to use water as the standard absorbing medium in radiotherapy dosimetry. 
Hence, the use of absorbed dose in standardization and measurements is restricted 
to water, and the quantity is called absorbed dose to water, with the symbol Dw. It 
is left to the radiotherapist or clinical physicist to derive the relationship between this 
quantity and the absorbed dose to other human tissues, such as fat or bone; it does 
not involve an actual measurement in routine dosimetry. 

For the dosimetry of X ray and y ray beams for radiotherapy purposes, Ka is 
used for measurements in air and Dw for measurements in a phantom. The choice 
is influenced by the energy of the beam. For X radiation up to about 100 kV, routine 
measurements are usually made in air in terms of Ka. For high energy X radiation 
above 2 MV generating potential, routine measurements are always made at a depth 
in a phantom in terms of Dw; this is discussed in more detail in Section 11. 

For X radiation between 100 kV and 2 MV, and for 137Cs and ^ C o y radia-
tion, the usage varies. The procedure recommended in the IAEA Code of Prac-
tice [4] is to make measurements at a depth in a phantom. However, some 
radiotherapy departments still prefer to base their dosimetry on measurements in air. 
The calculation of Dw f rom a measurement of Ka is discussed in Section 3.2. 

As kerma and absorbed dose are measures of energy transferred or absorbed 
per unit mass, their dimensions are the quotient of energy divided by mass. Thus, 
their units are joules per kilogram, to which a special name, gray, has been given. 
Then 

1 gray = 1 joule per kilogram 

or in symbols 

1 Gy = 1 J/kg. 

Formerly, the unit was the rad (see Section 3.6). 

3.2. RELATION BETWEEN KERMA AND ABSORBED DOSE 

Under conditions of electron equilibrium, the energies, number and direction 
of the secondary electrons are constant throughout the volume of interest, hence the 
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energy liberated is equal to the energy absorbed, and so the kerma is equal to the 
absorbed dose, Km = Dm. In practice, these conditions apply to beams of low 
energy and medium energy X radiation, except within a millimetre of the irradiated 
surface or the edge of the beam. In high energy photon beams, on the other hand, 
Dm is much less than Km in the region of secondary electron buildup beyond an 
irradiated surface; at depths greater than the range of secondary electrons, Dm is 
slightly greater than Km. 

The relationship between Km and Dm at a point in a phantom of material m is, 
however, not of much practical interest. When a phantom is irradiated by a photon 
beam, what is of interest is the relation between air kerma Ka measured in air at a 
point in the incident beam, and absorbed dose to water Dw at a depth in the phan-
tom. The first step in calculating Dw from Ka is to convert Ka into Kw by multiplying 
by the quotient of (jl t r/p) lv for the photons at the depth of interest in the phantom, 
divided by (Ji tr/p)a for the photons at the point of measurement in air, where 
(Atrlp)m is the mean mass energy transfer coefficient for the photons in medium m. 

For medium energy X radiation, the mass energy transfer coefficient is equal 
to the mass energy absorption coefficient Д е п /р, and for the conditions of electron 
equilibrium that exist there, Kw = Dw. Hence, for medium energy X radiation, Dw 

at a depth in a phantom can be calculated from a measurement of Ka in air using the 
expression 

Av = K a ( ¿ t ¿ P ) w l a BP/100 (3.1) 

TABLE I. RATIOS OF MEAN MASS ENERGY ABSORPTION 
COEFFICIENTS FOR MEDIUM ENERGY X RADIATION 

Half-value layer 

(mm Al) (mm Cu) 0 cm 

Depth in water 

5 cm 

2.0 
3.0 
4.0 
5.0 

0.062 
0.10 
0.15 
0.20 

1.011 
1.018 
1.025 
1.030 

1.011 
1.018 
1.025 
1.030 

0.5 
1.0 
2.0 
4.0 

1.048 
1.066 
1.086 
1.105 

1.046 
1.062 
1.080 
1.100 

Note: Derived from data in Ref. [4] 
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where Ka is the air kerma in a given X ray beam measured at a point in air 
corresponding to the surface of the phantom, (¿¡ e n /p)w / a is the ratio of the mass 
energy absorption coefficient of water to that of air, В is the backscatter factor and 
P is the percentage depth dose. Values of the absorption coefficient ratios are given 
in Table I; backscatter factors and percentage depth doses can be found in Supple-
ment 25 of the British Journal of Radiology [10]. 

For ^ C o у radiation, some further small corrections need to be made. The 
expression for Dw needs to be corrected for the attenuation of the primary photons 
in 0.5 cm of water because the percentage depth dose tables are normalized to that 
depth; this correction is 0.968. It also needs to be corrected for the fact that the 
absorbed dose is produced by secondary electrons arising from photon interactions 
nearer the source where the air kerma is greater (1.007), and for the energy of the 
secondary electrons that is lost in bremsstrahlung, which is included in kerma but 
not in absorbed dose (0.997). Hence, inserting the appropriate value for the ratio of 
mass energy absorption coefficients (1.112), we get for ^ C o у radiation 

Dw=lMlKaBP/100 (3.2) 

where Ka is measured with the centre of the chamber in air at a distance from the 
source corresponding to a depth of 0.5 cm in the phantom. 

As discussed in Section 11.2, for medium energy X radiation and 60Co 
у radiation, Dw can also be determined by direct measurement in the phantom, and 
for high energy X radiation measurements are always made in a phantom. 

3.3. EXPOSURE 

Unlike kerma and absorbed dose, which are measures of energy transferred or 
absorbed per unit mass of material, exposure is a measure of the ionization produced 
per unit mass of air; its definition can be found in ICRU Report 33 [9] and it is widely 
discussed in textbooks. For many years, exposure was the quantity used for routine 
measurements in air. It is now being replaced by air kerma, but it may be several 
years before the changeover is complete. 

The dimensions of exposure are the quotient of electric charge divided by 
mass, and the SI unit is therefore coulombs per kilogram (C/kg). Formerly, the unit 
was the rôntgen (see Section 3.6). 

Exposure, X and air kerma, Ka, are closely related quantities, and their rela-
tionship can be expressed by 

X(W!e)a = Ka{\ - ga) (3.3) 
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where W is the energy required to produce one ion pair in air, e is the charge on 
an electron and ga is the fraction of the energy of the secondary electrons that is lost 
as bremsstrahlung. For low and medium energy X radiation (1 - ga) — 1. So, 
taking the value 33.97 J/C for (W/e) a for dry air as used in the IAEA Code [4], we 
get 

1 C/kg (exposure) = 33.97 Gy (air kerma) 

or 

1 Gy (air kerma) = 0.0294 C/kg (exposure). 

For 6 0Co 7 radiation (1 - ga) = 0.997; hence 

1 C/kg (exposure) = 34.07 Gy (air kerma) 

or 

1 Gy (air kerma) = 0.0293 C/kg (exposure). 

3.4. QUANTITIES AND UNITS FOR RADIATION PROTECTION 

Radiation protection dosimetry is based on the quantity dose equivalent, H, 
which is equal to the product of the absorbed dose to tissue, D, and a dimensionless 
quality factor, Q 

H = DQ (3.4) 

As Q is dimensionless, the dimensions of the dose equivalent are the same as 
those of absorbed dose (energy divided by mass), and the SI unit is therefore joules 
per kilogram (J/kg), as for absorbed dose. However, because of the quality factor, 
the magnitudes of the two quantities may differ, and in order to avoid the risk of 
confusion the SI unit of dose equivalent has been given a special name, the sievert 
(Sv), where 

1 Sv = 1 J/kg (dose equivalent). 

Formerly the unit of dose equivalent was the rem (see Section 3.6). 
Values of Q are specified from time to time by the International Commission 

on Radiological Protection (ICRP). They depend on the type of radiation and are 
intended to reflect the relative risk to humans exposed to low levels of the radiation. 
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At present, Q is specified to be unity for external beams of photons and electrons, 
and hence in the context of this report < 2 = 1 and the numerical value of absorbed 
dose to tissue is equal to the numerical value of the dose equivalent. 

On the basis of this quantity, the ICRP [11] has defined several other quantities 
for use in radiation protection. The most useful of these is effective dose equivalent, 
which is dose equivalent weighted by factors depending on the body organ irradiated. 
This quantity is known as a dose limiting quantity, as it is used to specify the maxi-
mum permissible levels of radiation to individuals and populations. 

All the radiation protection quantities mentioned so far refer to radiation 
received by human bodies, and they are analogous to the quantity absorbed dose to 
water in a phantom in radiotherapy dosimetry. However, in radiation protection 
there is a need to carry out environmental and area monitoring in order to ensure 
the safety of the population and radiation workers. The quantity air kerma can be 
(and sometimes is) used for this purpose, but it is not based on dose equivalent — 
that is to say, it does not include any factor related to the biological effectiveness 
of the radiation. Effective dose equivalent and other dose limiting quantities are 
unsuitable for this purpose as they cannot be measured with simple instrumentation. 

To remedy this deficiency, the ICRU has introduced two new operational 
quantities that are measurable with simple monitoring instruments, and can be used 
to calculate dose limiting quantities without significant underestimation. These two 
quantities are ambient dose equivalent and directional dose equivalent. The defini-
tions of these two Operational quantities are in ICRU Report 39 [12] and their relation 
to the dose limiting quantities is discussed in ICRU Report 43 [13]. The unit for both 
quantities is the sievert (Sv). ICRU Report 47 [14] provides guidance on the design, 
calibration and use of instruments required to measure the new quantities. 

It is intended that in future all radiation protection dosimeters will be calibrated 
in either ambient dose equivalent or directional dose equivalent (or both, using a 
removable plastic buildup plate). However, most existing radiation protection 
dosimeters have scales marked in rem, or possibly sieverts, and the quantity 'dose 
equivalent' may be indicated. In the past it has been common practice to calibrate 
such instruments in exposure, and to make the approximation that 1 rem = 1 R or 
1 Sv = 100 R, or more practically, 1 mSv = 100 mR. An approximate calibration 
is better than no calibration. 

In 1991, the ICRP [15] introduced new dose limiting quantities, of which one, 
effective dose, is intended to replace effective dose equivalent introduced by the ICRP 
in 1977 [11]. These quantities are also discussed in ICRU Report 51 [16], which 
states that the operational quantities referred to above are to be used for measurement 
purposes. At the time of writing, radiation protection measurements are in a state 
of change and SSDLs involved in this work should refer to the latest relevant 
documents from the IAEA, ICRP and ICRU for detailed guidance on the matter. 
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3.5. ACTIVITY 

The first radioactive material to be used in radiotherapy was radium, and its 
activity was quantified by the mass of radium in grams, or more practically in milli-
grams. At a later date, radon (a gas formed during the decay of radium) was found 
to be useful in radiotherapy, and its activity was quantified in curies (Ci), where 
1 Ci is the amount of radon in equilibrium with 1 g of radium. This was found 
experimentally to correspond to 3.7 x 1010 nuclear transitions per second, to which 
its definition was eventually changed. With that definition, the curie is now used as 
a unit for all radionuclides. 

To take account of the various modes of decay of radionuclides, the definition 
of activity has had to be refined and generalized, and is given in ICRU 
Report 33 [9]. This has not affected its value in practice. 

When the changeover to SI units for the radiation dosimetry quantities took 
place, the opportunity was taken to bring the unit of activity into line with the interna-
tional system and it was given a special name, the becquerel (Bq). The becquerel is 
therefore defined as 

1 Bq = 1 nuclear transition per second. 

3.6. OLD SPECIAL UNITS 

When the quantity exposure was first defined in 1928 (it was called the amount 
of radiation at that time), its unit, the rôntgen (R), was expressed in terms of 
centimetre-gram-second (CGS) units and was made equal to 1 electrostatic unit of 
charge of one sign in 1 cm3 of air at 0°C and 760 mmHg1 atmospheric pressure. 
The unit of exposure is now defined in terms of coulombs per kilogram of dry air. 

When absorbed dose was introduced in 1953 as the quantity recommended for 
use in radiotherapy , its unit, the rad, was also expressed in CGS units and was made 
equal to 100 ergs per gram,2 because then an exposure of 1 R would produce an 
absorbed dose to water approximately equal to 1 rad. Later, the rem was introduced 
as the unit of dose equivalent, equal to 100 ergs per gram, as for the rad. 

The relationships between these old special radiation units and the new SI 
radiation units can be summarized as follows: 

Exposure: 1 R = 2.58 X 10~4 C/kg, 
Absorbed dose: 1 rad = 0.01 Gy = 1 cGy, 
Kerma: 1 rad = 0.01 Gy = 1 cGy, 
Dose equivalent: 1 rem = 0.01 Sv, 
Activity: 1 Ci = 3.7 X 1010 Bq. 

1 1 mmHg: (millimetre mercury (torr)) = 1.333 x 102 Pa. 
2 1 erg = 1.00 X 10 -7 J. 
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In terms of the old special units, the relationship between exposure and air kerma 
for low energy and medium energy X radiation is as follows: 

1 R = 0.876 rad (air kerma) 

and for 6 0Co 7 radiation 

1 R = 0.879 rad (air kerma). 

For medium energy X radiation, the relationship between absorbed dose 
to water in rads, Dw, at a depth in water, and exposure in air is given (see 
Section 3.2) by 

where X is the exposure in rontgens measured in air at a distance from the targets 
corresponding to the surface of the phantom. The other symbols are defined in 
Section 3.2. 

For ®'Co 7 radiation, the corresponding relation is 

where X is the exposure in rontgens measured in air at a distance from the source 
corresponding to a depth in the phantom of 0.5 cm. 

3.7. CHOICE OF QUANTITIES AND UNITS FOR CALIBRATION 

The most important point to remember is that the quantities and units used in 
the calibration report must agree with those marked or indicated on the scale or 
display device of the instrument. If the display device contains no indication about 
the quantity the instrument is intended to measure, the calibration laboratory must 
decide whether to calibrate it in air in terms of air kerma, Ka, or in a phantom in 
terms of absorbed dose to water, Dw. If the code of practice adopted by the user of 
the instrument follows the dissemination scheme referred to as System I in 
Section 11.1, then a field instrument should be calibrated in Ka. If Systems II or III 
are used, then the calibration should be in Dw. 

If the display device indicates that the quantity to be measured is either Ka or 
Dw, then the calibration should be in the quantity indicated. If the display device is 
an alphanumeric display or a visual display unit on which the manufacturer has 
allowed a choice of the two quantities, then the instrument may be calibrated in either 
Ka or Dw according to the criteria discussed in the previous paragraph. 

Dw = O.S76X(jxen/p)w/a BP/100 (3.5) 

Dw = 0 . 9 4 7 Х В Р / 1 0 0 (3.6) 
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If the unit indicated on the display device is the old special unit, the rad, then 
a simple way to bring the instrument into line with SI units is to affix an adhesive 
label onto the case of the instrument adjacent to the display device stating that 
'1 rad = 1 centigray'; the calibration factors in the certificate should then be in 
centigrays. 

If the display device indicates that the quantity to be measured is exposure, or 
indicates the unit rôntgen or its symbol R, then the SSDL must decide whether to 
calibrate the instrument in air in terms of exposure in R, or whether to erase or 
obliterate the indicated quantity artd unit and to calibrate the instrument in Ka or Dw. 
However, the quantity or unit indicated on the display of an instrument should never 
be changed without the permission of the user, nor should any attempt be made to 
force an instrument calibrated in Ka or Dw onto a radiotherapy department which is 
still using exposure for its clinical dosimetry. 

4. DEFINITIONS 

4.1. INTRODUCTION 

The definitions given below are for the terms usèd in this manual. The 
definitions of terms used in dosimetry have been published by Several international 
organizations [4, 9, 17-19]. To the extent possible, thé definitions given here are 
consistent with those published definitions, but in many casés they are worded 
somewhat differently for specific application to this manual, Statistical terms are 
in accordance with those recommended by the International Organization for 
Standardization (ISO) [20]. 

It should be noted that the definition of the term 'correction factor' has been 
extended to include the definition in the ISO international metrology vocabu-
lary [19]. However, the definition of 'indicated value' has been preserved, in agree-
ment with International Electrotechnical Commission (IËC) usage [18], because that 
usage seems more appropriate to this manual than the ISO term 'uncorrected value'. 

ALPHABETICAL LIST OF DEFINITIONS 

Section 
No. Term Section 

No. 
Term 

4.2.1. Calibration 4.7.12. Chamber assembly 
4.2.3. Calibration factor 4.3. Classification of instruments 
4.2. Calibration Of instruments 4.5.6.3. Combined standard uncertainty 
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ALPHABETICAL LIST OF DEFINITIONS (cont.) 

Section 
No. 

Term 
Section 

No. Term 

4.5.3. Conventional true value 
4.7.3. Correction factor 
4.5.6.4. Coverage factor 

4.7.9. Effective centre 
of an ionization chamber 

4.7.8. Effective point of measurement 
of an ionization chamber 

4.7.4.3. Equivalent energy 
4.5.5. Error of measurement 
4.5.6.5. Expanded uncertainty 

4.3.8. Field instrument 

4.7.4.1. Half-value layer 

4.4.3. IAEA/WHO network 
of SSDLs 

4.5. Imperfections of measurement 
4.5.1. Indicated value 
4.6.2. Influence quantity 
4.2.4. Intercomparison 

4.6.4. Leakage current 

4.5.4. Measured value 
4.7.11. Measuring assembly 
4.7. Miscellaneous 

4.3.5. National standard 
4.6.7. Non-linearity 

4.7.5. Penumbra 
4.6.1. Performance characteristic 
4.6. Performance specification 
4.7.6. Phantom 
4.3.2. Primary standard 

4.4.1. Primary Standard Dosimetry 
Laboratory (PSDL) 

4.7.4. Quality of a radiation beam 

4.5.5.1. Random error 
4.2.2. Recalibration 
4.6.3.1. Reference conditions 
4.7.1. Reference indicated value 
4.7.7. Reference point of an 

ionization chamber 
4.7.2. Reference scale reading 
4.3.6. Reference standard 
4.6.3. Reference value 
4.6.5. Response 

4.3.3. Secondary standard 
4.4.2. Secondary Standard 

Dosimetry Laboratory 
(SSDL) 

4.6.6. Stabilization time 
4.3.1. Standard 
4.4. Standards laboratories 
4.5.5.2. Systematic error 

4.3.4. Tertiary standard 
4.7.10. Tissue equivalent material 
4.5.2. True value 
4.7.4.2. TPR(20/10) 
4.5.6.1. Type A standard uncertainty 
4.5.6.2. Type В standard uncertainty 

4.5.6. Uncertainty of measurement 

4.3.7. Working standard 
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4.2. CALIBRATION OF INSTRUMENTS 

4.2.1. Calibration 

For a radiation dosimeter, the determination of the calibration factor (Section 
4.2.3), which always involves the use of at least one standard (Section 4.3.1). 

Note 1: The term is sometimes used for the determination of the air kerma rate, or absorbed 
dose rate, at a point in a beam of radiation under specified conditions; in this manual, 
however, that procedure is referred to as an 'output measurement', and the term 
'calibration' is reserved for instruments. 

Note 2: Procedures for making output measurements are dealt with in detail elsewhere 
[3, 21]. 

4.2.2. Recalibration 

Any calibration of a measuring instrument that follows the initial calibration. 

Note 1: This includes (a) regular periodic calibration, (b) calibration after repair, (c) calibra-
tion made before the expiry of the period of validity of the periodic calibration, and 
(d) calibration made at the request of the user. 

Note 2: When repair might change the response of an instrument to radiation, calibration 
made after repair must be treated as an initial calibration. 

4.2.3. Calibration factor 

The quotient of the conventional true value (Section 4.5.3) of the quantity 
being measured divided by the indicated value (Section 4.5.1) corrected to the refer-
ence conditions (Section 4.6.3.1). 

Note 1: The quantity being measured is specified at the position of the reference point of the 
chamber (Section 4.7.7) and with the chamber assembly (Section 4.7.12) replaced 
by the surrounding medium. 

Note 2: For radiation measuring devices discussed in this manual, the quantity being mea-
sured is either kerma, exposure, or absorbed dose (Section 3), or a corresponding 
rate (i.e. time derivative). 

Note 3: In the calibration certificate of a dosimeter or an ionization chamber, it is essential 
to specify not only the quantity being measured but also the interaction medium (e.g. 
air kerma, or absorbed dose to water), as well as the reference point of the chamber 
(Section 4.7.7) and the reference conditions (Section 4.6.3.1). 

Note 4: The calibration factor is the reciprocal of the response (Section 4.6.5) corrected to 
reference conditions (Section 4.6.3.1). 
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4.2.4. Intercomparison 

Measurement that is carried out between instruments of the same classification 
to compare their performance. 

4.3. CLASSIFICATION OF INSTRUMENTS 

4.3.1. Standard 

A measuring instrument intended to define, to represent physically, to 
conserve, or to reproduce the unit of a quantity (or a multiple or submultiple of that 
unit) in order to transmit it to other measuring instruments by comparison. 

4.3.2. Primary standard 

An instrument of the highest metrological quality that permits determination 
of the unit of a quantity from its definition, and the accuracy of which has been 
verified by comparison with the comparable standards of other institutions participat-
ing in the international measurement system. 

4.3.3. Secondary standard 

An instrument calibrated by comparison with a primary standard, either 
directly or indirectly by use of a working standard. 

4.3.4. Tertiary standard 

An instrument calibrated by direct comparison with a secondary standard. 

4.3.5. National standard 

A standard recognized by an official national decision as the basis for fixing 
the value in a country of all other standards of the given quantity. 

4.3.6. Reference standard 

A standard of the highest metrological quality available at a given location, 
f rom which measurements made at that location are derived. 

Note: At a PSDL (Section 4.4.1), the reference standard is ordinarily a primary standard. 
At an SSDL (Section 4.4.2), the reference standard must be a secondary standard. 
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4.3.7. Working standard 

A standard that is used routinely to calibrate measuring instruments. 

Note: The working standard is regularly compared with the reference standard and forms 
part of the stability check system (Section 8.2) at a calibration laboratory. 

4.3.8. Field instrument 

A measuring instrument used for routine measurements. 

Note: The ionization chamber of a field instrument is often referred to as a field chamber. 

4.4. STANDARDS LABORATORIES 

4.4.1. Primary Standard Dosimetry Laboratory (PSDL) 

A national standardizing laboratory designated by the government for the 
purpose of developing, maintaining and improving primary standards in radiation 
dosimetry. 

Note: A PSDL participates in the international measurement system by making comparisons 
through the medium of the BIPM, and provides calibration services for secondary 
instruments. 

4.4.2. Secondary Standard Dosimetry Laboratory (SSDL) 

A dosimetry laboratory designated by the competent authorities to provide 
calibration services, and which is equipped with at least one secondary standard 
(Section 4.3.3) that has been calibrated against a primary standard (Section 4.3.2). 

4.4.3. IAEA/WHO network of SSDLs 

An association of SSDLs that agrees to co-operate in promoting the objectives 
of that network under international auspices. 
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4.5. IMPERFECTIONS IN MEASUREMENT 

4.5.1. Indicated value 

The value bf a quantity derived from the scale reading of an instrument by 
application of any scale factors indicated on the instrument panel. 

Note 1: This is sometimes called the uncorrected value. 

Note 2: The concept of indicated value may be extended to include the output signal of a 
detector, e.g. the ionization charge or current from an ionization chamber. 

4.5.2. True value 

The value of a physical quantity subject to measurement. 

Note 1: The true value cannot be known. 

Note 2: The concept may be helpful when estimating the uncertainty of the measured value 
(Section 4.5.4). 

4.5.3. Conventional true value 

Since in practice the true value (Section 4.5.2) cannot be known, a conven-
tional true value is used instead when calibrating or determining the performance of 
an instrument. This will usually, be the value determined by the reference standard 
(Section 4.3.6) with which the instrument under test is being compared. 

4.5.4. Measured value 

The best estimate of the true value (Section 4.5.2) of a quantity, being derived 
from the indicated value of an instrument (Section 4.5.1) together with the applica-
tion of the calibration factor (Section 4.2.3) and all relevant correction factors 
(Section 4.7.3) 

Note: For a radiation dosimeter or an ionization chamber, the measured value applies to a 
point in the irradiated medium in the absence of the chamber and with the chamber 
replaced by the medium. (This concept applies to measurements with any type of 
instrument.) 
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4.5.5. Error of measurement 

The difference between the measured value (Section 4.5.4) of a quantity and 
the true value (Section 4.5.2) of that quantity. 

Note: Since the true value cannot be known, the error is often taken to be the difference 
between the measured value and the conventional true value (Section 4.5.3). 

4.5.5.1. Random error 

That part of the error that varies randomly in magnitude and sign, and is 
produced by fluctuating effects during measurement. 

4.5.5.2. Systematic error 

That part of the error that is either constant or varies in a non-random manner, 
and is produced by constant or varying bias during measurement. 

4.5.6. Uncertainty of measurement 

The limits within which the error of measurement (Section 4.5.5) is estimated 
to lie. 

4.5.6.1. Type A standard uncertainty 

A quantity estimated, in the ISO [20] method of uncertainty assignment, by 
statistical methods. 

Note: Type A standard uncertainties are stated as standard deviations of means. 

4.5.6.2. Type В standard uncertainty 

A quantity estimated, in the ISO method of uncertainty estimation, by a method 
other than statistical. 

Note: Type В standard uncertainties are estimated or derived as quantities equivalent to 
standard deviations of means. 
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4.5.6.3. Combined standard uncertainty 

A quantity obtained, in the ISO method of uncertainty assignment, by combin-
ing in quadrature Type A and Type В standard uncertainties. 

4.5.6.4. Coverage factor 

A factor, usually denoted by k, by which a standard uncertainty is multiplied. 
If к differs from unity, its value must be stated. 

4.5.6.5. Expanded uncertainty 

A quantity obtained, in the ISO method of uncertainty assignment, by multiply-
ing the combined standard uncertainty by a coverage factor к (usually к = 2 or 3). 

4.6. PERFORMANCE SPECIFICATION 

4.6.1. Performance characteristic 

One of the factors used to define the performance of an instrument (e.g. 
response, leakage current), 

4.6.2. Influence quantity 

Any quantity, usually external, that may influence the performance of an 
instrument (e.g. ambient temperature, pressure or humidity). 

4.6.3. Reference value 

The value of an influence quantity or instrument parameter at which the correc-
tion factor (Section 4-7,3) for dependence on that influence quantity is given the 
value unity. 

4.6.3.1. Reference conditions 

Those conditions at which all influence quantities and instrument parameters 
have their reference values. 

Note 1: For radiation dosimeters or ionization chambers, the quantities for which reference 
values need to be specified in the calibration are ion recombination, and ambient 
temperature, pressure and humidity. 

Note 2: Reference conditions may also be used to specify settings of controls on the measur-
ing assembly (Section 4.7.11). 
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4.6.4. Leakage current 

Any current arising in the ionization chamber or measuring assembly (Section 
4.7.11) that is not produced by ionization in a sensitive volume. 

4.6.5. Response 

The quotient of the indicated value (Section 4.5.1)'divided by the conventional 
true value (Section 4.5.3) of the quantity being measured. 

Note 1: The quantity being measured is specified at the position of the reference point of the 
chamber (Section 4.7.7) and with the chamber assembly (Section 4.7.12) replaced 
by the surrounding medium. 

Note 2: For the radiation measuring devices discussed in this manual, the quantity being 
measured is either kerma, exposure, or absorbed dose, or a corresponding rate (i.e. 
time derivative). 

Note 3: When corrected to reference conditions (Section 4.6.3.1), the response is equal to 
the reciprocal of the calibration factor (Section 4.2.3). 

4.6.6. Stabilization time 

The time for stated performance characteristics (Section 4.6.1) to reach stable 
values after an instrument has been switched on (or the polarizing potential has been 
applied to an ionization chamber). 

4.6.7. Non-linearity 

Let Q be the input signal that produces the scale reading M at which an instru-
ment is calibrated. If a different input signal q produces a scale reading m, it can 
be corrected for non-linearity by multiplying by the factor Mq/mQ. 

Note 1: For radiation measurement instruments, the input signal can be either electric charge 
or, for rate type instruments, electric current. 

Note 2: Digital meters are not inherently linear, but good quality instruments show negligible 
non-linearity. 
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4.7. MISCELLANEOUS 

4.7.1. Reference indicated value 

The indicated value (Section 4.5.1) at which the calibration factor (Section 
4.2.3) of an instrument is determined. 

4.7.2. Reference scale reading 

The scale reading on any range corresponding to the reference indicated value. 

4.7.3. Correction factor 

A dimensionless factor by which the indicated value (Section 4.5.1) is multi-
plied to compensate for an assumed systematic error (Section 4.5.5.2), or to convert 
from the value when operated at a particular condition to the value when operated 
at a stated reference condition (Section 4.6.3.1). 

Note: For example, it can be used to convert the indicated value at the temperature at the 
time of measurement to the value at the reference temperature (e.g. 20°C) at which 
the calibration factor (Section 4.2.3) is valid. 

4.7.4. Quality of a radiation beam 

A term referring to the ability of a radiation beam to penetrate matter. For low 
energy and medium energy X ray beams in radiotherapy, it is usually expressed in 
terms of the half-value layer (Section 4.7.4.1). For high energy X ray beams in 
radiotherapy, it is usually expressed in terms of TPR(20/10) (Section 4.7.4.2). For 
radiation protection dosimetry, it may be expressed in terms of equivalent energy 
(Section 4.7.4.3). 

Note: Strictly interpreted, this term requires a specification of the radiation spectrum, but 
this is usually not practical. 

4.7.4.1. Half-value layer (HVL) 

The thickness of a specified material that attenuates a beam of radiation so that 
the air kerma rate at a point is reduced by half. 

Note 1: The contribution of scattered radiation, other than that initially present in the beam, 
is excluded. 
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Note 2: The first HVL is that thickness of material necessary to reduce the initial air kerma 
rate to 50%. The second HVL is the additional thickness necessary to reduce the 
initial air kerma rate to 25 %. The homogeneity coefficient is the ratio of the first 
to the second HVL. 

4.7.4.2. TPR(20/10) 

The ratio of absorbed dose on the axis of an X ray beam at depths of 20 and 
10 cm in a 30 cm x 30 cm X 30 cm water phantom, with the point of measurement 
at a fixed distance from the source and with a 10 cm X 10 cm field at that point. 

Note 1: When performing these measurements, the water phantom is shifted by 10 cm. 

Note 2: This is sometimes known as the quality index of the beam. 

4.7.4.3. Equivalent energy 

This is commonly defined in either of two ways, (a) The energy of monoener-
getic X radiation for which the HVL (usually in copper or aluminium) is the same 
as the first HVL of the X radiation in question, (b) The energy of monoenergetic 
X radiation for which the slope of the good geometry attenuation curve (usually in 
copper or aluminium) is the same as the initial slope of the attenuation curve of the 
X radiation in question. 

4.7.5. Penumbra 

The region, at the edge of a radiation beam, that is partially shielded from 
primary photons f rom the source, and over which the dose rate changes rapidly as 
a function of distance from the beam axis. 

4.7.6. Phantom 

A volume of tissue equivalent material (Section 4.7.10), usually large enough 
to provide full scatter conditions for the beam being used. 

Note: A commonly used form is a cubic water tank with plastic walls, about 30 cm on a side. 
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4.7.7. Reference point of an ionization chamber 

The point in the chamber specified by the calibration document to be that at 
which the calibration factor (Section 4.2.3) applies. 

Note 1: This is often specified to be the geometrical centre of the collecting volume, but there 
are exceptions, such as plane parallel and free air chambers. 

Note 2: See Section 4.7.8, Note 2. 

4.7.8. Effective point of measurement of an ionization chamber 

The point in the chamber specified by a dosimetry code of practice to be that 
at which the measured value (Section 4.5.4) applies. 

Note 1: Some codes of practice specify it to be at the geometrical centre of the collecting 
volume. Others specify it to be nearer to the radiation source to correct for the 
fluence gradient within the chamber; in this case, its position may depend on 
whether the measurement is in the air or in the phantom, and on the mean energy 
of the photon or electron beam. 

Note 2: The effective point of measurement of a chamber may differ from its reference point 
(Section 4.7.7) if the chamber is being used to measure a physical quantity 
(e.g. absorbed dose) which is different from that for which the chamber was 
calibrated (e.g. air kerma), or if the chamber is being used under different conditions 
(e.g. in water) from those under which it was calibrated (e.g. in air). 

4.7.9. Effective centre of an ionization chamber 

For a photon beam in air, this is the point for which the response (Section 
4.6.5) of the chamber shows the smallest variation with distance from the source of 
radiation. For a photon or electron beam in a phantom, it is the point for which the 
response of the chamber shows the smallest variation with depth in the phantom. 

Note: The position of this point in the chamber may depend on the mean energy of the photon 
or electron beam. 
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4.7.10. Tissue equivalent material 

A material whose absorption and scattering properties for a given radiation 
quality simulate those of a given biological material, such as soft tissue, muscle, 
bone or fat. 

Note 1: Tissue equivalent material can be either solid or liquid. 

Note 2: Water is the most commonly used tissue equivalent material for X and y radiation. 

4.7.11. Measuring assembly 

The equipment that measures the output signal from the radiation detector and 
converts it into a form suitable for display, control or storage. 

Note: The measuring assembly may include a power supply, an amplifier, a display device 
and functional output circuits for data transfer or for the control of radiation sources. 

4.7.12. Chamber assembly 

The ionization chamber and all other parts to which the chamber is perma-
nently attached, except the measuring assembly. 

Note: For a cable connected chamber it includes the stem, the electrical fitting and any 
permanently attached cable or preamplifier. For a thin window chamber it includes 
any block of material in which the chamber is permanently embedded. For a condenser 
chamber, it includes any protective device normally fitted during measurement. 

5. CALIBRATION METHODS 

5.1. CALIBRATION TIP TO TIP OR BY SUBSTITUTION 

In calibration tip to tip, the two ionization chambers to be compared are placed 
in the radiation beam at the same time and irradiated together. In calibration by 
substitution, one chamber is placed at the calibration point in the beam and a set of 
readings are taken; it is then replaced by the other chamber and a similar set of 
readings are taken. Each method has advantages and disadvantages, and a laboratory 
may well choose one method on some occasions and the other method on other 
occasions. 
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Unless otherwise specified, the term tip to tip calibration, in which the cylin-
drical or thimble chambers are placed coaxially with the ends of the chambers close 
to each other, is also taken to include side by side calibration, in which the axes of 
the chambers are placed parallel to each other. In both cases, the reference points 
of the chambers (see Section 9.3.13) are positioned at the same source distance (or 
depth in a phantom), and symmetrically on opposite sides of the X ray beam axis. 
The calibration is then repeated with the chambers interchanged in position, and the 
geometric mean taken of the two values of the measured calibration factors (see the 
formula in Section 9.3.1). This method of comparison is particularly suitable when 
the two ionization chambers are similar in design, so that the scattered radiation each 
receives from the other is nearly the same. Section 9.3.1 describes the procedures 
to be followed when this method of calibration is adopted. 

Calibration by substitution should be adopted when the chambers to be com-
pared are very different in size or shape. An advantage of this method is that its 
accuracy is less affected by beam non-uniformity than when using tip to tip calibra-
tion. A disadvantage is that its accuracy is affected more by variations in the output 
of the X ray generator, and the use of a transmission beam monitor chamber is 
normally essential; this disadvantage does not apply to calibrations in a y ray beam. 
For in-phantom calibration, it may be necessary to use the chambers in separate 
phantoms instead of in the same phantom (see Section 11.3.2). Calibration by substi-
tution would be the method of choice for automated in-air calibration systems in 
which the chambers are positioned in the beam by remote control. Section 9.3.2 
describes the precautions and procedures to be followed when calibrating by 
substitution. 

5.2. CALIBRATION IN AIR OR IN A PHANTOM 

Although it is possible in principle to calibrate a field chamber in terms of air 
kerma with the chamber in a phantom, or in terms of absorbed dose with the chamber 
in air, it makes scientific sense to calibrate in terms of air kerma if the chamber is 
in air, or in terms of absorbed dose if the chamber is in a phantom. The choice of 
method may therefore be decided by the particular code of practice that is being used 
— for example, comparison in air when the conversion of the calibration from air 
kerma to absorbed dose is carried out on the field instrument, or in a phantom when 
the secondary standard is already calibrated in absorbed dose; this is discussed 
further in Section 11.1. Calibration in X ray beams of generating potentials lower 
than 100 kV would normally only be in air in terms of air kerma. If the choice is 
open, it should be borne in mind that a comparison of two chambers can be carried 
out to a higher precision in air than in a phantom. This is because distance from the 
radiation source is the main factor affecting the precision for comparison in air, 
whereas unintended variations in the depth of the chambers and in the air gap 
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between the chamber wall and the surrounding plastic — either phantom or water-
proof sheath — will worsen the precision for comparison in a phantom. However, 
if the field chamber is to be eventually used in a phantom, the overall accuracy of 
its calibration factor would normally be improved by comparison with the secondary 
standard in a phantom. The reason for this is that the main source of uncertainty is 
in the conversion from a calibration of air kerma into absorbed dose to water, and 
this is likely to be known more accurately for a secondary standard than for a field 
instrument. 

Some of the precautions to be taken when calibrating in air or in a phantom 
are discussed in Sections 9.3.3 and 11.3, respectively. 

5.3. INDIRECT OR DIRECT CALIBRATIONS 

In the indirect method, the overall calibration of a dosimeter in, say, grays per 
scale division, is derived from a radiation calibration of the ionization chamber in 
grays per nanocoulomb, and a separate charge calibration of the electrometer in 
nanocoulombs per scale division. In the direct method, the dosimeter is calibrated 
in grays per scale division, with the chamber connected to the electrometer. 

For those instruments in which the chamber cannot easily be disconnected 
from the electrometer, only direct calibration is possible. A choice of method arises 
only for those instruments in which the coaxial cable from the chamber is connected 
to the electrometer by a suitable high insulation plug and socket. 

The indirect method is often employed in calibration facilities in which batches 
of several field chambers are compared with the secondary standard, usually over 
a range of X ray qualities. As long as the calibration of the secondary standard is 
known in terms of, say, grays per nanocoulomb, a simple comparison technique will 
give the corresponding calibrations of the field chambers without the need to know 
the value of the integrating capacitor; all that is required is that the capacitance and 
voltage sensitivity of the charge measuring system remain constant. 

Charge calibration of the electrometers can be carried out by a fairly simple 
charge sharing method by comparison with a secondary standard system whose 
charge sensitivity is known. Some calibration services calibrate only chambers, as 
they assume that their customers are quite capable of measuring electric charge 
accurately. 

A disadvantage with indirect calibrations is that there are many different high 
insulation plugs used on the end of coaxial cables of radiation dosimeters, and the 
calibration facilities must possess appropriate sockets or adaptors. Moreover, in 
some chambers the central collecting electrode is at earth potential and the wall is 
at a high potential with respect to earth, whereas in other chambers it is the reverse. 
Also, in some cases the polarizing potential is led to the chamber by the outside con-
ductor of a triaxial cable, whereas in others it is taken along a separate lead. Similar 
problems arise when setting up the electrometer for its charge calibration. 
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A danger with the indirect calibration method is that the effect of some external 
influences, particularly electrical interference, may depend critically on the chamber 
electrometer system used. Also, the effect of ion recombination depends on the 
magnitude (and possibly the polarity) of the polarizing potential. A calibration 
service will normally take care that the polarizing potential applied to the chamber 
it is calibrating is the value usually supplied by its associated electrometer, but if that 
electrometer is non-standard and supplies a different polarizing potential, the calibra-
tion factor determined by the indirect method may be slightly in error when the 
chamber is subsequently used with the non-standard electrometer. 

The advantage of the indirect method is that it provides guidance about the 
cause of poor repeatability, either short or long term, of a dosimeter. An established 
calibration service should have some experience of the repeatability to be expected 
for the calibration of ionization chambers and electrometers, and deviation from the 
expected values will often indicate an incipient or intermittent fault; identifying 
either the chamber or electrometer as being the cause of the fault is the essential first 
step in deciding on the action to be taken. 

Direct calibration of the chamber connected to its associated electrometer 
avoids the disadvantages and dangers of the indirect method. However, it does not 
permit the stability of the chamber and electrometer to be measured separately, or 
the cause of poor performance to be identified. It can also be a laborious method 
when calibrating several dosimeters over a range of X ray qualities. 

The advantages of the two methods will be combined if the indirect method 
of calibration is used, and then checked by direct calibration of the whole dosimeter, 
at least at one beam quality. Some of the precautions that should be taken when 
carrying out indirect and direct calibrations are described in Sections 9.3.5 and 
9.3.6, respectively. 

5.4. CALIBRATION AT AN SSDL OR A HOSPITAL 

The concept behind the international network of SSDLs set up by the IAEA 
and the WHO is that a hospital should send its radiation dosimeter to the SSDL for 
calibration against a secondary standard in a suitable range of X ray and y ray 
beams. However, this procedure is not universal. In the United Kingdom, for exam-
ple, it is normal practice to use the secondary standard to calibrate the field instru-
ment in the hospital X ray beams in which it is to be used. There is no doubt that 
the only place in which a comprehensive calibration of a dosimeter can be carried 
out, together with the range of ancillary tests suggested in Section 9, is at a labora-
tory equipped with a range of radiation sources which are used solely for calibration 
and associated test work. There is a considerable gain in precision, consistency and 
efficiency if the calibration facilities can be left permanently set up and are not used 
for other purposes, such as treating patients. 
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On the other hand, the advantage of calibrating the field instrument in the 
beams in which it will be used in the hospital is that the response of the secondary 
standard will usually be less dependent on a variation in photon energy, and can 
therefore be more accurately interpolated to find the appropriate calibration factor 
for the beam quality being used. To make best use of this method, the conversion 
from air kerma to absorbed dose should be made by the secondary standard, which 
should then calibrate the field instrument by comparison in a phantom (see System II 
in Section 11.1). 

As a long term plan, an SSDL should seek to acquire two or more high quality 
secondary standard dosimeters. One, designated the reference standard, is sent to a 
PSDL for calibration, and on return it is used for calibrating the other secondary 
standard dosimeters, which become working standards. The working standards are 
the ones then used to calibrate the hospital dosimeters. Working standard dosimeters 
are frequently recalibrated by the reference standard, which is itself regularly 
returned for recalibration. 

With two or more working standard dosimeters, an SSDL can consider the 
possibility of allotting to one of them the task of calibrating field instruments in 
hospitals. It would be preferable if the calibrations were to be performed by an expert 
from the SSDL. However, a limited period loan of a working standard to a hospital 
might also be considered. It should be recognized that the type of dosimetric 
assistance offered by an SSDL to a small hospital with no full time qualified 
dosimetry staff may be different from that appropriate for a large, well staffed radio-
therapy department. Flexibility of approach may be the best way to improve the 
general accuracy of radiotherapy. 

6. CALIBRATION EQUIPMENT AND FACILITIES 

6.1. CALIBRATION SET-UP FOR X RAY BEAMS 

A schematic diagram of a suitable layout of the apparatus for calibrating 
dosimeters with X radiation is shown in Fig. 2. This calibration set-up usually 
consists of an X ray generator with a protective housing around the X ray tube; 
initial ( D ^ , beam limiting (D2) and shielding (D3 and D4) diaphragms; shutter (S); 
filters (F); monitor chamber (M); absorbers for HVL measurements (A); reference 
ionization chamber (R); and ionization chamber of the instrument to be calibrated (I). 

The different components of the calibration set-up should be mounted on a 
bench — similar to an optical bench — with suitable holders and trolleys for precise 
adjustment. These components, including holders and trolleys, should be rigidly 
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FIG. 2. Calibration set-up for X ray beams (see the text for an explanation of the symbols). 

mounted, produce the minimum scattered radiation and be totally outside the useful 
beam. 

Some secondary standardizing laboratories have the responsibility of calibrat-
ing protection level as well as therapy level dosimeters. For heavy workloads, a 
separate protection level facility may be justified; details of the requirements are 
discussed in Ref. [5]. However, it is more likely that protection level and therapy 
level calibrations will have to be performed using the same facility. Even if this is 
not envisaged at the beginning of the laboratory's operation, it is wise to bear this 
possibility in mind when planning and designing a calibration laboratory. The main 
features distinguishing protection level f rom therapy level facilities are: 

(a) Protection level dose rates are achieved by using lower X ray tube currents, 
thicker beam filters and longer calibration distances. 

(b) Protection level dosimeters incorporating ionization chambers require larger 
fields, which are obtained by using wider beam limiting diaphragms and longer 
calibration distances. 

(c) Because of the lower air kerma rate in the beam caused by the thicker filtration, 
the leakage radiation from the X ray tube and scattered radiation from the 
beam components must be reduced to well below those acceptable for therapy 
level calibrations. This reduction may be achieved by enclosing the X ray tube 
and beam components (up to the monitor chamber) in a lead lined container. 
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(d) Because of the need for larger field sizes and longer calibration distances, the 
calibration room may need to be larger in order to reduce internal scatter from 
the ceiling and walls. 

(e) The shielding around the room may need to be thicker to reduce leakage and 
scattered radiation from adjoining radiation facilities. 

(f) Allowance should be made for the installation of a remotely controlled tele-
vision camera to view the dosimeter reading; unlike a therapy level dosimeter, 
the detector is not normally connected by a cable to a separate measuring 
assembly. 

6.1.1. X ray generators 

Although the discussion that follows is concerned mainly with the calibration 
of therapy level dosimeters, the recommendations also apply to protection level 
calibrations, bearing in mind the points discussed above. 

Two X ray generators are likely to be required — for example, one for low 
energy X ray qualities with a tube voltage range from about 10 to 60 kV, and another 
for medium energy X ray qualities with a voltage range from about 50 to 300 kV. 
At least 30 mA tube current is desirable for the low energy range, and 10 mA for 
the medium energy range. Each X ray generator should have its own calibration 
bench. 

The effective focal spot size of the X ray tube should be between 2 and 5 mm. 
A low inherent filtration is required for the X ray tube to be used effectively down 
to the lower tube voltages. The inherent filtration of the lower energy tube should 
be not more than 2 mm of beryllium and for the higher energy tube not more than 
about 4 mm aluminium equivalent. The measurement of the inherent filtration is 
described in Section 3.1.3.3 of an ISO standard [22]. 

The X ray generator should be of constant potential, with any superimposed 
alternating voltage not greater than 10% (peak to peak) of the mean voltage at the 
tube currents employed for calibration work. The tube voltage should be continu-
ously variable over its accessible range and be resettable at any voltage with a 
precision of ± 1 %. 

A stabilizer should be used to reduce the variation in voltage to less than 0.3 % 
for expected changes in mains voltage or frequency. 

The X ray tube should be mounted in a protective (shielding) housing that 
permits no appreciable radiation to emerge in any direction other than that of the use-
ful beam. Calibrations should normally be in the range of air kerma rates from about 
10 mGy/min to 1 Gy/min (corresponding to exposure rates of about 1 to 100 R/min). 
The size of the laboratory and the shielding should be such that the contribution of 
scattered radiation at the measurement position does not exceed 5% of the air kerma 
rate. 
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The X ray tube must be adjustable so that the X ray beam can be accurately 
aligned with the axis of the calibration bench. After alignment, the tube must be fixed 
rigidly in position. 

6.1.2. Initial diaphragm (D1) 

This is often supplied as part of the X ray tube housing; the aperture should 
be just large enough to allow the transmission of the largest field expected to be used 
and should be as close as possible to the X ray tube target. 

6.1.3. Shutter (S) 

This can be either two shutters or one dual purpose shutter, and serves two 
purposes as follows: 

(a) A safety shutter, which may be part of the X ray tube housing, attenuates the 
radiation to a safe level for personnel. This provides improved X ray beam 
stability by making it unnecessary to switch on and off the high voltage to the 
X ray tube for each irradiation. 

(b) A fast acting shutter, having a transmission of less than 0.1%, can begin and 
terminate each irradiation. The transit time between full irradiation and zero 
irradiation of the chamber should be less than 0.1 % of the usual exposure time. 
If this cannot be achieved, a correction should be applied (see Section 7.11.2). 

Unless acting as an initial diaphragm (Dj), the aperture of the shutter must be larger 
than the diameter of the beam at the position of the shutter. A shutter thickness of 
about 1 mm lead for the low energy X ray qualities ( < 6 0 kV tube voltage), and a 
thickness of about 15 mm lead for the medium energy X ray qualities (50-300 kV 
tube voltage), is necessary to achieve the required attenuation of the beam. 

6.1.4. Filters (F) 

For calibration purposes, the X ray beam normally requires additional filtra-
tion. This should be chosen so that the radiation qualities used in calibration are simi-
lar to those used in radiotherapy. Filters made from metal of the highest purity 
readily available should be mounted as close as possible to the shutter, with the 
highest atomic number filters nearest to the X ray tube window. A suitable set of 
filters may be mounted on a wheel to facilitate changing. 

Aluminium filtration alone may be used to achieve X ray beams with HVLs 
up to about 4 mm Al (about 0.15 mm Cu). For higher HVLs, copper filtration should 
be used (with 1 mm Al after the copper filter). For HVLs above 2 mm Cu, tin filtra-
tion should be used, followed by Cu and Al (see Section 7.7). 
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The filter material should be as homogeneous as possible — that is, without 
pinholes, flaws, cracks, etc. Suitable filter sets can usually be constructed from 
aluminium and copper sheets with thicknesses varying from 0.1 to 5 mm. Materials 
of suitably high purity are available commercially. Particular attention should be 
paid to avoiding impurities of higher atomic number. 

6.1.5. Beam limiting diaphragm (D2) 

This defines the size of the useful beam at the point of measurement and should 
be either adjustable or interchangeable. Its thickness should be sufficient to transmit 
less than 0.1% of the radiation outside the useful beam. 

This diaphragm may be made of steel or brass with a thickness of about 6 mm 
for the low energy range, or of lead (or other suitable high density material) .with 
a thickness of about 15 mm for the medium energy range. 

At the plane of the chamber to be calibrated or tested, the field size should be 
as small as possible in order to reduce scattered radiation, stem leakage, etc., and 
yet must be sufficiently large to irradiate uniformly the ionization detector. The non-
uniformity of the beam over the area of the detector should be less than 1%. 

6.1.6. Monitor chamber (M) 

For X ray calibrations, unless the simultaneous irradiation method (tip to tip 
calibration, see Section 5.1) is used, a transmission ionization chamber should be 
positioned to accept the entire collimated beam after it has passed through the filters 
and the beam limiting diaphragm. All readings of the reference ionization chamber 
and of the instrument to be calibrated should be normalized through the monitor 
chamber readings. 

6.1.7. Shielding diaphragm (D3) 

The effect on the monitor chamber of backscattered radiation from the refer-
ence chamber and from the chamber to be calibrated is normally small; however, 
if it is found to be significant, corrective action should be taken. It may be reduced 
by introducing a shielding diaphragm (D3) to shield the monitor chamber. This 
diaphragm may be adjusted to reduce penumbra but should not limit the beam. 

It is good practice to place all the components listed in Sections 6.1.2-6.1.7 
as close to the target as possible, consistent with the production of a narrow penum-
bra, in order to minimize scatter at the position of the ionization chambers. The beam 
limiting (D2) and the shielding (D3) diaphragms may be mounted close to the two 
sides of the monitor chamber. 
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6.1.8. Additional diaphragm (D4) 

An additional adjustable or interchangeable diaphragm somewhat further from 
the target may sometimes be used to reduce the penumbra still further and it provides 
additional shielding to that given by the shielding diaphragm (D3) described in 
Section 6.1.7. 

6.1.9. Ionization chamber support system (R, I) 

The support system must be capable of adjustment, and of holding the cham-
bers rigidly. The support should be wholly outside the X ray beam in order to 
produce a minimum of scattered radiation at the measurement position. An inter-
change of the reference ionization chamber and the ionization chamber of the instru-
ment to be calibrated should be possible using mechanical devices capable of easy 
and speedy operation. The support system should also be capable of holding a phan-
tom (for tip to tip calibration) or two phantoms (for calibration by substitution) when 
quantities in media other than air are to be determined. 

The central axis of the radiation beam should be determined radiographically 
and defined optically; a laser or light beam can provide an easy alignment system. 

The support system should be sufficiently long to permit the source-chamber 
distance to be about equal to the source-skin distance (SSD) used in radiotherapy. 
However, in practice a longer distance is often necessary to accommodate the beam 
shutter, filter wheel, monitor chamber, etc. For low energy radiation (10-60 kV), 
a distance of between 30 and 50 cm is recommended, while for medium energy and 
high energy radiation a distance of between 50 and 100 cm is suggested. However, 
for low energy radiation, additional data may have to be obtained at source-chamber 
distances of less than 30 cm. 

In order to reduce errors owing to uncertainty in chamber positions, an easily 
removable and accurately replaceable device should be available to check the posi-
tion of the chambers; alternatively, a telescope mounted perpendicular to, and out-
side, the beam of radiation can be used for this purpose. At a 50 cm distance from 
the target, the chamber centres must be within 0.5 mm of the same target distance 
if errors owing to variable positioning are not to exceed 0.2%. 

6.1.10. Absorbers for HVL measurements 

The absorbers used in HVL measurements should be fixed approximately half 
way between the measurement chamber and the source. However, attention should 
be paid to the possibility of backscatter from the absorber to the monitor. 

Aluminium sheets with thicknesses between 0.02 and 5 mm are needed and 
should have a purity of 99.9% for HVL measurements. Copper sheets from 0.1 to 
5 mm thickness are also needed with a purity of at least 99.2%. An HVL absorber 
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should have adequately uniform thickness and should be as homogeneous as possible 
— that is, without pinholes, flaws, cracks, etc. 

Where possible, the accuracy of the thickness measurement should be + 5 /¿m 
or ± 1 % , whichever is the greater. To achieve this, weighing may be required for 
foils thinner than about 0.5 mm. Such foils should be sufficiently uniform in 
thickness. 

6.2. CALIBRATION SET-UP FOR y RAY BEAMS 

Calibrations using y rays may be carried out with either a ^ C o or a I37Cs 
teletherapy unit. The activity of the source should be high enough to produce an air 
kerma rate not less than 0.1 Gy/min (corresponding to an exposure rate of about 
10 R/min) at a distance of 1 m. The source should have adequate shielding and a 
variable size collimator. Any associated timing errors due, for example, to source 
or shutter transit times should be determined and the appropriate correction applied, 
if necessary. 

A y ray source requires no additional filtration or monitor chamber. It should 
have its own built-in shutter or source storage, arrangement. The exposure timer 
should be used to normalize measurements for different irradiation periods. The 
requirements of the calibration bench and of the ionization chamber support system 
are otherwise similar to those of a calibration set-up for X radiation. The availability 
of a 7 ray beam is strongly recommended since it provides a continuously available 
reference source for constancy checks. 

If protection level calibrations are also envisaged, it may be necessary to install 
a multiple source irradiator which includes low activity sources (see also 
Section 6.1). 

6.3. INSTRUMENTS 

6.3.1. Reference instruments 

An SSDL must have a secondary standard dosimeter, calibrated and 
recalibrated as necessary at a PSDL. This will normally be stored carefully under 
conditions which minimize the possibility of change in its calibration factor. It may 
be used for the routine calibration of other instruments, or it may be used solely to 
check from time to time the calibration of one or more working standard instruments, 
which are then used for routine calibrations. It is essential that a laboratory's secon-
dary standard dosimeter and any reference standard dosimeters are maintained with 
the utmost care, and should conform with IEC Standard 731 [18] specifications for 
reference class instruments. A radioactive source should be available to provide an 
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overall check on the dosimetry system. The overall uncertainty attributed to the 
calibration of a field instrument may be slightly less when it is compared directly 
with a secondary standard rather than a working standard instrument. The difference 
is expected to be small, and in any case such differences must be balanced against 
the greater possibility of a change in the calibration factor of the secondary standard, 
if routinely used; it is emphasized that the dosimetry of the SSDL depends on the 
stability of the secondary standard. 

A reference dosimeter consists of two or three basic units — an ionization 
chamber, a measuring assembly and usually also a portable stability check source. 

6.3.1.1. Ionization chamber 

The ionization chamber of a secondary standard dosimeter must have a high 
degree of long term stability and low energy dependence. Any variation in the 
response should not be greater than 0.5% in a year. 

Thimble ionization chambers for medium and high energy radiation measure-
ments usually have sensitive volumes between about 0.1 and 1.0 cm3 . The change 
in response with energy of such chambers should be less than ± 2 % in the range of 
HVLs from 2 mm Al to 3 mm Cu (approximately from 70 to 250 kV X ray tube 
voltage). For a chamber stated as being suitable for use with high energy radiation, 
the total wall thickness (including a separate buildup cap if provided) must be 
adequate to give electron equilibrium at least for 60Co y radiation. The response of 
such a chamber for 60Co y radiation, using the appropriate buildup cap, must not 
differ from the response for X radiation of 1.8 mm Cu HVL (about 200 kV) by more 
than 5%. 

Ionization chambers for measuring low energy radiation usually possess an 
entrance window consisting of a thin membrane or mesh through which the radiation 
enters the measuring volume (thin window chambers). The limit of variation of 
response of such chambers will normally be within ± 2 % in a range of HVLs from 
0.05 to 2 mm Al (approximately from 12 to 70 kV X ray tube voltage). 

The ionization chamber of a secondary standard dosimeter must be unsealed, 
designed to equilibrate rapidly with exterior ambient atmospheric conditions. 

Special cables are necessary to connect the ionization chamber to the measur-
ing assembly. In general, a high insulation coaxial cable will generate electrical noise 
whenever it is flexed or otherwise deformed. Although this will usually be short-
lived, it may give rise to errors if the cable is moved during a measurement. The 
cable may also generate a DC potential difference when it is strained, and this may 
take some time to decay; measurements may be impossible during this time. The 
coaxial cable connecting the ionization chamber to the measuring assembly should 
therefore be of a non-microphonic or low noise type designed to minimize these 
effects. 
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6.3.1.2. Measuring assembly 

The main purpose of a measuring assembly is to measure the charge or current 
from the ionization chamber and convert it into a form suitable for display, control 
or storage. It may also provide a power supply for the ionization chamber polarizing 
potential. 

The long term stability of the measuring assembly must be better than 0.5% 
in a year. 

A display device must be provided for the visual presentation of data from 
which the value of the relevant radiation quantity can be derived. 

The measuring assembly may be calibrated with the ionization chamber, or 
may be calibrated separately. In the latter case, the measuring assembly should be 
calibrated in units of electrical charge or current. The measuring ranges should be 
appropriate for the ionization chamber(s) with which it is to be used. 

6.3.1.3. Portable stability check source 

The purpose of a portable stability check source is to permit a constancy check 
to be made of the overall performance of the complete dosimeter and to ensure that 
no significant change occurs between the calibration of the secondary standard at the 
PSDL and its use for calibration at the SSDL. It must be noted that such a source 
should not under any circumstances be used for chamber calibration. Such a device 
should irradiate the ionization chamber uniformly. The geometrical relationship 
between the radioactive source and the chamber must be accurately repeatable so as 
to minimize the effect of small changes in chamber position. It must be possible to 
determine the temperature at the position of the ionization chamber. The relative 
standard deviation of a single check source measurement, determined f rom ten 
repeated measurements, should not exceed 0.3%; higher values should lead to an 
investigation. Further discussion can be found in Section 9.2.4. 

To protect laboratory personnel from unwanted radiation, the check source 
should be adequately shielded and provided with a shutter which prevents the escape 
of radiation when not in use. 

A typical check source for a thimble chamber is a cylindrical source of 
90Sr + 9 0Y, encapsulated in silver foil. This is a pure /3 particle emitter with a half-
life of about 28 years, so it needs a decay correction of only about 0.2% per month. 
The maximum energy of the j3 particles (2.2 MeV) is adequate to penetrate the silver 
encapsulation and the chamber wall. 

In cases where a portable stability check source is not available, or is not sent 
with the secondary standard to the PSDL, the constancy of the secondary standard 
must be checked by the methods described in Section 8.2. 
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6.3.2. Monitor instrument 

6.3.2.1. Monitor chamber 

This is a parallel plate transmission chamber whose sensitive volume should 
extend beyond the diameter of the largest beam required. As far as possible the 
radiation field should not be disturbed by the monitor chamber and, in particular, 
it must not create shadows in the effective radiation beam. The chamber windows 
should be sufficiently thin so as not to add significantly to the filtration of the beam. 

This may not be possible at lower radiation energies, and then the filtration 
added by this component should be included in the total filtration. If the chamber 
window thicknesses do not ensure electron equilibrium, care should be taken that the 
response of the chamber is not influenced by any variation in scattering conditions 
around the chamber during the measurement. 

The variation of response with energy of a monitor chamber should be less than 
15% in the range used, and should not exceed 0.5% over the range of energies that 
may occur during a single calibration owing to unwanted variation in tube voltage. 

6.3.2.2. Requirements for repeatability 

The instrument used to measure charge or current from the monitor chamber 
must have good repeatability. The standard deviation of a single measurement must 
not exceed 0.2% with constant input current. 

6.3.3. Other dosimeters 

Other suitable dosimeters may be needed as working standards, transfer and 
field instruments. They should be used instead of a secondary standard instrument 
for general use in the SSDL, such as measurement of HVL or field uniformity, or 
for research or training programmes, or for measurements at other institutions. 

6.3.4. Stable voltage sources 

The measuring assembly and the monitor instrument may include power 
supplies for the ionization chamber polarizing potential. If not, stable voltage sources 
with an appropriate range (e.g. 0 -500 V) are necessary for the monitor and other 
ionization chambers. 

6.3.5. Time measurement 

A timer may be used with the shutter to control the irradiation time. Alterna-
tively, a separate timer may be used to control the integration time of the measure-
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ment electrometers, leaving the beam on continuously. An electronic timer is 
recommended and an uncertainty of time or kerma measurement of 0.1 % should be 
achieved. 

When the shutter is used to control the irradiation, the influence of the opening 
and closing time of the shutter should be assessed. This subject is discussed in more 
detail in Section 7.11. 

6.3.6. Ambient monitoring instruments 

Appropriate instruments must be available to measure temperature and 
pressure, and to monitor the relative humidity of the ambient air. Thermometers 
should be suitable for measuring the air temperature in the vicinity of the ionization 
chambers with an accuracy of +0 .2%. The barometer should be capable of measur-
ing atmospheric pressure with an uncertainty of ±0 .1 %. The instruments used must 
have calibrations traceable to national standards of temperature and pressure. 

A portable precision aneroid barometer should be available if calibrations of 
dosimeters are to be carried out in the field. In addition, ambient monitoring equip-
ment may be provided for continuously recording temperature, pressure and humid-
ity within the laboratory. 

More information on these instruments is given in Sections 8.5-8.7. 

6.3.7. Distance measuring device 

It must be possible to determine and maintain the chamber position relative to 
the source. The chamber position must be reproducible with an uncertainty of less 
than +0 .5 mm for distances above 50 cm, and should have less uncertainty at shorter 
distances. 

6.3.8. Phantoms 

When required, a suitable phantom must be available for calibrations. For 
accuracy and consistency, there are advantages in using a water phantom, but this 
sometimes presents practical problems and a phantom of suitable solid material 
may be acceptable instead. Both types have been described and are available 
commercially. 

A longer discussion of the advantages and disadvantages of calibration in a 
phantom is given in Section 5.2, and the problems associated with measurement in 
a phantom are discussed in Section 11.3. 
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6.3.9. Ancillary equipment 

Other equipment or facilities may also be useful in an SSDL. For example: 

— Films, or possibly a small fluorescent screen, for checking the alignment of 
beams; 

— An apparatus for testing the atmospheric venting of ionization chambers; 
— Personal dosimeters for radiation safety monitoring; 
— A desk or pocket calculator; 
— A precision voltmeter or multimeter; 
— A micrometer for measuring the thickness of filters and absorbers; 
— A balance for determining the thickness of thin filters and absorbers by 

weighing; 
— Radiation protection survey meters to check on radiation leakage from the 

X ray tube and on radiation levels in occupied areas; 
— A small machine shop for the construction and modification of laboratory 

equipment. 

7. MEASUREMENTS TO BE PERFORMED 
BEFORE CALIBRATION 

7.1. INTRODUCTION 

Every effort should be made to ensure that the equipment is correctly adjusted 
by the manufacturer at the time of installation. Suitable tests, however, must be 
repeated periodically by the user to ensure that the equipment remains in good work-
ing order. Advice given elsewhere [3 ,4 , 18] is in part summarized here to help the 
SSDL staff carry out these important tests. 

About a dozen numbers are given as quantitative criteria for instrument perfor-
mance. Many of these are presented as the acceptable uncertainty in the performance 
of the chamber and measuring assemblies, and are given as 0.5%, in agreement with 
the usual limits of variation for the effects of influence quantities, as quoted in Tables 
III and IV of IEC Standard 731 [18]. Another is quoted from the ICRP [23]. The 
remainder are generally accepted values in the field of radiation dosimetry. 

7.2. ELECTRICAL SAFETY 

Electrical safety depends largely on the competence of the engineers who 
install the equipment, but a check must be made that all the accessible parts of the 
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X ray generator or the teletherapy equipment are properly earthed. The calibration 
bench, if metal, must similarly be earthed. Adequate fuses must be incorporated in 
any mains supply. All local or national regulations concerning electrical equipment 
must be fully observed. 

Particular attention must be given to high tension cables. These must be shock-
proof and firmly clamped so that no undue movement takes place, but they must be 
capable of moving freely whenever the X ray tube head needs to be moved. Care 
should be taken that the cables are not rubbed repeatedly, as this may cause the outer 
covering to become frayed or otherwise damaged. The cables should never be pulled 
or bent into an arc of small radius. They should be inspected frequently to confirm 
that they are free from visible damage and that they can move freely as needed. 

7.3. LEAKAGE RADIATION 

The existence and position of any holes or defects that permit the escape of 
radiation from the shield can be determined by surrounding the housing of the X ray 
tube or the 7 ray source with X ray film and switching the beam on for a suitable 
length of time. If the 7 ray unit has a source that moves when the machine is switched 
on, the test must be carried out with the source in the beam-off condition and also 
in the beam-on condition. For the test in the beam-on condition, the main beam 
should be blocked off either by closing the shutter or by means of a thick piece of 
lead (about 10 mm for X rays, or about 10 cm for ^ C o 7 rays) across the initial 
diaphragm or across the collimator of the ^ C o unit. The films should be marked so 
that after development it is possible to know their exact positions during the 
irradiation. 

For X ray equipment, the irradiation should be at the maximum operating tube 
voltage and current, and should be of such a duration that the air kerma in the main 
beam at about 50 cm is about 1 Gy. For 60Co equipment, at which quality the film 
is much less sensitive, the exposure time needs to be twenty or thirty times longer. 

The general air kerma rate level around the tube housing or the source housing 
should be measured using a suitable radiation survey meter, paying particular atten-
tion to any direction in which appreciable radiation was detected on the films. 

For X ray units and for 60Co units in the beam-on condition, the air kerma 
rate from leakage radiation must not exceed 10 mGy/h at a distance of 1 m from the 
source. For 60Co sources in the beam-on condition, there is the additional require-
ment that the leakage radiation must not exceed 0.1% of the useful beam air kerma 
rate at 1 m from the source. For ^ C o units in the beam-off condition, the air kerma 
rate at 1 m from the source must not exceed 10 /xGy/h, and must not exceed 
200 /xGy/h at any readily accessible position 5 cm from the surface of the housing. 
These rates may be averaged over an area not larger than 100 cm2 at a distance of 
1 m, or not larger than 10 cm2 at 5 cm from the housing [23]. 
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The limitations on leakage radiation for the X ray unit and the ^ C o unit in the 
beam-on condition are intended primarily for the protection of patients undergoing 
X ray therapy; the limitations should nevertheless be adhered to at the SSDL to 
ensure that the radiation level will not interfere with equipment or signal leads in the 
measurement room. 

7.4. ADJUSTMENT OF THE X RAY BEAM 

Checks on the alignment of the X ray beam and collimator, employing the 
method described in Ref. [3], should normally be made using X ray film, although 
in some circumstances a fluorescent screen may be convenient. After the adjustment, 
the focal spot of the X ray tube must be as close to the central axis of the collimating 
system as possible, certainly within 1 or 2 mm. If it proves impossible to adjust the 
equipment so that the focal spot is within 1 or 2 mm of the axis, particular attention 
should be given to the size and uniformity of the beam (Section 7.6). As an alterna-
tive to using film for this adjustment, the method given in Section 7.5 can be used. 

7.5. SOURCE CENTRING OF A ^ C o UNIT 

An ionization chamber should be used for this test, and should be placed at the 
edge of the beam that will be used for calibration procedures. The beam size is 
increased by opening the collimator until the chamber is well inside the beam, and 
the air kerma rate is measured. The collimator jaws are then closed until the 
measured air kerma rate is about one-half of its former value. The ionization cham-
ber is then placed symmetrically on the opposite side of the central axis of the 
collimating system, and a second air kerma reading is obtained. If the source is 
accurately positioned on the central axis, the second reading will be within a few per 
cent of the first. The test should then be repeated in a direction at right angles to the 
first test. 

If the source centring is not satisfactory according to this test, it will be neces-
sary to adjust the source position. It may be possible to do this by adjusting the 
position of the entire source housing, or by adjusting externally available mechanical 
or electrical devices that control the source position. If these adjustments are not 
possible, it may be necessary to adjust the position of the capsule by an internal 
adjustment of the tray that carries it. This shall be done only by experienced and 
appropriately licensed service personnel. Under no circumstances shall an adjust-
ment of the source capsule tray be attempted by an individual who has not been 
trained in that operation. 

If radiation beams of very different sizes are required for different calibration 
procedures, it may be necessary to carry out this check for more than one beam size. 
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7.6. BEAM UNIFORMITY 

It is necessary for the radiation beam to be of adequate uniformity over an area 
large enough for all calibration purposes. Film will detect and localize gross non-
uniformity, but will ordinarily not be adequate for checking uniformity to the 
accuracy needed for calibration; for this purpose measurements will have to be made 
using a small ionization chamber. An X ray tube with a reflection target gives poorer 
uniformity in the anode-cathode direction than at right angles, owing to the heel 
effect; this non-uniformity is likely to be more severe at low tube voltages. In order 
to obtain the most uniform beam area, it may be desirable to adjust the angle between 
the axis of the calibration system and the X ray tube axis to be slightly different than 
90°. If adequate beam uniformity cannot be achieved by any other means, it may 
be necessary to construct and insert compensating filters, but this should be avoided 
if possible. 

A uniformity of ± 0 . 5 % over the field area used to irradiate a single ionization 
chamber of not more than 1 cm 3 in volume may be regarded as being adequate. A 
poorer uniformity may have to be accepted for the much larger fields needed when 
calibrating the large volume chambers used for radiation protection purposes. 

j i i 1 1 1 1 1 J u-L. J I I I -I i_l I I—L 
0.02 0.03 0.05 0.07 0.1 0.2 0.3 0.5 0.7 1.0 2.0 3.0 5.0 7.0 

mm HVL 

FIG. 3. Ranges of acceptable HVLs at various tube voltages. 
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TABLE П. LOW ENERGY X RAY QUALITIES 

Tube voltage Added filtration HVLa at 50 cm 
(kV) (mm Al) (mm Al) 

Typical inherent filtration: 1 mm Be 

8.5 None 0.024 

10 0.025 0.036 

11.5 0.05 0.05 

14 0.11 0.07 

16 0.20 0.10 

20 0.30 0.15 

24 0.45 0.25 

34 0.47 0.35 

41 0.56 0.50 

44 0.74 0.70 

50 1.01 1.00 

a Half-value layer. 

However uniform the beam, it is still advisable to interchange the ionization 
chambers when using tip to tip or side by side calibration methods (Section 5.1). 

7.7. FILTRATION 

The range of radiation qualities used for calibration should be at least as wide 
as that used in radiation therapy. In order to achieve such a range, a series of X ray 
tube voltages and filtrations can be chosen so that the HVL of the beam lies within 
one of the two areas bounded by pairs of dashed lines in Fig. 3. 

Typical lists of radiation qualities for X ray calibration by secondary standard 
dosimeters at an SSDL are given in Table П for low energy X ray qualities and in 
Table i n for medium energy X ray qualities; these lists could be used by an SSDL 
as a basis for determining what radiation qualities it should offer, bearing in mind 
the particular needs of radiation therapy in the part of the world in which it is located. 
The SSDL should in any case offer a range of qualities such that each dosimeter can 
be calibrated at X ray qualities lower in energy than, and at least as high in energy 
as, any that are to be measured by that dosimeter, as well as with several qualities 
of radiation spaced between these limits. 
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TABLE III. MEDIUM ENERGY X RAY QUALITIES 

Tube volta 
(kV) 

ge Added filtration Half-value layer Tube volta 
(kV) (mm Sn) (mm Cu) (mm Al) (mm Al) (mm Cu) 

Typical inherent filtration: 1 mm Be 

32 0 0 0.47 0.35 — 

39 0 0 0.56 0.50 — 

43 0 0 0.74 0.70 — 

50 0 0 1.01 1.00 — 

Typical inherent filtration: 2.5 mm Be + 4.8 mm PMMAa 

50 0 0 0.7 1.0 0.030 
75 0 0 1.5 2.0 0.062 

100 0 0 3.4 4.0 0.15 
105 0 0.10 1.0 5.0 0.20 
135 0 0.27 1.0 8.8 0.50 

Typical inherent filtration: 4 mm Al equivalent + 4.8 mm PMMA" 

180 0 0.42 1.0 12.3 1.0 
220 0 1.20 1.0 16.1 2.0 
280 1.4 0.25 1.0 20.0 4.0 

a PMMA: polymethylmethacrylate. 

The conditions listed in Tables II and III are intended to be typical of those used 
in radiotherapy, to avoid significant bimodal spectral distributions, and to give 
approximately the same relative spectral widths over the whole range. In addition, 
the conditions listed in Table III give about the same air kerma rate over the whole 
range, 100 mGy/min at 75 cm from the target, and this permits a series of calibra-
tions to be carried out without any correction for variation of the air kerma rate. If 
generators are used that do not give nearly constant voltage, somewhat higher tube 
voltages will be needed than are specified in the tables. 

7.8. HALF-VALUE LAYER 

The ionization chamber used for this measurement should preferably have a 
negligible energy dependence, but if it is known and is small the measurements can 
be corrected. The chamber should be placed at the point where the HVL is required 
to be known, generally the calibration position. 
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The absorbers for HVL measurement should be placed between the monitor 
and the measuring chamber so as to minimize radiation scattering into either. This 
requires that the absorbers be placed approximately midway between the two cham-
bers (position A in Fig. 2). Each sheet of absorber must be substantially larger than 
the X ray beam, so that it intercepts the beam completely. The aperture in the beam 
limiting diaphragm (D2 in Fig. 2) should be only large enough to produce the 
smallest beam capable of irradiating the measuring chamber uniformly. The shield-
ing diaphragms (D3 and, if necessary, D4 in Fig. 2) should have apertures small 
enough to reduce to a negligible level scattered radiation from the high intensity 
beam in front of the absorbers. 

The beam limiting diaphragm must attenuate the primary beam to a negligible 
level. The target, the beam limiting diaphragm and the measuring chamber must be 
aligned very carefully, preferably with a radiographic check of the chamber position. 

The filters used for the HVL determination must be of adequate purity, at least 
99.2% for copper and at least 99.9% for aluminium. For X ray tube voltages below 
about 50 kV, HVLs should be measured in aluminium; as can be seen from Table Ш, 
copper filters would be too thin and fragile to be handled safely. 

Readings of the measuring chamber must be normalized using readings of the 
monitor chamber. The initial measurement should be the air kerma rate in the 
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FIG. 4. Determining HVL by interpolation [1, 3]. 

46 



absence of absorbers, and this measurement should be repeated at intervals and as 
the last measurement in the HVL determination. The air kerma rate should be mea-
sured using a few absorber thicknesses to give rates in the neighbourhood of 50% 
of the initial measurement, and also in the neighbourhood of 25% if the second HVL 
is desired. The HVL can then be derived by interpolation from a graph of the air 
kerma rate (or its logarithm) versus absorber thickness, as shown in Fig. 4 [1, 3]. 

The measured HVL should agree with the value intended for calibration within 
the uncertainty of the HVL measurement, typically about 2%. If it does not do so, 
the thickness and density (or mass per unit area for very thin filters) should be inves-
tigated for both the fixed beam filters and the absorbers used to measure HVL — 
both must be correct. If this is not the source of the problem, and the fixed filtration 
has been verified as the correct thickness of the specified materials, it is likely that 
the tube voltage is incorrect. If the generator and control panel permit it, the tube 
voltage should be altered until the correct HVL is obtained. If this is not possible 
with the X ray generator used, the filtration should be adjusted. 

Although the above procedures are adequate for most purposes, there are two 
other procedures, desirable though not essential, by which a secondary calibration 
laboratory can improve the accuracy of measurement of an X ray HVL. The 
measured HVL will be to some extent a function of the field size, mainly because 
of scatter at the filters (midway between monitor and chamber). By carrying out the 
measurements for two or three field sizes, it will be possible to extrapolate to zero 
field size, and thus obtain the unique, or 'correct ' , HVL. 

In addition, the measured HVL will to some extent depend on the energy 
dependence of the measuring chamber, particularly at X ray tube voltages below 
about 100 kV. A correction can be made for this effect, if the energy dependence 
of the measuring chamber is known as a function of HVL, preferably from calibra-
tion at a primary laboratory. An attenuation curve down to at least 25% is obtained 
in the usual manner, and from it estimated first and second HVLs. Using the known 
energy dependence of the chamber, the measurements are then corrected, a new 
attenuation curve calculated, and from this a corrected HVL of the primary beam. 
The calculations can be repeated, but it is unlikely that more than one such correction 
will be needed. 

7.9. SCATTERED RADIATION 

Scattered radiation can reach the ionization chamber being calibrated from two 
main sources: 

— Stray radiation. Radiation emerging from the tube housing other than the use-
ful beam cannot irradiate the chamber directly, but will be scattered from 
walls, equipment, etc., and this stray radiation may reach the chamber. Its 
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magnitude is likely to be small, probably much less than 1%, if the beam 
covers the chamber completely. 

— In-beam scatter. Radiation in the useful beam will be scattered on striking any-
thing in its path — tube wall, aperture edges, filter, a wall beyond the ioniza-
tion chamber — and some of this scattered radiation will irradiate the chamber. 
This should be minimized by cutting all aperture edges at an angle correspond-
ing to the beam divergence, by using a beam just large enough to irradiate the 
chamber with a small margin (but no larger), and by maintaining an adequate 
distance between the chamber and the wall irradiated by the useful beam. 

The following method can be used to test for scattered radiation: measure the 
central axis air kerma rate at the calibration distance, then block the final beam defin-
ing diaphragm (which might be D4 in Fig. 2) with lead sufficiently thick to absorb 
about 99.9% of the beam, and remeasure the air kerma rate using a large volume 
chamber. The results of this test should indicate whether appreciable scattered radia-
tion is present. Carry out the test for a suitable range of the qualities and field sizes 
used in the calibrations. If large volume chambers are calibrated, this test should also 
be carried out at the longer target distances that may be required (the proportion of 
scattered radiation in the beam often increases with distance from the target). 

Stray and scattered radiation may be particularly troublesome when using a 
standard chamber in which the volume of air from which ionization is collected is 
much larger than the volume of air irradiated by the primary beam — for example, 
a free air chamber. 

Problems also arise when calibrating large volume chambers used for radiation 
protection. These occur as two types, spherical chambers with an isotropic direc-
tional dependence, and end window chambers, which are normally strongly 
monodirectional in their response. Scattered radiation will differ from that in the 
collimated beam in its energy spectrum and angular incidence, and this will affect 
the relative response of two chambers that differ in their energy and directional 
dependences. 

It is difficult to derive corrections for the effect of scattered radiation, and the 
best solution is to reduce it by as much as is reasonably achievable. It may be possible 
to reduce scattered radiation by increasing the external dimensions (not the aperture) 
of one of the beam defining diaphragms. Another possibility is to enclose the X ray 
tube and beam components (up to the monitor chamber) in a lead lined container, 
as indicated by the 'additional' shielding in Fig. 2. 

7.10. POSITIONING UNCERTAINTIES OF A y RAY SOURCE 

Certain 7 ray beam units do not have a built-in shutter, and the irradiation time 
is determined by the movement of the source from a shielded storage position to an 
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irradiation position. Some y ray sources are made up of small pellets of source 
material inside the sealed source capsule. Variations in the air kerma rate at the mea-
surement position can be caused by variations in the position of the source capsule, 
or by changes in the position of the source pellets inside the source capsule. The 
presence of rate variations owing to these positioning uncertainties can be checked 
by using either a precision rate meter, or a dosimeter controlled by a precision timer. 
Many electrometers have an internal time base by which the measurements can be 
started and terminated, using a preset time mode, with the beam continuously on. 
This is a very accurate method of determining the output rate. For a y ray beam, 
the standard deviation of a single measurement derived from a series of about ten 
measurements should be very small, perhaps as low as 0.1%. 

At least ten measurements should be taken with the source continuously 
exposed, and a similar series with the source returned to its storage position after 
each measurement. The standard deviations of the means of the two sets of measure-
ments can be compared by the statistical test known as the F-test. For present 
purposes, it is summarized by saying that if the standard deviations of the two sets 
of measurements differ by more than a factor of two, it is unlikely to be due to 
random errors of measurement, and the reason should be investigated. It may be 
difficult to differentiate between irregularities in the source position and movement 
of the pellets in the source capsule, and it may be necessary to consult the manu-
facturers of the source head or the source capsule. 

If a shift of the source pellets is the cause of the observed variations, there is 
no remedy other than to replace the source capsule. If the variations are caused by 
some other mechanical or electrical problem, it may be possible to remedy the situa-
tion, as discussed in Section 7.5. 

7.11. TIMING UNCERTAINTIES 

Timing uncertainties can arise from two quite different causes — a variation 
in the output rate at the beginning and the end of the irradiation owing to motion of 
the shutter or source, or to uncertainties in the timer. 

7.11.1. Initial test of timing uncertainties 

A series of at least ten output measurements should be made at the calibration 
position using the normal irradiation procedures. The standard deviation of these 
measurements will reflect fluctuations in the beam, timer, source position and shutter 
motion. If the standard deviation of a single output measurement is less than about 
0.5%, it is likely that the influence quantities that control the output are sufficiently 
stable; if it is larger than about 0.5%, further tests are necessary to determine the 
source of the variability. 
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7.11.2. Shutter and source motion 

At the beginning of an irradiation the output rate rises from zero to its steady 
value over a finite period of time, either because of the opening of the shutter or 
source, or because the high voltage of the X ray machine is being raised to its full 
value. Similarly, at the end of the irradiation the output rate does not fall to zero 
instantaneously. The error associated with the beginning and the end of the irradia-
tion cannot usually be neglected when performing calibrations because these errors 
may correspond to a timing error of some seconds. 

Starting and ending a calibration irradiation by simply switching the high 
voltage on and off not only leads to appreciable uncertainty in the irradiation time, 
but it is very deleterious to an X ray tube, and may shorten its life. It is very much 
more desirable to time the irradiation either electronically or with a shutter. 

For both 7 ray and X ray sources, the timer must be accurately synchronized 
with the shutter (or source) motion, neither starting nor stopping too early or too late. 
The most accurate timing will generally be achieved if the irradiation is timed from 
the mid-point of the rise in intensity at the beginning of the irradiation, to the mid-
point of the fall in intensity at the end of the irradiation. This is accomplished by 
adjusting the timing mechanism so that the timer is started and stopped as the edge 
of the shutter crosses the axis of the beam. For a moving source a similar adjustment 
should be made if possible. 

When tip to tip or side by side calibration is used, attention should be given 
to the possibility that one chamber is irradiated for an appreciably longer time than 
the other, leading to a significant error. The magnitude of this error will depend both 
on the orientation of the chamber axes relative to the direction of the shutter motion 
and on the shutter or source speed. 

7.11.3. Time measurements 

The irradiation time is of no importance when calibration is performed tip to 
tip or side by side, or by substitution using a monitor (Section 5.1). The actual irradi-
ation time needs to be known accurately only when calibration by substitution is per-
formed without a monitor. In that case, the parameter of importance, the ratio of 
the irradiation times, is influenced by short term instabilities in the mains frequency, 
which may be a significant problem in some countries. 

A timer or stopwatch should be checked regularly against a time signal or an 
accurate clock; this is not a difficult test to carry out, as an error of 0.5% results 
in an error of 9 s in 30 min. When a timer is changed, it must be remembered that 
the new timer may not give times identical with those of the old timer. The most 
accurate method of timing an output measurement is by the use of a dosimeter with 
an internal time base. 

50 



7.11.4. Test of timing uncertainty 

Before testing a y ray unit for timing uncertainty, the tests for positioning 
uncertainties (Section 7.10) should be performed. 

For both 7 ray and X ray units, a test of timing uncertainty should be per-
formed by measuring the output rate under the two following sets of conditions: 

(a) Timed with the electronic timer on the dosimeter, with the shutter open, or (for 
7 ray units without a shutter) the source fixed in the irradiation position. 

(b) Timed with the built-in timer, with the shutter opened and closed in the usual 
manner, or (for y ray units without a shutter) with the source returned to the 
storage position at the end of each measurement. 

At least ten measurements of each type should be made. The test should be carried 
out under stable conditions and in as short a time as possible to reduce the effect of 
other systematic errors. The mean rates and the standard deviations of the means are 
calculated for each series, and the standard deviations are combined in quadrature 
(that is, the square root of the sum of the squares is calculated). 

If the numerical value of the difference between the two mean rates is less than 
about two times the combined standard deviation, it can be concluded that the differ-
ence between the two means is probably not significant. (This is a simplified version 
of the statistical t-test.) If the difference is greater, there is presumably some problem 
in the shutter (or source) motion. This could be due to an incorrect setting of the 
microswitches that start and end the timing cycle for each irradiation. 

If the standard deviation of (b) is greater than about two times the standard 
deviation of (a), it is probable that the built-in timer is faulty, or that frequency fluc-
tuations in the mains cause errors in the built-in timer (this is the simplified F-test, 
as given in Section 7.10). 

For a 7 ray beam, the standard deviation of a measurement in (a) should be 
very small, perhaps as low as 0.1%, showing that the electronic timing circuit is 
working properly. For an X ray beam, the fluctuations will be somewhat larger; if 
the standard deviation of a measurement is greater than about 0.5%, an effort should 
be made to improve the stabilization of the X ray generator. 

Successful completion of these tests shows that the built-in timer and the elec-
tronic timer on the dosimeter are in agreement, correctly accounting for shutter and 
source movement, for the irradiation times used in the tests. Further tests of timer 
accuracy, for other irradiation times, can be performed conveniently using the 
double irradiation method described in Ref. [3]. 

7.12. SECONDARY STANDARD DOSIMETER 

The secondary standard dosimeter must be calibrated against a primary 
standard and then kept in the laboratory as a basic reference instrument. It may be 
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used to calibrate tertiary standard instruments. Tests should be carried out periodi-
cally to check its performance. These tests can also be used to check the performance 
of tertiary standard dosimeters or even field instruments, but the limits of variation 
given in the following sections apply only to secondary standard instruments. 

7.12.1. Leakage current in the absence of radiation 

To test the leakage current in the absence of radiation, the chamber electrodes 
should be connected together for at least 2 h, after which the connections are sepa-
rated and the polarizing potential applied. The leakage current measured 15 min, 1 h 
and 6 h later should not exceed 0.5 % of the ionization current produced by the mini-
mum air kerma rate to be measured. 

7.12.2. Charge or current leakage of the measuring assembly 

In an integrating measuring assembly, in which charge is collected on a 
capacitor, the rate of charge leakage will limit the lowest input charge that can be 
measured with a specified accuracy. The leakage current (rate of charge loss) should 
be measured starting with at least 90% of the maximum stored charge. After the 
capacitor has been charged, the input terminal of the measuring assembly is discon-
nected from external leakage paths and shielded for the duration of the test. For a 
rate type measuring assembly, the test consists of shielding the input terminal and 
observing the leakage current. For either an integrating or a rate type measuring 
assembly, the leakage current should not exceed 0.5% of the minimum input current 
to be measured. 

Small leakage currents may be either ignored or corrected. If the leakage 
current is too large for that, an attempt should be made to reduce it to an acceptable 
level by cleaning the input terminal and, if necessary, the input capacitor or resistor, 
especially the high impedance end. If that fails, the problem may be due to failure 
or deterioration of a circuit component. 

7.12.3. Stem and cable leakage 

If the instrument has a thimble ionization chamber, it is possible that irradiation 
of the stem by the useful beam, and of the stem and cable outside of the useful beam 
by leakage and scattered radiation, may interfere with measurement. One method of 
testing this involves use of an elongated beam of radiation of the same length as is 
used for calibration, but so narrow that when the ionization chamber is placed across 
the beam the thimble is only just completely irradiated. With the chamber along the 
long axis of the elongated beam and the thimble at the centre, a dummy stem (as 
nearly as possible identical with the actual stem of the chamber) is placed so as to 
touch the tip of the chamber, and readings are taken with and without the dummy 
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stem to assess the contribution to the reading from radiation scattered by the stem. 
The ionization chamber is then placed across the elongated beam, with the thimble 
exposed and stem and cable well shielded; a measurement is made, correction made 
for stem scatter, and the result compared with the former measurement to see if 
irradiation of the stem and cable introduces any effect. This test should be performed 
with the highest energy radiation that will be used and, if stem or cable leakage is 
found, it should be repeated at lower energies. 

7.12.4. Stabilization time 

The ionization chamber and the measuring assembly require a certain amount 
of time after switching on before calibrations can be started. The measuring assem-
bly should be switched off and the chamber electrodes connected together for at least 
2 h before beginning the test for stabilization time. To start the test, the chamber and 
the measuring assembly are assembled in the normal manner, the measuring assem-
bly switched on, and the polarizing potential applied to the chamber. The response 
is measured approximately 15 min, 1 h and 6 h later, each time using an irradiation 
approximately equal to that customarily given during calibration. The stability check 
source can be used for this test. 

For a measuring assembly tested as a separate component, a source of current 
with adequate stability and high impedance must be connected to the input. 

Between 15 min and 6 h after switching on, the limits of variation of response 
should be within +0.5% of the values after 1 h. 

7.12.5. Long term stability 

The long term stability can be checked by using a set of sources and chambers, 
as described in Section 8.2. The sources include the stability check source, y ray 
sources and perhaps X ray sets. A stability check source is usually provided as part 
of a high quality dosimeter intended for use as a reference standard. The construction 
of a typical stability check source is described in Section 6.3.1.3 and its use is 
discussed in Section 9.2.4. 

When using a y ray beam, the chamber must be mounted in an accurately 
reproducible position on the teletherapy head. A series of measurements is made, 
removing and replacing the chamber between each measurement and applying 
corrections for changes in air density, if necessary. When using an X ray beam, 
measurements are made in an analogous manner (the X ray beam is of course much 
less stable than a y ray beam, but it serves another purpose, as discussed in 
Section 8.2). 

These tests are repeated periodically and will show whether the chamber has 
remained stable in response since the last calibration. If a change greater than 
+0.5% is observed, a new calibration of the secondary standard must be carried out 
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as soon as possible. A change in the calibration factor is more likely for very soft 
radiation than for medium and high energy radiation. 

7.12.6. Charge and current calibration, linearity, and range factors 

A common type of readout for a secondary standard measuring assembly is an 
electrometer with a digital display that reads the charge accumulated on a capacitor, 
or the voltage drop across a precision resistor. High quality digital voltmeters are 
accurately linear beyond the need of dosimetry, but there may be instances of digital 
measuring assemblies that are not adequately linear. In addition, in multirange 
instruments the ratio of the range factors may differ somewhat in practice from the 
ratio of the range factors indicated on the measuring assembly. Thus, the linearity 
and range factors of a secondary standard instrument should be checked. Checking 
linearity and range factors consists essentially of determining charge or current 
calibration for several scale values within each instrument range of interest. 

While the charge calibration of a secondary standard assembly may well have 
been determined during calibration at the PSDL, the SSDL should check it periodi-
cally. The first step is to compare the voltmeter of the measuring assembly with a 
high quality, laboratory standard voltmeter connected to appropriate terminals of the 
measuring assembly. Integrating type measuring assemblies are then checked by 
injecting known charges using an external calibrated capacitor and voltage source; 
the voltage source can be either a precision power supply with a known voltage, or 
a stable power supply measured with the laboratory standard voltmeter. Rate type 
measuring assemblies can be checked using an accurate high impedance, constant 
current source. 

Linearity and range factors are checked in a similar fashion, but it is not neces-
sary for the injected charge or current to be accurately known; it is only necessary 
that the relative values be known with the desired accuracy. The range change factors 
and the scale linearity should be accurate within ±0 .5%. If this is not the case, 
correction factors should be used. 

In using autoranging instruments, it should be remembered that some charge 
may be lost as the instrument changes range. In order to be confident of obtaining 
accurate readings, it is necessary to defeat the autoranging feature and select the 
appropriate range in the usual manner. Linearity and range factors may also be 
checked by using ionization currents from carefully monitored irradiation, but it may 
be difficult to attain by this method the precision of a high quality voltmeter. 

7.12.7. Chamber air venting 

It is essential that the secondary standard chamber be in equilibrium with the 
ambient air. It should be tested for air venting before it is sent to a PSDL for calibra-
tion, and soon after being returned to the SSDL. The test should be repeated periodi-
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cally. A partially or totally closed air vent might not be discovered in the periodic 
stability checks of the secondary standard dosimeter if the tests happen to be carried 
out at about the same atmospheric pressure. 

A test for air venting is described in Section 9.2.7. The same equipment used 
for testing chambers being calibrated at the SSDL can be used for testing the secon-
dary standard chamber. 

7.12.8. Other tests 

There are other tests that can be performed which are in some cases useful, 
but are likely to be less important than the tests described above. 

7.12.8.1. Internal structure of an ionization chamber 

The internal structure of a secondary standard chamber can be examined by 
taking two radiographs at right angles to each other and parallel to the long axis of 
the chamber. This examination could be performed for the reference standard when 
it is first put into service and the radiographs then preserved for subsequent refer-
ence. The examination should be repeated whenever there is any reason to suspect 
damage or an unreliable response. 

7.12.8.2. Polarity effect 

Some ionization chambers show a significant polarity effect, but this is not 
likely to be a problem for a secondary standard dosimeter that is always used at the 
same polarity and potential. It is of course essential that the calibration at the PSDL 
be done at the same polarity and potential as are used at the SSDL. 

7.12.8.3. Ion recombination 

The ion recombination effect is generally very small for continuous (non-
pulsed) beams at the output rates available in an SSDL. In addition, if the output rate 
at the PSDL where the secondary standard was calibrated was about the same as that 
at the SSDL, no correction is needed at the SSDL in order to make accurate measure-
ments. Ion recombination, and the methods of determining it, are discussed in 
Section 9.2.5. 

7.12.8.4. Directional dependence 

While this is unlikely to be important in a secondary standard instrument, it 
is good practice always to orient the instrument in a known manner relative to the 
beam direction. For example, the serial number could face the radiation source and 
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the PSDL could be informed of this orientation at the time of calibration. The depen-
dence on chamber tilt will not be a problem because the chamber is always used 
perpendicular to the beam axis, unless otherwise indicated in the manufacturer's 
instructions. 

7.12.8.5. Mains voltage and frequency and ambient temperature 

It is difficult to test for a dependence on these influence quantities, and the 
dependence is likely to be small for a secondary standard dosimeter. If there are 
unexpected variations in the instrument response, it may become necessary to inves-
tigate the possibility of variations owing to these influence quantities. 

8. CARE AND MAINTENANCE OF 
CALIBRATION EQUIPMENT 

8.1. GENERAL INSTRUMENT MAINTENANCE 

New equipment should not be put into service until it has been properly 
checked and, where applicable, calibrated; some equipment will need long term 
constancy checks. The SSDL should maintain an inventory of each item of equip-
ment, which should be uniquely identified and its case history maintained. The 
original document should be safely stored in a master file, with working copies avail-
able in the laboratory. These documents should contain at the very least the following 
information: 

— Description of the item, 
— Manufacturer 's name, 
— Model and serial numbers, 
— Date of purchase, 
— Maintenance information (regular checks and repairs undertaken and parts 

replaced). 

Items requiring periodic recalibration should include the following additional 
information: 

— Calibration interval, 
— Reference to where the details of the calibration procedure can be found, 
— Date of last calibration, 
— Due date of next calibration. 
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A system should be established for calling timely attention to items requiring 
periodic calibration to ensure recalibration within the specified interval; the interval 
should be such that there is a high degree of confidence in any calibration work 
undertaken by the laboratory. 

When calibrations or checks on SSDL equipment are carried out elsewhere, 
the SSDL needs to be satisfied that these are appropriate and are competently carried 
out. Such calibration procedures and test methods should be fully documented for 
reference in the SSDL. 

A principle essential to reliability in the work of any calibration laboratory is 
maintaining a reasonable degree of redundancy. There should be more than one item 
of each type of equipment, and more than one method of making important measure-
ments. The integrity of the laboratory depends especially on the stability of the 
secondary standard dosimeters, and for them a special regimen of redundancy checks 
should be established, as described in Section 8.2. 

8.2. STABILITY CHECK SYSTEM FOR A SECONDARY 
STANDARD DOSIMETER 

8.2.1. Standard dosimeters 

One secondary standard dosimeter at each SSDL should have a calibration 
f rom a recognized PSDL, or from the IAEA Laboratory at Seibersdorf; it then 
becomes the reference standard dosimeter for the SSDL. Other secondary standard 
dosimeters are calibrated against the reference standard and are considered as work-
ing standards (see Section 5.4). It is recommended that the reference standard be 
recalibrated at intervals of about three years, although this period can depend on its 
demonstrated long term stability, and may differ between instruments. 

A stability check system that incorporates redundancy should be established, 
and the reference standard checked for stability for a few weeks before calibration. 
It should be checked with the complete stability check system immediately before 
being sent for calibration, again immediately upon return, and periodically 
thereafter. 

If at any time it is suspected that the reference standard has suffered any 
damage that might affect the calibration, or if the stability check system shows that 
the calibration factor differs by more than 0.5% from the value assigned at calibra-
tion, the instrument should be sent for repair and/or recalibration. It may be helpful 
to consult the manufacturer of the instrument. 
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8.2.2. Components of the stability check system 

In addition to the reference standard dosimeter, the check system should be 
composed of at least two, and preferably three or more components. These compo-
nents could be a portable radioactive check source, a ^ C o or 137Cs teletherapy 
source, one or more working standard dosimeters and an X ray set. 

The advantage of a portable radioactive check source is that it can be trans-
ported to the PSDL or the IAEA Laboratory along with the reference standard and 
the response recorded at the time of calibration. The disadvantage of such a source 
is that it depends on the response of the chamber to high energy /3 particles from the 
source, and long term changes to the inside surface of the chamber may affect its 
response to /3 particles and X radiation in different ways. Chambers can, however, 
be designed to avoid this problem. Another disadvantage is that difficulties some-
times arise in shipping radioactive materials, particularly at national borders, where 
sources can be delayed, or even confiscated, by customs authorities. 

When using a y ray source as part of the constancy check system, the chamber 
must be mounted in an accurately reproducible position relative to the teletherapy 
head. This is best accomplished by attaching to the therapy head a device that 
supports the chamber in the desired position. This may be the same position that is 
used for calibration, or may be a different position, used only for stability checks. 
It is advantageous to use the calibration position, as it will be used more often and 
will thus provide a more detailed record. 

It is desirable that at least one of the working standards be of a different 
construction from the reference standard, since it is then very unlikely that the two 
will change with time in the same way. It is also advantageous to make some cham-
ber comparisons in an X ray beam, to test the stability of the energy response of the 
standard chambers. Such measurements are not necessarily calibrations, but simply 
another method of detecting changes in the response of the standard chambers. 

Another component of the stability check system can be the X ray set itself, 
using a regular calibration beam. While the X ray beam, even though carefully moni-
tored, is generally not as stable as a 7 ray beam, it has the advantage of testing the 
chamber response to lower energy photons. The calibration factor of a secondary 
standard chamber might conceivably change for low energy beams, while remaining 
stable for high energy beams. If carried out regularly, some of the tests on the 
standard dosimeters described in Section 7.12 might usefully form part of the stabil-
ity check system. 

8.2.3. Check procedures and records 

All comparisons of the reference standard with the other components of the 
stability check system must be performed strictly according to recorded laboratory 
protocol; in particular, measurements made with the portable radioactive check 
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source must follow the instructions of the manufacturer of that source. Comparisons 
with radioactive sources must of course be corrected for radioactive decay and 
ambient atmospheric conditions. 

All measurements with the secondary standard instruments, whether for stabil-
ity check purposes or as part of regular laboratory procedures, should be recorded 
and retained in a form that permits the ready assessment of instabilities and drifts. 
It will often be advantageous to present these results in graphical form. If no 
discrepancies are found using a check system that incorporates redundancy, a high 
degree of confidence can be placed on the conclusion that the reference standard 
dosimeter is stable within the prescribed limits. If, however, the comparison of the 
reference standard to any one of the other components shows a significant change, 
it must be investigated immediately. The advantage of redundancy is that it may be 
possible to attribute the discrepancy to one component, and if that component is 
eliminated, a valid stability check system for the reference standard will still be in 
existence. 

The stability check system is established by comparing the standard instru-
ments with the other components, and entering the results in a permanent record. 
Every time a measurement is made comparing components of the system, the result 
becomes part of the permanent record. Some of these measurements will be made 
as part of regular laboratory calibration procedures, others as part of a periodic 
stability check. In this fashion, a highly reliable record is accumulated of the stability 
of the standard dosimeters and also of the calibration factors provided by the SSDL. 

8.3. TESTS OF THE X RAY MONITOR 

Readings of the monitor chamber relative to a standard dosimeter at a given 
position should be constant with time for each radiation quality. Normally this kind 
of information will be acquired as part of regular calibration activities. It is often 
helpful to also present this information graphically. A significant change indicates 
a change in the monitor, the standard dosimeter, or the radiation quality and must 
be investigated immediately.. 

Leakage tests should be carried out regularly (say, once a month) on the moni-
tor since it is mounted close to the X ray tube and receives a heavy radiation dose 
whenever an X ray beam is used. 

8.4. TIMERS 

Timers that have an internal oscillator (usually 1 kHz) are essentially indepen-
dent of fluctuations in the mains frequency, are very accurate, and probably do not 
need calibration. Timers which are essentially synchronous clocks that depend on the 
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mains frequency, and also stopwatches, are less reliable and can give rise to both 
random and systematic errors. They should be checked periodically (say, at least 
once a year) against a time signal of known accuracy; alternatively, a high quality 
wristwatch will permit an accurate comparison to be made if carried out over a suffi-
cient time interval. i 

Errors due to the observer become important if timing is carried out with a 
stopwatch, and these are likely to depend on the working environment — for exam-
ple, the presence of ambient noise or conversation. In addition, individuals have 
different response times, and it has been found that individuals tend to show small 
idiosyncratic systematic errors when using stopwatches. Such observer errors may 
well mask small changes in instrument performance, at least for irradiation times of 
less than a few hundred seconds. 

8.5. THERMOMETERS 

An SSDL should possess at least three high quality mercury-in-glass thermo-
meters, one of which has a calibration certificate. The calibrated thermometer should 
be kept as the laboratory standard and the others used as working standards to 
calibrate other thermometers and temperature recorders. The range of temperatures 
covered by the standard thermometers should include - 0 . 5 ° C to +30°C, with 
graduations of 0.2°C or better. 

A standard thermometer with this temperature range should not be used for 
temperatures very much higher than room temperature and should be protected from 
shock that might break the mercury column. (If the mercury column is broken, it 
can be rejoined by cooling with solid carbon dioxide.) The standard thermometers 
should be checked about once a year using an ice bath; if an error is found, the 
correction should be treated as additive (or subtractive) for the entire range of the 
thermometer. 

Electronic and digital thermometers and temperature recorders are available 
that offer many advantages in convenience, remote reading, speed of response, etc. 
They do, however, need recalibration at regular intervals. The frequency of 
recalibration can be determined by experience and depends on the particular type of 
thermometer used. Thermistors and platinum resistance thermometers can be 
calibrated using a stirred water bath and a mercury thermometer. Some of these elec-
trical thermometers respond more rapidly to temperature changes than do ionization 
chambers, so it is good (but not essential) practice when using such a thermometer 
to place it inside a dummy ionization chamber, so that the temperature indication will 
correspond more closely to the temperature inside the ionization chamber being 
measured. 
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8.6. BAROMETERS 

A mercury precision barometer with a calibration certificate does not need 
recalibration as long as the mercury surface remains clean and the meniscus remains 
sharp and easy to read. The temperature correction must not be overlooked when 
reading a mercury barometer. 

Aneroid barometers should be recalibrated by comparison with a mercury 
barometer at least once a year, and should usually have a setting device that must 
be resealed after adjustment. A portable precision aneroid barometer should be avail-
able for radiation measurements carried out in places other than the SSDL. It should 
always be possible to determine air pressure to within 0,1%. 

Barometers are available which give a digital signal from an oscillator tuned 
with a pressure sensitive, variable capacitance quartz crystal. 

8.7. HYGROMETERS 

The accuracy needed for measurement of the relative humidity of the ambient 
air in the laboratory is not great. If the relative humidity is between 20 and 80% at 
the usual operating temperatures, no humidity correction is needed. Measurements 
with ionization chambers may, however, be impossible for relative humidity over 
about 75% because of the increase in leakage currents; the relative humidity should 
be below this level for both the operation and storage of dosimeters. A hair hygro-
meter is sufficiently accurate for laboratory use, but its calibration is liable to change 
if it is subjected to either very high or very low humidity. Such an instrument should 
therefore be checked periodically (perhaps once a month, or as dictated by 
experience) against a whirling-arm hygrometer and adjusted accordingly. 

8.8. ROUTINE CHECKING OF RADIATION BEAMS 

The output (the air kerma rate) of an X ray set may not remain constant in spite 
of the apparent consistency of the operating conditions. Even if the setting and the 
meter reading of the tube voltage are unchanged, it cannot be assumed that the actual 
voltage across the X ray tube is unchanged, nor can it even be assumed that the inher-
ent filtration remains unchanged. (Evaporation from the anode and the cathode may 
deposit on the inner surface of the X ray window and increase the inherent filtration.) 
The HVL layer at the lowest and the highest voltages used for calibration should be 
checked at intervals of not more than six months, or whenever the X ray generator 
voltage calibration is altered or the X ray tube is changed. If a significant change 
in either of these HVLs is found, all HVLs should be remeasured. 
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During the lifetime of an X ray tube there will be changes in the focal spot 
which can be observed from pinhole radiographs. These will provide information on 
the condition of the tube filament and target surface. In particular, the imminent 
failure of an X ray tube can sometimes be predicted. Such advance warning can be 
most useful if there is likely to be a delay between ordering and receiving a tube 
replacement. Pinhole radiographs should therefore be taken regularly, perhaps once 
or twice a year. 

The position of the central axis of the X ray and y ray beams should be checked 
about twice a year, but the beam size should be checked more frequently, say once 
a month, until confidence is established. The beam size is most easily determined 
by taking a radiograph at the calibration position. A more accurate method is the use 
of a beam scanner with an ionization chamber or a solid state device as the detector. 

The radiation output should be checked at least monthly at the usual calibration 
position and the reading entered on a chronological plot to show the consistency of 
the output as a function of time (this information may be obtained as part of regular 
calibration activities). It is probably adequate to do this only for the hardest and the 
softest beam qualities in the case of an X ray beam; correction for radioactive decay 
must of course be made in the case of a 7 ray beam. 

8.9. HOUSEKEEPING 

Good housekeeping is essential to good measurement. The following measures 
should be taken to ensure good housekeeping in the laboratory: 

— General instructions for the operation of the laboratory should be in writing 
and should be familiar to the staff. 

— Construction, repair and maintenance work on portable equipment should be 
carried out in a separate area, not in the radiation laboratory. 

— Reference standard instruments and other items of calibration equipment 
should be carefully protected and stored when not in use. The relative humidity 
of the ambient air must be below 75% where dosimeters are stored. 

— Equipment that needs to be moved frequently should be mounted on trolleys 
designed or adapted for this purpose. 

— Storage space should be provided for connectors, adapters, accessories and 
tools. 

— Radioactive sources should be carefully stored in suitable containers (usually 
lead pots) and suitably secured (for example, in locked steel cabinets) in 
appropriately shielded or isolated areas. 

— Calibration procedures, maintenance manuals, calibration certificates, test 
reports, and all relevant publications and paperwork pertaining to the work of 
the SSDL should be suitably indexed and filed. The radiation laboratory should 
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contain only those documents that need to be there; the remainder should be 
filed in an external office. 

— Special precautions may be necessary to ensure that cleaning operations are 
carried out safely. Either staff engaged in cleaning should be carefully super-
vised, or the work should be carried out by specially trained staff. 

9. CALIBRATION PROCEDURES 

9.1. PRELIMINARY CHECKS ON DOSIMETERS 

When designing a new type of dosimeter, a manufacturer will carry out a com-
prehensive series of measurements of its performance, and will test whether it com-
plies with performance standards, such as those in IEC Standard 731 [18]. Each 
individual instrument will also be subjected to a more restricted series of tests to 
ensure that it achieves the performance claimed in its instruction manual or advertis-
ing literature, and that it is free of any defects which would give rise to erroneous 
readings. Most types of defects, if they are not present in a new instrument, are 
unlikely to show up later. However, there are some defects that may arise after the 
instrument has been in use for some time, and it is suggested that the following tests 
be carried out on every dosimeter sent for calibration to an SSDL before beginning 
calibrations. Any action taken, or measurement made, should be entered in a 
logbook. 

— Check that all accessories, such as buildup caps and protective caps for high 
insulation plugs and sockets, and the instrument logbook, are either in position 
or in the carrying case. Obtain replacements for any that are missing. 

— Examine the electrometer and stability check source, and all chambers, cables 
and connectors for signs of damage. 

— Check on the state of the batteries (if any) and replace defective ones. 
— Switch on the electrometer and check that all lights and relays appear to operate 

correctly when the instrument is put through the recommended measurement 
sequence. Do not carry out any further tests unless the instrument appears to 
be operating correctly. 

— Check on the state of the desiccani. If it needs to be dried out and replaced, 
do so and then wait for at least 24 h before carrying out any further tests. 

— Measure the zero drift for 10 min by switching the instrument to the measure 
condition with no radiation present (a) with the chamber disconnected and the 
chamber connector socket covered by a metal cap, and (b) with the chamber 
connected as for normal measurement. 
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— If the zero drift with the chamber connected is greater than about 0.2% of the 
scale readings that would be obtained during the calibration procedure, then 
examine the cable connectors for any dirt. Clean the connectors carefully, 
preferably using a method recommended or approved by the manufacturer in 
the instruction manual for the instrument. After cleaning, leave for at least 1 h, 
and then repeat the zero drift test. 

— On a dose meter, measure the charge leakage by the method recommended by 
the manufacturer. If no method is recommended, then carry out the following 
procedure. Expose the chamber in an X ray beam until a reading has been 
obtained which is about 90% of full scale. Turn off the beam without switching 
the electrometer from the measure condition and take the scale reading on the 
electrometer. Wait for 10 min and take a second reading. (Note that this test 
does not apply to a dose rate meter.) 

— Measure the post-irradiation leakage by the method recommended by the 
manufacturer. If no method is recommended, then carry out the following 
procedure. Irradiate the chamber in a beam with the highest dose rate, highest 
energy and largest field size that will be used during the calibration procedure. 
For a dose meter, irradiate the chamber for 10 min with the electrometer in 
the non-measure condition. Turn off the beam and switch the electrometer to 
the measure condition. Take a reading after 3 s and another reading 5 min 
later. For a dose rate meter, irradiate the chamber for 10 min with the electro-
meter in the measure condition and note the scale reading. Switch off the beam, 
take a reading 3 s later and another reading 5 min later. 

— Confirm that zero drift, charge leakage and post-irradiation leakage are within 
the limits claimed by the manufacturer. If no limits are stated, then check that 
they are small enough so that they do not introduce unacceptable errors into 
the calibration measurements. 

— Carry out a stability check source measurement according to the recommended 
procedure. 

— For an instrument that has been calibrated before, confirm that the check 
source reading is a value that would be expected from the half-life of the radio-
active source. 

Do not embark on a complicated calibration procedure unless the instrument has 
been shown to pass the tests discussed above. 

Always obtain the approval of the manufacturer and/or the user before carry-
ing out any repairs (except for replacing batteries, renewing the desiccant and clean-
ing the cable connectors). 

The number and extent of the tests just described are appropriate only for a 
radiotherapy dosimeter intended for very accurate measurements and on which much 
time and effort would be spent in its calibration. Simpler tests may be sufficient for 
some field instruments and protection level dosimeters. 
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9.2. ADDITIONAL MEASUREMENTS AND CHECKS 

When suitable facilities are available in the laboratory, and the instrument is 
of high quality and sufficient importance, the following tests should be carried out. 

9.2.1. Charge calibration of the electrometer 

Charge calibration is an essential measurement for an indirect calibration of 
a dosimeter, in which the chamber is calibrated in Gy/C, the electrometer in C/scale 
division and the two factors are multiplied together to give the calibration factor for 
the whole dosimeter in Gy/scale division with the chamber connected to the 
electrometer. 

The apparatus needed for this measurement consists of a variable voltage 
source, a calibrated digital voltmeter and a standard (air) capacitor. The reference 
scale reading chosen for the charge calibration should be half or two thirds full scale 
on a dose range that would be convenient for a direct calibration of the dosimeter 
as a whole. These settings should be stated in the calibration report. 

9.2.2. Range change factors 

If an electrometer has more than one dose range, the charge calibration at the 
reference scale reading on all the ranges should be measured. If it is also provided 
with dose rate ranges, then the current calibration should be measured as close as 
possible to the same reference scale readings as used for the charge calibration. 

The most convenient way to present the information for these calibrations in 
the report is in terms of a further correction (expressed as either a multiplying factor 
or a percentage addition or subtraction) that the user needs to apply, taking the 
correction factor to be unity for the range chosen to be the reference range. If all 
the corrections are negligible or less than a given percentage, then this is all that 
needs to be stated in the report. 

If for any reason it is not possible to measure the range change factor, then 
this should be stated in the calibration report. 

9.2.3. Linearity of response 

Linearity of response entails measuring the charge calibration of the electro-
meter at a series of scale readings in addition to the reference scale reading. This 
test is particularly important for older type dosimeters with analogue displays in 
which the scale is often rather non-linear. 

The information is most conveniently expressed as a further correction (either 
a multiplying factor or a percentage addition or subtraction) that the user needs to 
apply, taking the correction factor at the reference scale reading as unity. If the 
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corrections are negligible or less than a given percentage, then this is all that has to 
be stated in the report. This measurement need only be carried out on a new instru-
ment, as scale linearity is unlikely to change with time. 

9.2.4. Stability check source 

A stability check source usually consists of one or more radioactive sources 
(often foils) which are situated in a shielded container and which can be brought into 
a fixed geometrical relationship with the ionization chamber. Because of its high 
energy /3 radiation, its relatively easy shielding requirements and its long half-life 
(about 28.7 years), the radionuclide usually used is 90Sr. 

A check source is normally designed for a particular type of chamber and 
detailed information on the method of use should be provided in the manufacturer's 
instruction manual. With such devices it is often found that the current from the 
chamber varies as the chamber is rotated; if this is the case, a mark is usually 
engraved on the stem of the chamber by the manufacturer and this should be aligned 
with a corresponding mark on the container of the check source. 

If no manufacturer's instructions exist, the SSDL may devise its own proce-
dure, with the aim of achieving the highest possible repeatability of readings when 
the chamber is removed from, and replaced in, the source. When this is not possible, 
the best procedure might be to deliberately randomize the alignment between the 
source and the chamber by removing and replacing the chamber for each reading, 
and rotating the source container by random amounts between each reading. 

Whatever procedure is adopted, it must be described in sufficient detail in the 
calibration report for the user to be able to adopt the same procedure. 

If the stability check source has recently been in temperature conditions differ-
ent from those in the place of measurement (either in storage or transport), then suffi-
cient time should be allowed for it to reach the new temperature before taking 
readings; this may take several hours. To monitor its temperature, a check source 
should be provided with a thermometer that can be inserted into a hole in the 
container. 

Time should also be allowed after inserting a chamber for it to stabilize after 
being moved and for it to achieve temperature equilibrium with the check source; 
about 10 min should normally be sufficient. 

Unless otherwise instructed, the preferred method of use for integrating 
dosimeters is to measure the time taken to achieve a standard reading, rather than 
the reading for a standard time. The standard reading should be not less than half 
full scale. It should be noted that the correction to the check source time for tempera-
ture and pressure is the reciprocal of the expression given in Section 9.3.8. In the 
calibration report, the mean check source time should be corrected by the expected 
rate of decay to a reference date, which should be stated. 
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The purpose of a stability check source is to confirm that the sensitivity of a 
dosimeter has not changed significantly since the instrument was calibrated. If at all 
possible, four check source measurements should be carried out around the time of 
calibration by the: 

— User just before sending the instrument for calibration, 
— SSDL soon after receiving the instrument, 
— SSDL when calibrations have been completed, 
— User soon after receiving the instrument back. 

Careful examination of these results will give a good idea of the repeatability and 
stability of the instrument. 

9.2.5. Ion recombination 

There are two main types of ion recombination — initial recombination and 
general recombination. The ion recombination in a chamber is the sum of these two 
types. 

Initial recombination is independent of dose rate and, for a typical small thim-
ble chamber with a polarizing potential of 200 V, is about 0.1 or 0.2%. It can be 
determined by exposing the chamber in a low dose rate beam of continuous 
(non-pulsed) radiation and by measuring the variation of the ionization current I with 
the polarizing potential U. A graph of 1II against 1/Í7 should be approximately 
linear, and therefore extrapolation to 1/Í7 = 0 should give the ion recombination 
correction for the normal polarizing potential. 

General recombination depends on the dose rate, but is usually much less than 
0.1% for a typical small thimble chamber with a polarizing potential of 200 V when 
exposed to the dose rates normally encountered from low and medium energy X ray 
sets and ^ C o y ray units in an SSDL. For continuous non-pulsed radiation, general 
recombination gives rise to a linear relationship between HI and l/U2. In order to 
determine the general recombination, the ionization current must first be corrected 
for the effect of initial recombination. 

For pulsed radiation (e.g. from a linear accelerator), general recombination 
gives rise to an approximately linear relation between 1/7 and l/U under near satura-
tion conditions and may amount to 1 % or more in the X ray beam of a typical hospital 
linear accelerator. 

For calibrations at an SSDL, it has been common practice in the past to ignore 
ion recombination and not to correct the calibration factor of a chamber for this 
effect. The argument in favour of this procedure is that the user of the instrument 
is unlikely to bother with such a small correction, and therefore the measurement 
would be a little more accurate if the calibration factor was also left uncorrected. On 
the other hand, the main argument in favour of an SSDL measuring ion recombina-
tion for each individual field instrument is that it quickly detects if the polarizing 
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potential is not being applied correctly to the chamber, a defect that shows up by a 
variation of I with U that does not agree with theory and which may cause the 
chamber to be dose rate dependent. 

For calibrations at a hospital in a pulsed X ray beam from a linear accelerator, 
all readings should be corrected for ion recombination. A quick way of deriving the 
correction factor is the half-voltage method. For a given dose rate, measure the ioni-
zation current Iv using the normal polarizing potential U, and then measure the 
ionization current / № 2 using half the normal polarizing potential Í//2. The correc-
tion factor for ion recombination when using the normal polarizing potential U is 
then approximately equal to Iijllyn for the given dose rate. This half-voltage tech-
nique can be taken as being sufficiently accurate for X ray dosimetry. For the dosi-
metry of electron beams the correction is likely to be considerably greater and more 
accurate corrections can be found in Ref. [4]. Note that when a calibration involves 
an intercomparison between two instruments, the readings of both instruments 
should be corrected for ion recombination. 

Whichever procedure is adopted, it should be described briefly in the calibra-
tion report and a statement should be made about whether or not the calibration factor 
has been corrected to the reference condition of zero ion recombination. 

Measurement of ion recombination only needs to be made on a new chamber, 
as it is unlikely to change thereafter unless the chamber has been damaged or 
repaired in such a way as to change the field strength in the cavity; it may also be 
regarded as a type test. 

9.2.6. Polarity effect 

A defect occasionally found in ionization chambers is that the ionization 
current may depend on whether the polarizing potential is positive or negative. This 
is usually caused by the presence of cavities around the collecting lead in the stem 
of the chamber (or elsewhere in a disc shaped chamber), and is often dependent on 
the radiation energy. 

The test for polarity effect should be carried out with the highest energy beam 
available, preferably 6 0Co 7 radiation. A large field should be used, although not 
larger than the maximum field size recommended by the manufacturer. If there is 
a cavity on only one side of the stem, the polarity effect will depend on which side 
is irradiated, so, if an effect is found, measurements should be repeated with the stem 
rotated at positions 90° apart. 

Some textbooks state that if the ionization current is different for positive and 
negative polarities, then the mean current should be taken. However, this procedure 
is appropriate only for primary standards and for chambers used for electron beam 
dosimetry. In photon beam dosimetry, secondary standards and field instruments are 
usually calibrated with one magnitude and sign of polarizing potential, which are 
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always applied when the chamber is subsequently used. This magnitude and sign 
should be stated in the calibration report. 

A polarity effect can cause an anomalous variation of response with field size, 
dose rate and the orientation of the chamber. If the effect (difference in ionization 
current between positive and negative polarities) exceeds 0.2%, the user should, 
whenever possible, be asked whether time should be spent on the calibration. 

The polarity effect is unlikely to change unless a chamber has been damaged. 
Therefore, the test for polarity effect need be made only on a new chamber, or on 
a chamber which may have been damaged. 

9.2.7. Chamber air venting 

Measurements should be carried out to test whether the density of the air in 
a chamber is able to equilibrate with the outside atmosphere, as is necessary in an 
unsealed chamber. In normal circumstances, a rapid change in air density in the 
chamber cavity is more often caused by a rapid change in temperature rather than 
a rapid change in atmospheric pressure. However, it is more convenient to measure 
the change of ionization current with air pressure than with temperature. 

One way to do this is to mount the chamber in a suitable container, the air of 
which can be connected by valves either to atmospheric pressure or to a separate 
vessel in which the air is pressurized to about 10% above atmospheric. The excess 
air pressure in the container is measured by a differential pressure gauge. 

Preferably, the container should be large enough to house the ionization cham-
ber and a radioactive check source. The cable may exit from the container through 
a short length of metal tubing (of slightly larger diameter than the coaxial plug) and 
a short length of rubber tubing. The rubber tubing fits over the metal tube and is 
clamped to the cable with a spring clip. This simple method should be sufficient as 
a highly airtight seal is not required. Two or three output ports of different diameters 
may be required to suit a range of cables. Alternatively, the container may be 
smaller, suitable only for the chamber, which is then irradiated in a ^ C o beam. 

The ionization current should be measured by an electrometer with a high 
value input resistor and displayed on a chart recorder. Although the pressure change 
in the chamber should be nearly instantaneous, the response time of the electrometer 
and recorder may be a few seconds. If the current does not change by the correct 
amount within a few seconds, calibrations should not be attempted until the matter 
has been discussed with the user or manufacturer. 

A test of chamber air venting should be carried out, if possible, on every cham-
ber calibrated, as the chamber air vent can easily become blocked. If the chamber 
is to be calibrated in a waterproof sheath, the air venting test should also be carried 
out with the chamber fitted with the sheath; irradiation in a ^ C o beam may be 
necessary for this test. 
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9.2.8. Other tests 

In Technical Reports Series No. 185 [1], it was suggested that when calibrating 
a field instrument, the variation of response with the following parameters should 
also be tested: 

(a) Mains voltage and frequency, 
(b) Time after switching on, 
(c) Ambient temperature, 
(d) Mean photon energy using heavily filtered X ray beams, 
(e) Chamber rotation, 
(f) Chamber tilt. 

It is always useful for an SSDL to have the facilities available to carry out these 
tests when desired. However, it is now felt that they should be regarded as type tests 
to be carried out by a manufacturer and that it would be unreasonable to expect them 
to be part of routine calibration procedures by an SSDL. 

9.3. COMPARISON PROCEDURES 

There are so many different types of dosimeters and comparison procedures 
that it is impossible to put forward a set procedure for the comparison of a field 
instrument against a secondary standard. Instead, this section contains a few com-
ments on a number of possible procedures. Section 5 discusses the main criteria 
affecting the choice of method. 

9.3.1. Tip to tip calibration 

Tip to tip comparison is usually used for in-air calibrations, but it may be better 
to place the chambers side by side if the ionization chambers have a length much 
greater than their diameter, or if comparisons are being carried out with the cham-
bers in a phantom. 

The reference points (see Section 9.3.13) of the two ionization chambers 
should be positioned at the same distance from the source of radiation or, if the 
measurement is made in a phantom, at the same depth. They should also be 
symmetrical with respect to the beam axis. 

Conventional X ray tubes with generating potentials of up to about 400 kV 
usually have reflection targets, in which the surface of the target is at an angle to 
the axis of the emitted X ray beam. As a result, there is a significant variation of 
both dose rate and photon energy along the cross-section of the beam parallel to the 
cathode-target axis of the X ray tube (the heel effect). The two chambers to be 
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compared should therefore be positioned symmetrically about the beam axis on a line 
perpendicular to the cathode-target axis and the beam axis. 

To compensate for any residual beam non-uniformity, the comparison should 
be repeated with the chambers interchanged in position. If the measured calibration 
factor of the field instrument in position A is (KF)A, and the measured calibration 
factor with the chambers interchanged so that the field instrument is in position В 
is (KF)B, then it can be shown that the best estimate of the true calibration factor is 
given by: 

Kf = ^(KF)A(KF)B 

When time allows, the positions of the two chambers should be interchanged several 
times. 

9.3.2. Calibration by substitution 

The use of a transmission monitor chamber (see Section 6.1.6) is usually essen-
tial to compensate for variations in the output of an X ray tube when the chambers 
are being compared by substitution. 

In general, the standard chamber (or the chamber being calibrated) and the 
monitor chamber will have similar energy dependencies. For an in-air calibration, 
therefore, the standard/monitor ratio will be insensitive to small changes in beam 
energy caused by instability of the high voltage generator. However, this will not 
be the case for in-phantom measurements because of the attenuation of 5 cm of 
water, which affects only the chamber in the phantom and not the transmission 
monitor chamber. 

A solution to this problem is to replace the transmission beam monitor chamber 
by a thimble chamber (or two thimble chambers) placed to one side (or on both sides) 
of the chamber being calibrated, and at the same depth. An alternative solution is 
to stabilize the generating potential of the X ray tube to a sufficient accuracy to make 
the use of a transmission monitor chamber satisfactory. 

No monitor chamber is required if calibration by substitution is carried out in 
a 7 ray beam, unless for some reason it is not possible to ensure that the position 
of the 7 ray source is sufficiently repeatable. 

The effective points of measurement of the chambers being compared should 
be positioned at the same distance from the source of radiation or, if the measure-
ments are made in a phantom, at the same depth. 

9.3.3. Calibration in air 

In-air calibration should be adopted when the field instrument is to be 
calibrated in terms of air kerma. Before each calibration, the set-up should be 
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checked to ensure that the beam does not strike any part of the calibration bench and 
that nothing has been placed at any point in the beam that could increase the scatter 
reaching the ionization chamber. 

The walls of the ionization chambers must be thick enough for electron 
equilibrium at the radiation qualities used. This is particularly important for calibra-
tions in 137Cs or 60Co y ray beams, for which a buildup cap should be fitted (unless 
the chamber has been specifically designed for such radiation). 

9.3.4. Calibration in a phantom 

This is the method of choice when calibrating a field instrument in terms of 
absorbed dose. However, as discussed in Section 11.3, considerably more care is 
needed to obtain accurate calibrations than when the measurements are carried out 
in air. 

9.3.5. Indirect calibration (see Section 5.3) 

When calibrating the ionization chamber of a dosimeter separately from its 
associated electrometer, care should be taken to ensure that the polarizing potential 
is applied correctly to the wall of the chamber and that it is of the correct magnitude 
and polarity. If the chamber has been submitted for calibration alone, it may be 
necessary to contact the customer (user) in order to ascertain what polarizing poten-
tial is used for that particular chamber; the polarizing potential must always be 
mentioned in the calibration report. 

It may also be necessary to hold the chamber in position with an insulated 
support. This need arises if the metal stem of the chamber is electrically connected 
to the chamber wall, and is at earth potential when connected to its associated electro-
meter (with the collecting electrode at the polarizing potential with respect to earth). 
The stem and chamber wall will therefore be at the polarizing potential if the 
measurement system belonging to the calibration laboratory is designed to work only 
with the collecting electrode at earth potential. In this case the chamber should not 
be handled without first switching off the polarizing potential supply. 

9.3.6. Direct calibration (see Section 5.3) 

The main point to ensure with direct calibration is that the measuring assembly 
is operated in the manner recommended in the instruction manual. For a multirange 
instrument, a dose range should be chosen so that the integrating time is convenient. 
A reading between half and two-thirds of full scale is best. Too short an integrating 
time will give rise to increased scatter of results, while too long an integrating time 
will be unnecessary and time consuming. 
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9.3.7. Chamber orientation 

A chamber intended to measure medium or high energy X radiation is usually 
cylindrical or thimble shaped, and should normally be positioned so that its axis is 
perpendicular to the beam axis. A thin window chamber designed to measure low 
energy X radiation usually has a collecting volume in the shape of a thin disc, and 
its axis is positioned so that it is coaxial with the beam axis. If a chamber is set up 
at calibration in any other than those orientations, this fact should be particularly 
emphasized in the calibration report. 

The response of a well designed cylindrical or thimble chamber in a photon 
beam is usually insensitive to small changes in the orientation of the chamber away 
from its reference position; this applies both to the rotation and tilt of the chamber. 

In contrast, when such a chamber is used with a 90Sr check source, its 
response is often found to depend on its rotational position. It is common practice 
for a mark to be inscribed on the stem of the chamber which should be aligned with 
a corresponding mark on the top or side of the check source. 

9.3.8. Ambient conditions 

The response of an air filled chamber to ionizing radiation depends on the 
density of the air in its collecting volume. Most high quality chambers used in radio-
therapy dosimetry are vented — that is to say, they are designed so that the air in 
the collecting volume is in communication with the ambient air outside the chamber. 
The current from such a chamber will therefore depend on the temperature, pressure 
and humidity of the air. 

It is normal practice for the calibration factor of an ionization chamber to be 
applicable to the stated reference ambient conditions. When measuring X radiation 
or 7 radiation with such a chamber, either during calibration or subsequently, the 
reading (or current) should be corrected by the factor: 

273.2 + t pref 

273.2 + iref p 

where t is the air temperature in °C, iref is the reference temperature in °C,p is the 
ambient air pressure and pKf is the reference air pressure (note that the reciprocal 
of this correction is applied to the time to give the reference reading when using a 
radioactive check source). 

The reference air pressure is universally chosen to be one standard atmosphere 
(1013.2 mbar = 101.3 kPa = 760 mmHg). However, there is some variation in the 
choice of reference temperature. Until about 1940, the reference temperature was 
often taken as 0°C; nowadays it is usually defined to be 20°C, although 22°С is used 
in some countries. 
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The effect of humidity on the response of an ionization chamber is much less 
important. The effect is almost constant for the range of humidity from about 20 to 
80% relative humidity and the response of a chamber is about 0.3% greater than in 
dry air. It is common practice nowadays for the calibration factor to be corrected 
to a reference humidity of 50% relative humidity, and to recommend that the user 
make no correction for ambient humidity when the chamber is subsequently used. 

For measurements in air, the temperature of the air in the chamber is best 
measured by a thermistor attached to the stem of the chamber; alternatively, it may 
be assumed to be equal to the ambient air temperature measured nearby. For 
measurements in a phantom, see Section 11.3.4. 

There are two common mistakes made in applying the correction for baro-
metric pressure. The first is to use a barometer situated at a difference of several 
floors in height from the radiation exposure room; as barometric pressure decreases 
by about 1.2 mbar (0.9 mmHg) for an increase in height of 10 m, this may produce 
a small error in the pressure correction. A greater error may be produced by obtain-
ing the pressure by telephone from the local meteorological office, where barometric 
pressures are always corrected to mean sea level. These mistakes are more likely to 
occur when calibrating at a hospital rather than at an SSDL. 

9.3.9. Reference settings 

The scale of a dosimeter constructed some years ago is likely to be somewhat 
non-linear, and it is important to choose a suitable scale reading at which to calibrate 
the instrument. This is typically either half or two thirds of full scale deflection. In 
modern dosimeters this precaution is less necessary, but it is still good practice. 

For a multirange field instrument, a range should be chosen for calibration 
purposes that will permit a convenient dose (e.g. 1 Gy) to be measured in a 
convenient time (e.g. 1 min). 

On some modern instruments, it is possible to vary the polarizing potential in 
order to derive a correction for ion recombination. When using such an instrument 
it is important to specify clearly the reference value of the polarizing potential, and 
this should be used in calibration. 

Some modern dosimeters have a variety of other controls, such as correcting 
for changes in air density. Such controls should always be set for a zero correction 
when calibrating the instrument. The reference scale reading and the settings of 
range and other controls used during calibration should always be stated in the 
calibration report. 

9.3.10. Stabilization time 

The stabilization time refers to the time taken for the instrument to settle down 
after being subjected to a change, such as switching on, or being moved (particularly 
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the coaxial cable). The most common result is a spurious current, but it can also take 
the form of a temporary change in sensitivity. This applies as much to the ionization 
chamber as to the electrometer. 

Modern designs have reduced these effects, but they can never be eliminated 
completely and so it is always wise to delay making measurements until some time 
after switching on or moving a dosimeter. If suitable times are recommended in the 
manufacturer's instruction manual, these should be followed. 

9.3.11. Pre-calibration dose 

A common effect experienced in ionization chambers is a change in sensitivity 
for the first few readings. This is usually ascribed to the presence of electrons which 
are trapped in the body or on the surface of the insulator, and which change the field 
configuration in the collecting volume. It is a highly variable effect. A series of 
nominally identical chambers can behave differently in this respect. It can also vary 
with ambient humidity. 

These electrons are neutralized or dispersed by the ionizing effect of a photon 
beam and so it is good practice to irradiate a chamber to a suitable dose (say about 
1 Gy) before taking measurements. 

9.3.12. Measurement sequence 

In some electrometers, a measurement can be made only by operating a certain 
sequence of the controls. Whatever is recommended in the manufacturer's instruc-
tion manual should be adopted. Whether or not the method of measurement is 
restricted in this way, the measurement sequence used during calibration should be 
summarized in the calibration report. 

9.3.13. Reference point of a chamber 

When a dosimeter is calibrated, a point must be chosen as the reference point 
of the chamber (Section 4.7.7). The reference point is often specified in the manufac-
turer's instruction manual, and this point should always be used unless the customer 
for whom the calibration is being carried out requests that some other point should 
be taken. 

If no reference point is specified in the instruction manual, it should be chosen 
to be close to the effective centre of the chamber (Section 4.7.9). For calibrations 
and measurements in air, the effective centre of a spherical, cylindrical or thimble 
shaped chamber is close to its geometrical centre, which should be chosen to be the 
reference point. For a disc shaped (plane-parallel) chamber, it is more common 
practice to choose the centre of its front face as the reference point, while for a free 
air chamber it is the centre of the entrance aperture. 
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For calibrations at a depth in a phantom, codes of practice that recommend this 
procedure usually specify that the reference point of a cylindrical or thimble shaped 
chamber should be taken to be its geometrical centre, and the same is recommended 
by those calibration services based on a primary standard of absorbed dose. In princi-
ple, the reference point could be chosen to be one of the effective points of measure-
ment in Table V (Section 11), but the advantage of this point being nearer to the 
effective centre of the chamber must be balanced against the disadvantages of the 
increased risk of a mistake in positioning the chamber, and the increased complexity 
in phantom design. 

If the IAEA Code [4] is followed, a choice of reference point for use in a phan-
tom does not arise because the code recommends that all chamber calibrations should 
be carried out in air. The reference point chosen for the calibrations must always be 
stated in the calibration report. 

9.4. QUALITY CONTROL 

9.4.1. Calibration equipment and its maintenance 

It could be claimed that this entire book is concerned with quality control, in 
other words, how to set up and maintain a laboratory for the calibration of radiation 
dosimeters to a desired accuracy. Section 6 describes the irradiation and measure-
ment equipment needed, and Section 7 discusses the checks that should be made on 
that equipment before it is used. Section 8 describes how the calibration equipment 
should be maintained and, in particular, Section 8.2 recommends the setting up of 
a series of checks of its self-consistency. 

9.4.2. Quality control in calibration procedures 

In contrast with previous sections, which put forward recommendations for 
work to be carried out before calibrations are begun, this section is concerned with 
the actual dosimeters submitted for calibration to an SSDL. Section 9.1 describes the 
preliminary tests that should be carried out on dosimeters to ensure that their perfor-
mance is satisfactory before calibrating them. Section 9.2 describes more detailed 
tests to check the performance of the dosimeters under conditions that are broader 
than those used at the actual calibrations in X ray or y ray beams. Section 9.3 
discusses some of the precautions and corrections that should be adopted during 
calibration, in particular for the alternative calibration procedures discussed earlier 
in Section 5. 
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It is good practice to build some self-consistency checks into the calibration 
procedure. These might include the following: 

(a) Have each set-up arrangement checked by a second person; 
(b) Check leakage current and zero drift; 
(c) During the measurement procedure, confirm that: 

— No trend of readings in one direction is found. 
— The repeatability of successive readings is within expected limits. 
— The standard/monitor current ratios have the expected values. 

Remove the chamber, set it up again and recalibrate. Confirm that the repeatability 
of the repeated calibrations is within the expected limits. When direct and indirect 
calibrations have been carried out at any energy (see Section 5.3), confirm that they 
agree within the expected limits for this procedure. 

For a dosimeter that has been calibrated on some previous occasion, confirm 
that the calibration factors agree within the expected limits of long term stability for 
that type of instrument. Carry out at least two stability check source measurements, 
as suggested in Section 9.2.4. 

9.4.3. Mistakes 

Mistakes in calculations can be checked by an independent repetition of the 
calculations. Their detection is helped by recording all steps in the calculation, for 
example by recording the ambient temperature and pressure, and the resulting 
correction factor, as well as the corrected dosimeter reading. 

Mistakes in recording or copying figures from instrument readings can be 
detected from the inconsistency of successive readings. However, if 'mistakes' are 
found to occur frequently, a malfunctioning instrument should be suspected; this 
should be investigated by taking more measurements employing extra vigilance. The 
only way to detect mistakes in setting up ionization chambers in the beam is to 
remove the chamber, set it up again and recalibrate, as suggested in Section 9.4.2. 

When several similar dosimeters are received for calibration at the same time, 
it is easy to mix them up. This can be prevented by the use of self-adhesive labels 
marked with unique reference numbers (e.g. the same as those of the calibration 
reports). As soon as possible after an instrument is received at the SSDL, these labels 
should be affixed to all parts of the dosimeter that can be separated. These include 
the measuring assembly, the chamber assembly (at the end of the cable), the stability 
check source, the thermometer and carrying cases; extra vigilance should be exer-
cised when using those components that cannot be so labelled, such as buildup caps 
(which could be lightly marked in pencil). 
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9.4.4. Quality assurance manuals 

Written instructions should be prepared for the various tasks to be carried out 
in the calibration procedures. It is more important not to omit any of the tasks than 
to describe them ip great detail; the reason is that slight differences in technique have 
to be adopted when calibrating different instruments and also because improvements 
in technique can be made without necessitating frequent rewrites of the instructions. 
Nevertheless, the instructions must be amended and kept up to date with all signifi-
cant changes to the procedure. 

These instructions can only describe routine procedures and those problems 
that occur most frequently. They must therefore emphasize the importance of alert-
ness in detecting unexpected experimental problems that cannot be foreseen. 

9.4.5. Other documentation 

Other documentation can assist in the quality control of calibrations. For exam-
ple, a pre-printed worksheet makes the recording of calibration data much quicker 
and easier, and ensures that important measurements are not forgotten. 

It is useful to have a special book in which brief details of dosimeters are 
entered when they arrive at an SSDL, and the dates when they are despatched or 
collected after calibration. 

9.5. CALIBRATION REPORT 

9.5.1. Information in a calibration report 

The most important information in a calibration report is a list of calibration 
factors. However, more information is necessary because the calibration factors 
apply only to the instrument for which they are determined, and only for the stated 
irradiation and ambient conditions. The amount of information given will depend on 
the importance of the instrument being calibrated. A high quality dosimeter intended 
to serve as a local reference instrument in a large radiotherapy department should 
be provided with a comprehensive calibration report. On the other hand, a field 
instrument used only for daily output checks could be given a fairly simple report. 
And a single sheet would probably suffice for a rate meter with a Geiger tube as a 
detector. 

The following list of items is intended to be an aide-mémoire. No report would 
be expected to include all the items. Nevertheless, each item has been either included 
in a calibration report issued by a primary standardizing laboratory, or recommended 
in one or more national or international standards. The final decision can only be 
made by the SSDL, knowing the instrument being calibrated and the type of work 
it will be expected to perform. The numbers in parentheses after some items refer 
to the sections in this manual where the item is explained or discussed. 
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• Calibration laboratory 

— Name and address 

• Report number (on every page) 

• Report date 
• Customer (user) 

— Name and address 

• Instrument identification 
— Manufacturer 
— Types and serial numbers of: 

(a) Chamber(s) 
(b) Electrometer 
(c) Check source(s) 

— Other components used 

• Tables of calibration factors 
— HVLs or y ray sources 
— Calibration factors, stating 

quantities and units (3.7) 

• Other calibration data 
— Reference values of temperature, 

pressure and humidity (9.3.8) 
— Ion recombination (9.2.5) 
— Reference point of a chamber 

(9.3.13) 
— Temperature, pressure and 

humidity during calibration 

• Instrument operation 
— Reference settings (9.3.9) 

(a) Range 
(b) Scale reading 
(c) Position of switches 
(d) Polarizing potential 

— Stabilization time (9.3.10) 
— Pre-calibration dose (9.3.11) 
— Measurement sequence (9.3.12) 

• Comparison procedure 
— Chambers in air 

(a) Buildup cap (9.3.3) 
(b) Chamber orientation (9.3.7) 

— Chambers in a phantom 

(a) Waterproof sheath (11.3.4) 
(b) Depth in phantom (11.2.4) 
(c) Size of phantom 
(d) Phantom material (11.3.1) 

— Substitution or tip to tip (5.1) 

• Check source data (9.2.4) 
— Reference settings 

(a) Range 
(b) Scale reading 
(c) Position of switches 

— Measurement sequence 
— Check source time 
— Reference date 
— Reference values of temperature, 

pressure and humidity 
— Expected rate of decay 

• Pre-calibration tests 
— Zero drift (9.1) 
— Charge leakage (9.1) 
— Post-irradiation leakage (9.1) 
— Charge calibration (9.2.1) 
— Range change factors (9.2.2) 
— Scale linearity (9.2.3) 
— Ion recombination (9.2.5) 
— Polarity effect (9.2.6) 
— Chamber air vent test (9.2.7) 

• Significant dates 
— Date instrument received 
— Date calibrations completed 
— Date instrument despatched 

• Information about beams 
— X ray generators and tubes (6.1.1) 
— Generating potentials 
— Filters (6.1.4) 
— y ray beam units 
— y ray sources and energies 
— Half-value layer (7.8) 
— Field sizes 
— Source distances 
— Kerma or dose rates 
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• Standard dosimeters used 
— Manufacturers 
— Type and serial numbers 
— Traceability of calibration 

• Uncertainty estimates 
— Calibration factors 
— Check source reading 

• Miscellaneous information 
— Recommendation for recalibration 

— Names of calibrators 
— Signature of responsible person 
— Calibration curve 
— Graph of check source times 
— Conversions to other quantities 

• Layout of report 
— Page numbers, 

such as 'Page 3 of 8' 
— List of contents 

9.5.2. Information on a summary sheet 

There is a problem in presenting a user with a calibration report containing a 
great deal of information and extending to several pages. The person who has to use 
the dosimeter for routine calibrations may have difficulties in finding the information 
that he or she really needs, i.e. the calibration factors and the X ray qualities to which 
they apply. Moreover, a calibration report is too valuable to be used on a day to day 
basis — it should be kept in a safe place. It is usually left to the user to copy the 
table of calibration factors, but a calibration laboratory can help by providing a 
separate summary sheet containing only the basic essential information. This might 
usefully be enclosed between two transparent plastic sheets. The following list of 
information for such a summary sheet is put forward as a suggestion: 

• Name of user 

• Type and serial number of 

— Ionization chamber 

— Electrometer 

• Table or graph of calibration factors 

• Calibration in air or in a phantom 

• Reference point of chamber 

• Reference values of 

— Temperature 
— Pressure 
— Humidity 
— Ion recombination 

• Check source 

— Serial number 
— Graph or table of times for 

three years 

• Name of calibration laboratory 

• Report number 

• Date 

• A statement that further information 
about calibration factors and the use 
of instruments is given in Report 
Number..., Date .... 
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9.6. USE OF COMPUTERS IN SSDLs 

Computers can perform many useful functions in a calibration laboratory. 
These can be grouped in several categories and introduced into laboratory proce-
dures in corresponding stages. 

As a word processor. A computer can store the text of all important documents, 
such as control manuals, and so simplify their revision. Calibration data and records 
of quality assurance tests on laboratory equipment can be stored for ready access. 
A standard format for a calibration report can be prepared, which needs only to have 
inserted the details of the dosimeter and its calibration factors. Modern word 
processing programs are so well tested, flexible, and user-friendly that any SSDL 
that has not yet installed such a facility would be well advised to do so. 

As a calculator. A computer can be programmed to prompt the operator for 
data that must be entered before it will move on to the next stage of the computation. 
The program can calculate ratios, averages and simple statistics, and can derive final 
results and enter them at the appropriate place in the calibration report. With 
graphics facilities, it can also print graphs of data. 

As an operator. With the addition of special interfaces, a computer can be 
programmed to operate electrometers and X ray or y ray radiation sources, time 
exposures, carry out leakage tests, etc. With suitable programs it can also detect 
unsatisfactory or unexpected results and display or print a suitable warning, while 
carrying out its function as a calculator. With suitable hardware, the computer can 
position the dosimeter, adjust the field size, turn the radiation source on and off and 
then carry out the testing, calculation and word processing required. Such automa-
tion is expensive, the complex software requires considerable skill in programming 
and it is only justified for laboratories that carry out a large number of calibrations. 

Modern computers are inherently very reliable, but there is a slight chance of 
a failure of the computer memory. For this reason, it is essential to make backup 
copies of all programs and data files on disk, and to keep the backup files regularly 
updated, including the dates of the changes. 

10. UNCERTAINTY OF THE CALIBRATION FACTOR 

10.1. INTRODUCTION 

The method used in this report for estimating the uncertainty pertaining to the 
result of a measurement is that outlined in BIPM Recommendation INC-1 [24], 
approved by the Comité international des poids et mesures (CIPM) in 1981. The task 
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FIG. 5. Schematic representation of some basic concepts related to measurement uncertain-
ties ((a) an ideal situation; (b) a practical situation). 

of developing a detailed guide based on this unified approach was transferred in 1986 
to the ISO. This resulted in the issue in 1993 of the ISO document entitled: 'Guide 
to the Expression of Uncertainty in Measurement' [20], which should be consulted 
for further details. Those interested in an elementary presentation of the new 
approach can find a summary in Appendix A of Technical Reports Series 
No. 277 [4]. 

10.2. GENERAL CONSIDERATIONS ON ERRORS AND UNCERTAINTIES 

Contrary to earlier practice, when the terms 'error ' and 'uncertainty' were 
used interchangeably, the modern approach, initiated by the CIPM, distinguishes 
between these two concepts. This can probably best be seen from a schematic 
representation (Fig. 5). It may be useful to distinguish between an ideal and a practi-
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cal situation. Note that the concepts ' true value' and 'error ' no longer appear in the 
practical evaluation. 

According to present definitions, an error is the difference between a measured 
value and the ' true' value. Thus, an error has both a numerical value and a sign. In 
contrast, the uncertainty associated with a measurement is a parameter that charac-
terizes the dispersion of the values " that could reasonably be attributed to the 
measurand" [20]. This parameter is normally an estimated standard deviation. An 
uncertainty, therefore, has no known sign and is usually assumed to be symmetrical. 
It is a measure of our lack of exact knowledge, after all recognized 'systematic' 
effects have been eliminated by applying appropriate corrections. 

If errors were known exactly, the true value could be determined and there 
would be no problem. In reality, errors are estimated in the best possible way and 
corrections are made for them. Therefore, after application of all known corrections, 
errors do not need any further consideration (their expectation value being zero) and 
the only quantities of interest are uncertainties. 

The estimation of an uncertainty may be carried out by some known statistical 
method (Type A) or otherwise (Type B). This distinction is mainly of pedagogical 
relevance and can be dropped once the numerical values for the uncertainties have 
been chosen. 

In the traditional categorization it was usual to distinguish between 'random' 
and 'systematic' contributions. However, one should realize that this classification 
depends on how an uncertainty is used in a given physical context. It may occasion-
ally still be quite useful, but one must not think that such a classification requires 
different propagation laws (see Section 10.6). 

10.3. TYPE A STANDARD UNCERTAINTIES 

In a series of n measurements, with observed values xh the best estimate of 
the quantity x is usually given by the arithmetic mean value 

The scatter of the measured values around their mean x can be characterized, 
for an individual result x¡, by the standard deviation 

(10.1) 

(10.2) 
i=i 
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and the quantity s2(x¡) is called the empirical variance of a single measurement, 
based on a sample of size n. 

We are often interested in the standard deviation of the mean value, written 
as s(x), for which the general relation 

s(x) = 4 = s(x,) (10.3) 
\n 

applies. An alternative way to estimate s(x) would be based on the outcome of 
several groups of measurements. If they are all of the same size, the formulas given 
above can still be used, provided that x¡ is now taken as the mean of group i and x 
is the overall mean (or mean of the means) of the n groups. For groups of different 
size, 'statistical weights' would have to be used. This second approach may often 
be preferable, but it usually requires a larger number of measurements. A discussion 
of how much the two results of î ( ï ) may differ from each other is beyond this 
elementary presentation. 

The standard uncertainty of Type A, denoted here by uA, will be identified 
with the standard deviation of the mean value, i.e. 

uA = s(x) (10.4) 

Obviously, an empirical determination of an uncertainty cannot be expected to 
give its ' true' value; it is by necessity only an estimate. This is so for both Type A 
and Type В uncertainties. It will be noted from Eq. (10.3) that a Type A uncertainty 
on the measurement of a quantity can, in principle, always be reduced by increasing 
the number n of individual readings. If several measurement techniques are avail-
able, the preference will go to the one which gives the least scatter of the results, 
i.e. which has the smallest standard deviation s(x¡), but in practice the possibilities 
for reduction are often limited. One example is the measurement of a background 
radiation which varies over the time intervals of interest. Another is when a very low 
dose rate produces ionization currents that are of the same order as the leakage 
currents, which may also be variable. In order to arrive at an acceptable uncertainty 
of the result, it is then necessary to take many more readings than would normally 
be needed in a typical X ray or у ray beam. 

In the past, uncertainties owing to random effects have often been evaluated 
in the form of confidence limits, commonly at the 95% confidence level. This 
approach is not used in the CIPM scheme presented here because there is no statisti-
cal basis for combining confidence limits. The theory of the propagation of uncer-
tainties requires combination in terms of variances. 

The Type A standard uncertainty is obtained at the SSDL by the usual statisti-
cal analysis of repeated measurements. It is not expected that a Type A standard 
uncertainty will be determined individually for each instrument calibrated at the 
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SSDL, but rather that representative values will be obtained from a number of typical 
calibrations. It is normally found that the reproducibility of each model of dosimeter 
is essentially the same f rom one instrument to the next. Thus, if the Type A standard 
uncertainty of an air kerma rate measurement is determined for one kind of 
dosimeter, the same value can generally be used for other instruments of that same 
model, measured under the same conditions. 

10.4. TYPE В STANDARD UNCERTAINTIES 

There are many sources of measurement uncertainty that cannot be estimated 
by repeated measurements. They are called Type В uncertainties. These include not 
only unknown, although suspected, influences on the measurement process, but also 
little known effects of influence quantities (pressure, temperature, etc.), application 
of correction factors or physical data taken from the literature, etc. 

In the CIPM method of characterizing uncertainties, Type В uncertainties must 
be estimated so that they correspond to standard deviations; they are called Type В 
standard uncertainties. Some experimenters claim that they can estimate directly this 
type of uncertainty, while others prefer to use, as an intermediate step, some type 
of limit. It is often helpful to assume that these uncertainties have a probability distri-
bution which corresponds to some easily recognizable shape. Perhaps the most com-
mon assumption is that Type В uncertainties have a distribution that is approximately 
Gaussian (normal). On this assumption, the Type В standard uncertainty can be 
derived by first estimating some limits ± L and then dividing that limit by a suitable 
number. 

If , for example, the experimenter is 'fairly sure' of the limit L, it can be 
considered to correspond approximately to a 95% confidence limit, whereas if the 
experimenter is 'almost certain', it may be taken to correspond approximately to a 
99% confidence limit. Thus, the Type В standard uncertainty к в can be obtained 
from the equation 

«в = v (10.5) 
к 

where к = 2 if the experimenter is fairly certain and к = 3 if he or she is quite certain 
of his or her estimated limits ± L . These relations correspond to the properties of 
a Gaussian distribution and it is usually not worthwhile to apply divisors other than 
2 or 3 because of the approximate nature of the estimation. 

It is sometimes assumed (see Fig. 6) — mainly for the sake of simplicity — 
that Type В uncertainties can be described by a rectangular probability density, i.e. 
that they have equal probability anywhere within the given maximum limits - M and 
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FIG. 6. The two simple probability density Junctions, Rf(X) and Tf(x), with a rectangular or 
triangular shape, may be useful models for unknown distributions. 

+ M . It can be shown that with this assumption, the Type В standard uncertainty и в 

is given by 

Alternatively, if the assumed distribution is triangular (with the same limits), 
we are led to the relation 

There are thus no rigid rules for estimating Type В standard uncertainties. The 
experimenter should use his or her best knowledge and experience and, whichever 
method is applied, provide estimates that can be used as if they were standard devia-
tions. There is hardly ever any meaning in estimating Type В uncertainties to more 
than one significant figure, and certainly never to more than two. 

10.5. COMBINED AND EXPANDED UNCERTAINTIES 

Because Type A and Type В uncertainties are both estimated standard devia-
tions, they are combined using the statistical rules for combining variances (which 
are squares of standard deviations). If кА and и в are the Type A and Type В stan-

M 
(10.6a) 

M 
(10.6b) 
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dard uncertainties of a quantity, respectively, the combined standard uncertainty of 
that quantity is 

The combined standard uncertainty thus still has the character of a standard 
deviation. If, in addition, it is believed to have a Gaussian probability density, then 
the standard deviation corresponds to a confidence limit of about 66%. Therefore, 
it is often felt desirable to multiply the combined standard uncertainty by a suitable 
factor, called the coverage factor, k, to yield an expanded uncertainty. Suitable 
values of the coverage factor would again be к = 2 or 3, corresponding to confidence 
limits of about 95 or 99%. The approximate nature of uncertainty estimates, in 
particular for Type B, makes it doubtful that more than one significant figure is ever 
justified in choosing the coverage factor. In any case, the numerical value taken for 
the coverage factor should be clearly indicated. The expanded uncertainty is also 
known under the name 'overall uncertainty'. 

10.6. PROPAGATION OF UNCERTAINTIES 

The expression 'propagation of errors' was part of the statistical terminology 
before it became customary to distinguish between errors and uncertainties, and it 
is still occasionally used. In order to be consistent with the present terminology, it 
is preferable to talk about the propagation of uncertainties in what follows. 

Consider first a practical example. The calibration factor determined by a 
given SSDL is not only based on various measurements performed at the laboratory, 
but also on correction factors and physical constants, as well as on a beam calibration 
traceable to a PSDL, the IAEA and, ultimately, to the BIPM. All these numerical 
values contain uncertainties and they combine to give a final uncertainty in the 
calibration factor. This situation can be represented in more general terms by consid-
ering a variable у which is a func t ion /o f a number of variables a, b, c,... This can 
be written in the form 

It is assumed that all known corrections have already been applied to the varia-
bles and that the remaining uncertainties are small. For a given set of known devia-
tions Дa, Ab, Ac,..., one would expect that the quantity у becomes у + Ду, with: 

«С = («A + "в) (10.7) 

у = f{a, b, с,...) (10.8) 

(10.9) 

where terms of higher order in the series expansion are neglected. 
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Unfortunately, this relation is of little practical use since none of the deviations 
is actually known; if they were, they would have already been taken into account by 
a corresponding correction. In addition, the signs of the various possible deviations 
are not known and, for reasons of symmetry, their values can even be expected to 
be zero on average. Hence, Eq. (10.9) as it stands is only of formal interest. If we 
want to arrive at something that is related to more useful quantities, we must try to 
form quantities like 'averaged squares'. By squaring the previous relation we find: 

(4i)2 3 (*»)'. + -+2 ï »+ - 0010) 

again restricting ourselves to the lowest non-vanishing order. An important step 
towards such quantities is made by the following identifications with expectation 
values: 

£{(Да) 2 } = a\a), E{(Ab)2} = a\b), etc. (10.11) 

where a2(a) stands for the variance of a , etc. Similarly, the expected product of two 
deviations, for instance for a and b, i.e. 

E{AaAb} = a(a,b) (10.12a) 

is identified with the covariance of the quantities a and b, and similarly for other 
variables. 

This is a useful procedure because it allows us to interpret our vaguely defined 
'deviations' by means of well known statistical quantities. It is true that, in practice, 
we do not have access to the expectation values, as the samples we deal with are 
always of finite size. However, even for a limited number, m, of measurements of 
a quantity a, with the results a¡, a2, ..., am, we can obtain a valid approximation 
to the variance ô2(a) by forming 

= ^ г т [ l > 2 - i Ы 1 <10-12b> 

and similarly for the covariance of a and b: 

i ч i 

with all sums extending from 1 to w. 
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With these conventions adopted, Eq. (10.10) leads us to the required propaga-
tion law of uncertainties, namely: 

U(y) s 
а Л 2 . . 2 , , ^ / э / Y 2 , . ч ^ ( b f \ \ г < Ьа) U {a) + Ktb)U {b) + \tc)U {C) 

df df 
+ ... + 2 — — u(a,b) + ... 

da db 
(10.13) 

where, for simplicity, we have made the identifications a(a) — s(a) ~ u(a), etc. 
This equation provides the general relation looked for as it tells us how, for 

a known functional dependence y = f(a, b, c , . . . ) , the individual uncertainties u(a), 
u(b),..., of the quantities a, b,..., are combined to evaluate the uncertainty u(y) of 
the required quantity y. The only other quantities appearing in Eq. (10.13), apart 
from the partial derivatives, are the covariances, such as u(a,b). 

It is sometimes more practical to use correlation coefficients instead of covari-
ances. For the variables a and b, this quantity is defined by 

o(a,b) u(a,b) 
p(a,b) = s (10.14) 

o(a) o{b) u(a) u(b) 

Correlation coefficients have the advantage of being dimensionless and being neces-
sarily between — 1 and + 1 . 

If two variables are strongly correlated (positively or negatively, i.e. in the 
same or in opposite directions), |p| is close to unity, and in such a situation its effect 
on the propagation law cannot be neglected. In many practical cases, however, the 
influence quantities a , b,... are essentially independent of each other. Then p = 0 
and the propagation law takes the simple form 

u(y) = Н^Ум2(а) + (УУ u\b) + (~)2u\c) + . . . I 1 ' 2 (10.15) 
da J \db J \dc 

which is valid for the independent variables a, b, c,... . 
Two special cases should be mentioned in particular, since they are of great 

practical importance and cover most of the usual situations. 
If the functional dependence is linear, i.e. for sums (or differences), we have: 

y = Aa + Bb + Cc + . . . (10.16) 
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where the coefficients А, В, C,. . . are constants. Since the partial derivatives are 
simply: 

The uncertainty on y is 

u(y) = {A2u\a) + B2u2(b) + C2u2(c) + ...}'A. (10.17) 

Thus, if independent variables are added (or subtracted), the variances also add. In 
other words, the uncertainty of the sum is obtained by adding in quadrature the 
'weighted' uncertainties of the independent variables, where the 'weights' are the 
squares of the coefficients A, B, . . . ('adding in quadrature' means taking the square 
root of the sum of the squares). 

The other special case concerns a product (or ratio) of independent variables. 
The functional dependence then is 

where the exponents a , /3, y,--- are constants. In this case, we obtain from 
Eq. (10.15) the following expression for the relative uncertainty on y: 

r(a) — и(а)/|а| 

is the relative uncertainty of a, etc. 
Thus, for a product (or ratio) of independent variables, the relative weighted 

variances add, where the weights are the squares of the exponents a, (3,... 
A very common case is that of a ratio у = a/b, where the quantities a and b 

contain measurements and correction factors. From Equation (10.19), the relative 
variance on у is equal to the quadratic sum of the relative uncertainties on a and b. 

The foregoing discussion applies to Type A, Type В and combined standard 
uncertainties, all of which are estimated so as to correspond to standard deviations. 
The rules for the propagation of uncertainty also apply to expanded uncertainties, 
provided that the same coverage factor к has been used. The uncertainty on published 
data is generally in terms of an expanded uncertainty, or some equivalent terminol-

y oc a
a b f i c y . . . (10.18) 

r(y) = {a2r2(a) + &2r2(b) + y2r2(c) + ...} (10.19) 

where 
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ogy. This must then be converted into a standard deviation before using it to calculate 
an uncertainty. If no coverage factor is stated, it may be assumed to have the value 
к = 2. Both Type A and Type В standard uncertainties should be tabulated 
separately. This will make a possible later change easier to carry out. 

10.7. EXAMPLE OF AN SSDL UNCERTAINTY CALCULATION 

It is not expected that an uncertainty calculation will be carried out for each 
instrument calibrated, but rather that representative calculations will be performed 
for typical calibration procedures. In order to clarify the recommended method of 
uncertainty estimation, an example is given in Table IV for a hypothetical SSDL. 

The numbers used are intended to be realistic, but are not to be taken as 
authoritative, nor as a substitute for each SSDL making its own careful uncertainty 
estimate. The general assumptions in the model used are the following: 

(a) Calibrations at the PSDL and the SSDL are performed in air using ^ C o у ray 
beams; 

(b) The secondary standard calibrated at the PSDL is a reference class instrument, 
with ionization chamber and associated readout unit; 

(c) The instrument calibrated at the SSDL is a field class instrument, with ioniza-
tion chamber and associated readout unit; 

(d) The PSDL supplies information on the calibration uncertainty in the form 
recommended here. 

Specific additional assumptions used in the model are found in the notes to 
Table IV. In the table, the Type A uncertainties give in parentheses the number of 
measurements in order to allow others to understand and evaluate the uncertainty 
statement. The numbers in the table are given to the nearest 0.1%. All estimates that 
are less then 0.06% are entered as 0.0%. 

The table includes all factors known to be relevant, including those for which 
the contribution to the uncertainty is believed to be negligible. Including a factor with 
negligible uncertainty demonstrates that the factor has not been overlooked, and may 
be of assistance to others who believe that the factor is significant, or who wish to 
apply this type of analysis to a different situation. 

With one exception, the factors listed are multiplicative and the relative uncer-
tainties are combined in quadrature as in Eq. (10.19). The exception is leakage 
current, which is additive and would be calculated as in Eq. (10.17); leakage is 
ordinarily so small that it does not influence the final uncertainty, and is not worth 
a separate calculation. 

In the table, factors that contribute to the uncertainty are given in three 
categories: factors influencing (a) only the secondary standard instrument, (b) only 
the instrument calibrated, and (c) both instruments. 
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TABLE TV. UNCERTAINTY ANALYSIS FOR AN SSDL CALIBRATION 

А В 
(%) (%) 

1. Factors influencing only the secondary standard: 
1.1. Scale reading 0.3(5) 0.1 
1.2. Recombination loss 0.0 
1.3. Leakage 0.0 
1.4. Radiation background 0.0 
1.5. Energy dependence 0.1 

2. Factors influencing only the instrument calibrated: 
2.1. Scale reading 0.5(4) 0.0 
2.2. Recombination loss 0.1 
2.3. Leakage 0.2 
2.4. Radiation background 0.0 

3. Factors influencing both instruments: 
3.1. Distance 0.3 
3.2. Timer shutter 0.2 
3.3. Air density 0.2 
3.4. Field inhomogeneity 0.1 
3.5. Humidity 0.0 

Quadratic sum 0.6 0.5 

Combined standard uncertainty 0.8 
Expanded uncertainty (k = 2) 1.6 
Expanded uncertainty rounded 2 

Expanded uncertainty, stated by PSDL (k = 3) 1.5 
Combined standard uncertainty, PSDL (expanded -*-3) 0.5 

Combined standard uncertainty, PSDL + SSDL 0.9 
Expanded uncertainty (k = 2) 1.8 
Expanded uncertainty, rounded 2 

Notes: 
— The columns labelled A and В refer to the estimates described in the text as Type A and 

Type В standard uncertainties. The numbers in parentheses in column A are the number 
of successive readings. 

— The uncertainty estimates are at the level of one standard deviation of the mean, in per 
cent. 

— The PSDL used the coverage factor к = 3 to convert combined standard uncertainty to 
expanded uncertainty. 

— Uncertainties have been rounded upward. 

— 1.1. The standard deviation of a single reading is 0.7%. Type В refers to non-linearity 
and range change uncertainties, which are very small on a reference class instru-
ment. It is assumed here that the PSDL has measured both and reported them in the 
calibration certificate. If the PSDL has not determined these two effects, the uncer-
tainty will be somewhat larger. 
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1.2. The PSDL either corrected to zero ion recombination loss, or supplied the air kerma 
rate at which the calibration was performed. It is assumed that in either case the 
SSDL determined the recombination loss for the SSDL calibration beam. For a 
secondary standard instrument, the correction will be small even in a therapy level 
^Co beam, and the uncertainty is considered to be negligible. 

1.3. For a secondary standard instrument, leakage (including radiation induced leakage) 
is negligible, with negligible uncertainty. 

1.4. The small volume of the secondary standard chamber does not detect an ambient 
radiation background, which is assumed to be negligible, with negligible 
uncertainty. 

1.5. If the PSDL and the SSDL beams are exactly the same, there is no energy depen-
dence correction. If they differ, the energy dependence of the secondary standard 
must be taken into account. Since no two radiation beams êVen 60Co beams — 
are exactly alike, a small uncertainty is assumed here. The uncertainty would be 
larger if one or both were X ray beams. 

2.1. The standard deviation of a single reading is 0.9%. There is no Type В uncertainty 
for range changing and non-linearity because the calibration factor applies to a stated 
scale and scale reading. 

2.2. It is assumed that ion recombination loss is determined at the SSDL for the field 
instrument. Presumably it will be somewhat larger than for the secondary standard 
instrument, but it will still be a small correction, and the uncertainty will be still 
smaller. The stated uncertainty assumes that the calibration factor is corrected to 
zero ion recombination loss. If the SSDL does not correct for ion recombination, 
and instead the calibration certificate gives the calibration air kerma rate, the Type В 
standard uncertainty here would be indicated as NA, or 'not applicable'. 

2.3. Radiation induced leakage is sometimes observed in field instruments. However, it 
is unlikely that it will be investigated sufficiently to be reported as a Type A 
uncertainty. 

2.4. The field instrument chamber is larger in volume than the secondary standard 
chamber, but it is also too small to register the ambient radiation background, which 
is assumed to be negligible, with negligible uncertainty. 

3.1. The two instruments are used at the same source-chamber distance, about 750 mm, 
but its exact value does not enter the uncertainty calculation. It is assumed that the 
difference between the positions of the chamber centres could be as much as 1 mm. 
The per cent uncertainty must be doubled owing to the inverse square law. 

3.2. It does not matter for the uncertainty calculation if the timer is running fast or slow. 
Timing fluctuations are included in 1.1 and 2.1, column A. It is assumed that correc-
tions have been made for the shutter motion at the start and the end of an irradiation. 
Nevertheless, the shutter timing is not considered reliable to better than about 0.3 s. 
The irradiation times are about 150 s. 

3.3. The exact temperature and pressure do not enter the uncertainty calculation. It is 
estimated that the temperature and pressure might differ between the measurement 
of the two chambers by 0.4°C and 0.2 kPa, respectivley. The temperature and 
pressure uncertainties are combined in quadrature. 

3.4. Lateral displacement of the two chambers and their different sizes can give rise to 
a small difference in response owing to field non-uniformity. 

3.5. No humidity correction is applied to either chamber at the SSDL. Assuming that the 
humidity is not high enough to cause leakage, the influence on the ratio of the 
responses of the two chambers would be negligible, with negligible uncertainty. 
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10.8. EXAMPLE OF AN SSDL UNCERTAINTY STATEMENT 

The uncertainty analysis by an SSDL does not need to be in exactly the form 
of Table IV, provided all essential information is included. The notes at the end of 
Table IV are intended to help the reader of this manual understand the uncertainty 
statement. The notes at the end of an SSDL uncertainty statement will not be the 
same as the notes given here, but should be specific to the SSDL and the calibrated 
instrument. 

The SSDL should carry out an uncertainty analysis for each type of instrument 
calibrated. These uncertainty analyses should be available on request by the owner 
of a calibrated instrument, the Secretariat of the SSDL Network and the PSDL with 
which the SSDL maintains a relationship. The form of the analysis is the same for 
calibration of a tertiary standard as for a field instrument. A full uncertainty analysis 
should be provided with each tertiary standard calibration, but may be too detailed 
to be of interest for users of field instruments. 

For field instruments, it will generally be adequate to summarize the uncer-
tainty analysis in a short statement. Using Table IV as an example, the uncertainty 
statement might be somewhat as follows: 

'The expanded uncertainty of the calibration factor is 1.8%, with к = 2. This 
includes the uncertainty in the calibration of the secondary standard at the 
PSDL.' 

Alternatively, it may be desired to quote only the uncertainty associated with the 
SSDL calibration, in which case the statement might be as simple as the following: 

'The expanded uncertainty of the calibration factor is 1.6%, with к = 2. This 
does not include the uncertainty in the calibration of the secondary standard 
at the PSDL.' 

It can be argued that uncertainty estimation is inherently approximate and giving a 
single final number in per cent to two significant figures is not justified. If the 
expanded uncertainty is to be rounded, it should be rounded to the nearest half-
integer or integer. If there is any question about the rounding, it should be rounded 
upward. The statement might take the following form: 

'The expanded uncertainty of the calibration factor is approximately 2%, for 
к = 2. This includes the uncertainty in the calibration of the secondary 
standard at the PSDL.' 

Whatever form the uncertainty statement takes, it is essential that the SSDL should 
be able to back it up with a full analysis, giving all details necessary to evaluate and 
understand the statement. 
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11. MEASUREMENT OF ABSORBED DOSE 

11.1. SYSTEMS OF DISSEMINATION 

If the primary standard to which the dosimetry is traceable measures air kerma, 
then at some stage in the train of measurements a calibration of air kerma has to be 
converted into a calibration of absorbed dose to water. This conversion is unneces-
sary if the primary standard measures absorbed dose directly. The three systems of 
dissemination are: 

System I 

Conversion to absorbed dose 
by the field instrument 

The primary standard is 
an ionization chamber 
measuring air kerma in air. 

This is used to calibrate a 
secondary standard in air 
kerma, with the chambers 
in air. 

The secondary standard 
calibrates a field instrument 
in air kerma, with the 
chambers in air. 

The air kerma calibration of 
the field instrument is 
converted into absorbed dose 
to water, with the chamber 
in a water phantom. 

System П 

Conversion to absorbed dose 
by the secondary standard 

The primary standard is an 
ionization chamber 
measuring air kerma' in air. 

This is used to calibrate a 
secondary standard in air 
kerma, with the chambers 
in air. 

The air kerma calibration of 
the secondary standard is 
converted into absorbed dose 
to water, with the chamber 
in a water phantom. 

The secondary standard 
calibrates a field instrument 
in absorbed dose to water, 
with the chambers in a 
phantom. 

System Ш 

Primary standard of 
the absorbed dose 

The primary standard is a 
device (usually a calorimeter) 
measuring absorbed dose in a 
phantom. 

This is used to calibrate a 
secondary standard chamber 
in a phantom, in terms of 
absorbed dose to water. 

The secondary standard 
calibrates a field instrument 
in absorbed dose to water, 
with the chambers in a 
phantom. 

Notes: 

— The secondary standard is the same in all three systems, as is also the end product — 
a field instrument calibrated in absorbed dose to water with the chamber in a water 
phantom. 

— Calibration of a secondary standard always takes place at a primary standardizing 
laboratory. 

— Calibration of a field instrument by comparison with a secondary standard can be 
carried out either at an SSDL or in the user's beams (see Section 5.4). 
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— In principle, other systems can be devised, but the three systems just described may be 
regarded as being representative. 

— In practice, the systems used sometimes involve more stages of calibration than those 
described; these may be air kerma calibrations by comparison in air, or absorbed dose 
calibrations фу comparison in a phantom. 

— Whatever system is used, once a conversion is made from air kerma to absorbed dose, 
subsequent calibrations should be in terms of absorbed dose by comparison in a 
phantom. 

— The choice of system will depend on different circumstances and demands, as discussed 
in Sections 5 and 11.2. 

11.2. CODES OF PRACTICE 

The purpose of codes of practice, or protocols, is to provide guidance and data 
in order to improve the uniformity of radiation dosimetry. When a primary standard 
measures absorbed dose, any related codes of practice can be fairly simple as they 
need to concern themselves only with the techniques of intercomparing chambers and 
how measurements should be made in a phantom. In contrast, when the primary 
standard measures air kerma, related codes of practice must also provide formulas 
and data from which the conversions from air kerma to absorbed dose can be 
achieved. 

11.2.1. Conversion from air kerma into absorbed dose to water 

For 60Co 7 radiation and high energy X radiation, dosimetry codes of practice 
provide data to permit a calibration in air of an ionization chamber in terms of air 
kerma using 6 0Co 7 radiation (or 2 MV X radiation) to be converted into a calibra-
tion in terms of absorbed dose to water with the ionization chamber in a water 
phantom. The factors therefore convert not only from one quantity to another, but 
also from one energy to another. A number of comparisons have been made of the 
conversion factors calculated according to the various codes of practice and they 
agree with each other within their overall uncertainties. This is not surprising as they 
are all based on the same physical principles; exact agreement is not to be expected 
because the codes use slightly different basic physical data. 

For medium energy X radiation (100-300 kV), conversion factors from 
exposure to absorbed dose were published in 1973 in ICRU Report 23 [25]. These 
were based on experimental work which indicated that at these X ray energies the 
effect on the photon energy fluence at the point of measurement of displacing the 
phantom material by the chamber was negligible — i.e. the perturbation correction 
was nearly unity. Most national codes of practice published subsequently did not 
include conversion factors for medium energy X radiation, but those that did copied 
the ICRU values. The IAEA Code [4], however, put forward a procedure which 
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requires the user to multiply the ratio of mass energy absorption coefficients of water 
to air (see Table I, Chapter 3 in Ref. [4]) by an energy dependent perturbation 
correction when a chamber is used for a measurement in water. These perturbation 
corrections were small for 300 kV X radiation, but increased to over +10% for 
100 kV X radiation. However, in 1993 a correction sheet was issued in which the 
perturbation corrections were reduced to a maximum of +3% for 100 kV X radia-
tion; these were also printed in the IAEA SSDL Newsletter for December 1992 [26]. 

Although the conversion to absorbed dose normally takes place in a hospital 
rather than in a secondary standardizing laboratory, it will often fall to the staff of 
an SSDL to advise and help hospital staff with their dosimetry. Hospitals in countries 
that already have their own national codes of practice will normally want to achieve 
national consistency in this matter, and this aim should be respected. There are other 
countries, however, where no standard practice has so far been established, and for 
these it is suggested that the procedures put forward by the IAEA Code [4] (together 
with the amendment sheet issued in 1993 for medium energy X ray perturbation 
corrections) should be adopted; these assume that the secondary standard belonging 
to the SSDL is calibrated in air in terms of air kerma. 

11.2.2. Primary standards of absorbed dose 

Some primary standardizing laboratories are now offering calibrations in 
absorbed dose to water for dosimeters with ionization chambers in water. This has 
a number of implications for the subsequent calibration procedures, and therefore for 
SSDLs. Firstly, there is no need for calculations to convert calibrations from air 
kerma into absorbed dose; this should reduce the risk of computational errors. 
Secondly, subsequent calibrations should be carried out by intercomparisons in a 
phantom, preferably water. It needs more care to achieve a high precision for 
measurements in a phantom than for measurements in air, and there are rather more 
precautions that should be taken; these are discussed in Section 11.3. 

One advantage of the absorbed dose calibrations for high energy X radiation 
being offered by a primary standardizing laboratory (as now done at the National 
Physical Laboratory in the United Kingdom) is that there is no conversion from one 
energy to another, as is necessary with more traditional procedures and codes of 
practice. A secondary standard dosimeter is calibrated at a range of beam energies, 
and when the secondary standard is taken to the institution in order to calibrate field 
instruments in the radiation beams in which they are to be used (as discussed in 
Section 5.4), the factors appropriate to the user's institution are derived by interpola-
tion. However, if intercomparisons are normally carried out at the SSDL, this would 
require the possession of, or access to, a linear accelerator or some other high energy 
X ray generator. 

At the time of writing, no laboratory in the IAEA/WHO network of SSDLs 
has unrestricted access to a linear accelerator. However, there is a strong trend in 
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radiotherapy towards the replacement of 60Co units by linear accelerators, and this 
may reduce their cost. Moreover, many hospitals are now replacing linear accelera-
tors installed over ten years ago by more sophisticated models, and there is at least 
one company now offering second hand reconditioned accelerators. The acquisition 
of such a machine by an SSDL does not appear to be as out of the question as it did 
only a few years ago. 

11.2.3. Effective point of measurement of a chamber 

Adopting the name used by the IAEA Code [4], the effective point of measure-
ment (Section 4.7.8) is defined as the point in a chamber specified by a dosimetry 
code of practice to be that at which the measured value (Section 4.5.4) applies. 

For measurements in air, the effective point of measurement is usually speci-
fied to be the centre of the chamber cavity for cylindrical or thimble shaped cham-
bers. After the application of the calibration factor, the dosimeter reading will give 
the value of air kerma at a point in air corresponding to the centre of the chamber, 
with the chamber replaced by air. 

For measurements in water, the effective point of measurement of a cylindrical 
or thimble shaped chamber with its axis perpendicular to the beam axis is specified 
in the IAEA Code [4] to be displaced from the centre of the chamber to a point nearer 
to the source of radiation by a distance given in Table V; it should be noted that this 
distance depends on the beam energy. After application of the air kerma calibration 
factor and other factors required by the code of practice, the dosimeter reading will 
give the value of the absorbed dose to water at a point corresponding to the position 
of the effective point of measurement, with the chamber replaced by water. 

Some other codes of practice differ from that of the IAEA Code [4] in specify-
ing the effective point of measurement of the chamber to be at its geometric centre 
when the chamber is used in water for all y ray and X ray beam energies. Such codes 

TABLE V. POSITION OF THE EFFECTIVE POINT 
OF MEASUREMENT 

Beam quality 
Distance from chamber centre 

Beam quality 
(toward the radiation source) 

Cs-137 7 radiation 0.35 r 
Co-60 7 radiation 0.50 r 
High energy X radiation 0.75 r 

Note: r is the internal radius of a cylindrical or thimble shaped 
ionization chamber [4]. 
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include a correction to the chamber response to account for the replacement of water 
by the chamber. 

Primary standardizing laboratories that provide calibrations directly in 
absorbed dose to water also calibrate a chamber at its geometric centre, which is then 
used as its effective point of measurement for subsequent measurements that are 
traceable to the primary standard. 

11.2.4. Calibration depth in a phantom 

All dosimetry codes of practice specify calibration depths or reference depths 
as depths in a water phantom at which chambers are compared with each other and 
measurements are made to determine the dose rates from y ray or X ray generators, 
or to calibrate their built-in dose monitors. 

For medium energy X radiation and for 137Cs and ^ C o y radiation, the 
calibration depth is chosen to be 5 cm, while for high energy X radiation the calibra-
tion depth is chosen to be beyond the peak of the central axis depth dose curve. All 
codes of practice follow one of the two schemes for the photon beams given in 
Table VI [4, 25]. For high energy X radiation, the effect of the change in photon 
spectrum between 5 and 10 cm is small, so it would make little difference in practice 
which of the alternative sets of calibration depths in Table VI is used. 

If a dosimeter is being calibrated for use with a code of practice which specifies 
that the absorbed dose should be determined using a chamber calibrated in air kerma 
(or exposure) in air, then the reference points of the chambers (see Section 9.3.13) 
are placed at the same distance f rom the source in air. When the calibrated chamber 
is subsequently used in a phantom its effective point of measurement (as specified 

TABLE VI. RECOMMENDED DEPTHS FOR 
CALIBRATION IN WATER [4, 25] 

Depth (cm) 
Beam quality 

Ref. [25] Ref. [4] 

Medium energy X radiation 5 5 
Cs-137 or Co-60 y radiation 5 5 

4-10 MV X radiation 5 — 

11-25 MV X radiation 7 — 

26-50 MV X radiation 10 — 

TPR(20/10) < 0.70 — 5 
TPR(20/10) > 0.70 — 10 
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by the code of practice (see Section 11.2.3)) should be positioned at the appropriate 
calibration depth. Some codes of practice specify the effective point of measurement 
to be at the centre of the chamber, whereas the IAEA Code [4] (and others that follow 
it) specifies.it to be at a position given in Table V. For the IAEA Code, the centre 
of the chamber will be deeper than the calibration depth by a distance that depends 
on the radius of the chamber and on the beam energy; this should be remembered 
when designing a phantom. 

If a dosimeter is being calibrated for use with a code of practice or procedure 
which specifies that the intercomparison with the secondary standard should be 
carried out in a phantom, then the reference points of the two chambers (usually their 
geometric centres (see Section 9.3.13)) should be placed at the same calibration 
depth. When the calibrated chamber is used to measure absorbed dose or to calibrate 
the dose monitor of an X ray generator, its reference point should again be positioned 
at the appropriate calibration depth in a phantom. 

11.3. MEASUREMENT IN A PHANTOM 

11.3.1. Types of phantoms 

It has long been recommended practice to employ a full scatter (30 cm cube) 
water phantom for the measurement of the output of a y ray unit or the calibration 
of the dose monitor of a linear accelerator. It is also necessary to use this phantom 
in order to measure the effective energy of a high energy X ray beam expressed in 
terms of its TPR(20/10) (see Section 4.7.4.2). The same phantom may also be used 
for the measurement of central axis depth doses and other depth dose data. 

On the other hand, for routine daily or weekly checks on the calibration of the 
dose monitor of an accelerator, it is more convenient to use a small plastic phantom, 
so long as the relationship between measurements in that phantom and the full scatter 
phantom has been determined. 

A plastic phantom may also be used for the calibration of a field instrument 
by comparison with a secondary standard; its advantages are that it is more con-
venient to handle, it avoids the risk of the secondary standard chamber being 
accidentally immersed in water and the positioning of the chambers may be more 
reproducible than in a water phantom. On the other hand, plastic is not exactly water 
equivalent; if the chambers are not similar in construction, then the ratios of their 
responses in a plastic phantom may differ slightly from their ratios in water, and this 
will be energy dependent. 

Some of the precautions to be observed when using phantoms are discussed in 
Section 11.3.5. 
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11.3.2. Comparison in a single phantom or in separate phantoms 

A field instrument may be calibrated against a secondary standard by exposing 
the two chambers either in the same phantom or in separate phantoms. 

The use of a single phantom permits the responses to be compared simultane-
ously with the chambers side by side, which may be more convenient in some 
circumstances (see Section 5.1). This convenience is lost if the chambers are 
positioned by their effective points of measurement as defined in the IAEA Code [4] 
and the chambers have different diameters. No correction for the effect of the front 
wall of the water phantom is necessary at the time of calibration as it affects the two 
chambers equally, but when the field instrument is used subsequently to measure the 
output of an X ray generator in terms of absorbed dose at a specified depth in water, 
a correction may then have to be made for the effect of the front wall of the water 
phantom used (see Section 11.3.3). 

The use of separate phantoms for comparing the chambers may be convenient, 
or even necessary, if the chambers differ in size or have stems of different length 
or diameter. It may also be the best solution if the chambers are positioned by their 
effective points of measurement as defined in the IAEA Code [4]. If the field 
chamber is to be used in various water phantoms, it is necessary to correct for the 
effect of the front wall of the water phantom at the time of calibration and also when 
it is subsequently used for output measurements. However, if the field chamber is 
calibrated in the particular water phantom in which it will always be used for output 
measurements, then it is unnecessary to correct at any time for the front wall of the 
phantom as its effect will be included in the calibration factor (this assumes that a 
correction has already been made for the front wall of the separate water phantom 
containing the secondary standard chamber). 

11.3.3. Correction for the front wall of the water phantom 

In a hospital radiotherapy department it is sometimes convenient to expose 
chambers through the open top of a water phantom using a vertical X ray or y ray 
beam. In a calibration laboratory, however, it may only be possible to use a horizon-
tal beam. In this case, the beam must pass through the wall of the phantom before 
reaching the chamber. 

It may therefore be necessary to correct for the fact that the attenuation and 
scatter of the front wall are not the same as for the same thickness of water. If the 
wall material is a common plastic material, such as PMMA3 or polystyrene, the 
difference is not very large and it is easy to correct for its effect. 

3 PMMA: Polymethylmethacrylate: also known as Plexiglas, Perspex and Lucite. 
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For ^ C o 7 radiation and for high energy X radiation (2 MV and higher), the 
effect can be assumed to be proportional to the difference in density. For example, 
the density of PMMA is about 1.2 g/cm3 , so the attenuation of 1 cm of PMMA 
would be expected to be equal to that of 1.2 cm of water. The percentage depth dose 
at a depth in the phantom of 1 cm of PMMA plus 4 cm of water is therefore approxi-
mately the same as at a depth of 5.2 cm of water alone, with the same field size in 
both cases. The data for the corrections can be derived from tables of depth doses 
for the beam energies used. Note that this method is sufficiently accurate only for 
phantom walls; it should not be used to calculate the difference in depth dose between 
an all-plastic phantom and à water phantom. 

For medium energy X radiation, the assumption that attenuation at a particular 
beam energy depends only on density is not sufficiently accurate. The correction can 
be determined experimentally by using a dummy wall. If t cm is the thickness of the 
front wall and d cm is the standard calibration depth of the chamber in water, then 
the correction required is the ratio 

Ionization current at a depth of d cm of water 

Ionization current at a depth of t cm of wall + (d — t) cm of water 

The dummy wall, also t cm thick, is added to the front of the phantom, keeping a 
constant source-chamber distance and field size at the chamber. The measured ratio 

Ionization current at a depth of t cm of wall + (d - t) cm of water 

Ionization current at a depth of 21 cm of wall + (d — 21) cm of water 

will be approximately equal to the required correction ratio. This method is suffi-
ciently accurate as long as the phantom wall is hot thicker than about 1 cm of plastic 
material and the calibration depth is not less than 5 cm of water. 

11.3.4. Waterproof sheath for chamber 

Unless the ionization chamber is designed so that it can be inserted directly into 
water, it must be provided with a waterproof sheath. It is recommended that this be 
made of PMMA. 

The wall of the sheath should be sufficiently thin (between 1 0 and 1.5 mm) 
to allow the chamber to achieve thermal equilibrium with the phantom in about 
5 min. The sheath should be designed so as to allow the air pressure in the chamber 
to reach ambient air pressure quickly. Additional accuracy of measurement is 
achieved if the same sheath that was used for the calibration of a chamber is used 
for all subsequent measurements. 
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The use of a thin rubber sheath is not recommended, especially for the secon-
dary standard; there is a greater risk of its leaking and it restricts pressure equilibra-
tion of the air in the chamber. Moreover, manufacturers usually coat the surface of 
rubber sheaths with a fine powder; this can find its way into the chamber cavity and 
affect the chamber response, particularly for low energy X radiation. 

11.3.5. Other precautions 

The temperature of the air in a chamber should be taken to be that of the 
phantom, which should be measured; this is not necessarily the same as the tempera-
ture of the surrounding air. 

The equilibrium temperature of a water phantom that has been filled for some 
hours will usually be a degree or so lower than room temperature because of evapo-
ration from the water surface. 

After a water phantom with plastic walls has been filled, its dimensions will 
slowly change with time. When using a horizontal beam, it may therefore be neces-
sary to check the source-surface distance and the chamber depth every few hours. 

In order to reduce the buildup of water vapour around a chamber, a PMMA 
waterproof sheath should not be left in water longer than is necessary to carry out 
the measurements. 

It may be necessary to leave a plastic phantom for some hours to achieve 
thermal equilibrium with its surroundings if it has been subjected to a large change 
in temperature. 

Plastic phantoms used for X ray and y ray beam calibrations or dosimetry 
should never be exposed to an electron beam. This can cause a buildup of charge 
which may remain in place for a long time, and which can affect the response of a 
chamber inserted into a cavity in the phantom. 
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