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FOREWORD 

During the last ten years there has been an increasing realization of the 
world-wide need for calibration of dose meters used in radiotherapy, and, at the 
same time, of the lack of facilities for such calibration. Public concern about all 
aspects of radiation safety has generated a strong demand for reliable measure-
ment of ionizing radiation, a demand that applies not only to the protection of 
man and his environment but also to the applications of ionizing radiation in 
medicine, especially in radiotherapy. It had also become clear that, in order to 
widen the availability — both geographically and numerically — of calibrated 
radiation measuring apparatus, the efforts of the national primary standards 
laboratories would have to be supplemented. In some of the larger industrialized 
countries expanded schemes for providing calibration services have had to be set 
up, with the national standards laboratory as the primary reference centre. For 
many countries now entering the field of nuclear energy, or using radiation in 
medicine and industry, the setting up of Secondary Standard Dosimetry 
Laboratories (SSDLs) appeared to provide the most suitable and economic solu-
tion to the problem of disseminating radiation units. The SSDL's role is to 
calibrate dose meters and other radiation measuring devices and to serve as the 
necessary link between the primary standards laboratories and the radiation user. 

In April 1968 this topic was discussed at an IAEA Panel on Dosimetric 
Requirements of Radiotherapy Centres held in Caracas, Venezuela, and in 
November of the same year WHO invited a number of experts to Geneva for a 
consultation; their work resulted in a WHO document known as Draft Guide-
lines for the Setting up of Secondary Standard Dosimetry Laboratories: Their 
Needs, Duties and Characteristics (B. Waldeskog, W. Seelentag, WHO, Geneva 
(1970)). Part of that work has been incorporated into the present manual. 
From 1968 onwards, in collaboration with the IAEA, WHO designated and 
supported a number of SSDLs as Regional Reference Centres in order to promote 
the knowledge in and application of medical radiation physics. By implementing 
another recommendation of the Caracas Panel a Manual of Dosimetry in Radio-
therapy was written by J.B. Massey and published on behalf of the IAEA, WHO 
and PAHO in 1970 as IAEA Technical Reports Series No. 110. 

A further IAEA Panel on the subject was held in Risfi, Denmark, in 1970. 
As a result of these activities, the need for SSDLs was generally recognized and 
laboratories were set up in several countries, mostly with international support. 



At another meeting held in Rio de Janeiro, Brazil, in 1974 it was proposed that 
the IAEA and WHO should jointly establish an international network of SSDLs, 
and in April 1976 a working arrangement between the IAEA and WHO on the 
establishment of the IAEA/WHO Network of SSDLs was concluded. 

As the available literature on calibration procedures for dose meters is very 
limited, it was considered desirable that a practical manual on the subject be 
prepared that would in addition help those wishing to set up an SSDL by stating 
what is needed in terms of personnel, equipment, premises and expertise. 

A first draft of the manual was prepared by C. Milu, Institute of Hygiene 
and Public Health, Bucharest, Romania* and K. Zsdanszky, National Office of 
Measures, Budapest, Hungary. About ten specialists, mainly from primary 
standards laboratories and SSDLs, commented on the draft. In the light of 
these comments and after discussions with H. Eisenlohr and B. Waldeskog of the 
IAEA's Dosimetry Section, the manuscript was then revised by S.B. Osborn, 
King's College Hospital, London, United Kingdom. 

In addition to thanking those already named, the IAEA and WHO wish to 
express their appreciation to all the specialists who commented on the draft 
and, in particular, to the following for their valuable suggestions and comments: 
W.A. Jennings, National Physical Laboratory, London, United Kingdom; 
R. Loevinger, National Bureau of Standards, Washington, D.C., United States of 
America; and H. Reich, Physikalisch-Technische Bundesanstalt, Braunschweig, 
Federal Republic of Germany. 

NOTE 

Since the IAEA is required to abide, where technically possible, by the 
international standards promulgated by the International Organization for Stan-
dardization (ISO), Geneva, the word dose meter is written as two words through-
out this publication, while the nouns dosimeter and dosemeter are not used. The 
general term dose meter is therefore used to represent all forms of dose, exposure, 
dose-rate and similar measuring instruments. The exact type referred to is usually 
clear from the context; if not, the instrument is named in full, e.g. exposure meter. 
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This manual is intended, as has been stated above, as a practical guide 
and is not intended to be a comprehensive textbook on the subject. In addition 
to the references, Appendix I provides a bibliography for further reading. Not 
all the ideas recommended in this manual are universally adopted, but they 
represent valuable guidance to a newcomer in the field until he is sufficiently 
experienced to be able to decide safely for himself what changes he can make 
with advantage in his particular circumstances. It is also hoped that it will be 
valuable to a physicist in a hospital who is responsible for using his dose meter, 
now calibrated at a SSDL, for ensuring accuracy in radiotherapy dosage. He 
may wish, for example, to use his calibrated dose meter to check the accuracy, 
under conditions used clinically, of a second dose meter which he uses for 
normal daily 'calibration' of the radiotherapy equipment, retaining his calibrated 
dose meter as a reference instrument within the hospital. While he will not 
be able to observe all the recommendations of this manual — nor, for his 
purposes, will he need to do so — he will perhaps obtain a better idea as to how 
to set about transferring a Calibration from one dose meter to another with 
minimal loss of accuracy. 

At the time of writing the change from special radiation units (the rad and 
the rontgen, for example) to SI units has recently been decided and implementation 
is about to begin. For this reason, SI units are used throughout this manual, but 
in association with the appropriate special radiation units so that, where circum-
stances require, the reader may use either system of units. 

There is, of course, some repetition of important points throughout this 
manual, but it must not be assumed that lack of repetition implies lack of 
importance. The instruction, advice and recommendations giver, in this manual 
are, as far as possible, straightforward and, it is hoped, unambiguous. This must 
not be interpreted as meaning that there is only one proper way of doing any 
particular task, but that the way recommended is a reasonable and correct way; 
it is therefore firmly recommended that the procedures set out here should be 
adopted, initially at least, by IAEA/WHO secondary standard dosimetry laboratories. 

While the main function of a calibration laboratory is to calibrate, its staff 
must always bear in mind the need for constant checking of every piece of 
equipment and every procedure in an attempt to detect the possibility of error 
creeping into the system. In particular, every effort should be made to check 
one piece of equipment against another as a check on the self-consistency of the 
calibration system. Different ways of achieving this will no doubt be put into 
practice in different laboratories, but it is suggested that a SSDL should have 
a particular dose meter that they retain in the laboratory and calibrate against 
their secondary standard instrument at regular intervals with a view to the 
immediate investigation of any appreciable change in1 calibration factor. 
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Chapter II 
THE ORGANIZATION OF SSDLS 

II. 1. STAFF 

It is important that the staff selected for operating a SSDL shall be adequately 
qualified and shall be given adequate status and remuneration. This is of particular 
importance for the head of the laboratory, who must ensure the quality and 
continuity of the work performed. 

II. 1.1. Head of the laboratory 

The head of the laboratory should be a physicist or a physical scientist with 
several years of experience in radiation measurements and calibrations including 
specific training in a PSDL and in a SSDL. As he will be responsible for all 
activities in the laboratory, it is of the utmost importance that his appointment 
in the laboratory should be full-time and that other professional activities 
should not occupy him for more than a small fraction of his time. 

II. 1.2. Laboratory staff 

As the main responsibility for the accuracy of a measurement lies with the 
person making it, all laboratory staff should possess adequate qualifications and 
experience in the principles and practice of measurement techniques appropriate 
to their responsibilities. Staff should be adequately supervised and in general 
should follow documented procedures. Staff with limited qualifications or 
experience may be employed on calibration work of a routine nature provided 
they have received appropriate training. 

II.2. LABORATORY ACCOMMODATION 

For an appropriate location of the laboratory the following criteria need 
to be considered: 

(1) A position that, in respect of the needs and practical operation of the 
services rendered, is sufficiently central from a geographical point 
of view, and with access to good means of communication; 

(2) The laboratory should not work in isolation, but should have reasonable 
access to ancillary and other related facilities; 
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(3) It should be free of external environmental influence, e.g. from 
radiation, and consideration must be given to the laboratory's own 
influence on the environment; 

(4) The environment control within the laboratory must be such that 
standard instruments and other equipment are not subjected to con-
ditions likely to affect their accuracy or reproducibility. In particular, 
temperature and humidity must be suitable, the laboratory must be 
free from undue vibration, noise, dust and fumes, the stability of the 
mains electricity supply must be adequate for the equipment used 
and free from switching surges, and an adequate earthing system provided; 

(5) Allowance should be made for the possibility of extending the laboratory 
in the future; 

(6) Where the laboratory has to be accommodated in existing buildings, 
the criteria outlined above should be taken into account as far as 
practicable. 

PREMISES 

The following minimum requirements for premises should be fulfilled: 
(1) In so far as possible the laboratory should not share its premises with 

other activities; 
(2) At least one large room (minimum length about six metres) is required 

for X-ray calibrations; a second room is required for calibrations with 
cobalt-60 radiations, but if this cannot initially be provided within 
the laboratory, access to a cobalt-60 source elsewhere must be made 
available as an interim measure; 

(3) Shielded control space next to the calibration rooms is necessary; 
(4) Structural shielding, particularly for cobalt-60 radiation, to avoid 

unacceptable radiation exposure of staff and the public, and to keep 
background radiation at levels consistent with protection-level 
calibrations, where necessary; 

(5) One smaller laboratory for electronic measurements and other physical 
experiments, e.g. checking and preparing dose meters for calibration, 
running of TLD services, etc.; 

(6) A small mechanical and electronic workshop; 
(7) Office space for the head of laboratory, scientific and technical staff 

and secretarial activities; 
(8) Where the laboratory has to be accommodated in existing premises, 

the criteria outlined above should be taken into account as far as 
practicable; 

(9) A technical library with adequate works of reference and current 
literature. 



Chapter III 
QUANTITIES, UNITS AND SYMBOLS 

As part of the use of SI units for all types of quantities, the Conference 
Generate des Poids et Mesures (CGPM) [3] in 1975 adopted new units for 
radiation quantities. The amount of radiation energy absorbed per unit mass, 
absorbed dose (symbol D), was formerly expressed in rads, where 1 rad = lOOerg/g. 
In SI units this is now expressed in joules per kilogram and the special name for 
this unit is the gray (symbol Gy) so that: 

1 Gy = 1 J/kg = 100 rads 

In this document, therefore, absorbed dose is given in grays but, because 
the changeover to this unit will not be complete for some time, the value in rads 
is also given in brackets. 

Exposure, which is defined in terms of ionization in air, will be expressed 
in SI units in terms of coulombs (symbol C) per kilogram, but no special name 
is proposed for this. In due course, the rontgen (symbol R) will no longer be a 
recognized unit. Thus, for exposure, 

1 R = 2.58 X 10"4 C/kg = 258 ^C/kg exactly 
and 1 C/kg « 3876 R = 3.876 kR 

However, consideration is being given to replacement of exposure by air kerma 
(kerma = kinetic energy released per unit mass) which, apart from a small 
correction that can be disregarded at the radiation energies considered in this 
manual, is the energy equivalent of exposure, and has the SI unit the gray. 

The activity of radioactive material is the number of nuclear transformations 
per unit time and this has been expressed in curies (symbol Ci) where 1 Ci is the 
amount of radioactivity in which there is 3.7 X 1010 nuclear transformations 
per second. The SI unit for radioactivity is now the becquerel (symbol Bq) 
which corresponds to an activity of 1 transformation per second, so that 

1 Ci = 3.7 X 1010 Bq = 37 GBq exactly • 
and 1 Bq « 27.02 X 10~12 Ci = 27.02 pCi 

Again, in this document radioactivity will be expressed in becquerels with 
the value in curies in brackets. 

For radiation protection purposes the amount of radiation received by 
individuals is often expressed in dose equivalent (symbol H), being the absorbed 
dose multiplied by a quality factor (symbol Q) and possibly other modifying 
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TABLE 1(A). RADIATION QUANTITIES AND UNITS 

Quantity SI Unit (symbol) Name for SI unit (symbol) Special unit (symbol) 
Relationship of SI unit 
to special unit 

Activity 

Absorbed dose 

Absorbed dose rate 

Exposure 

Exposure rate 

Dose equivalent 

Reciprocal second 
( s - 1 ) 

Joule per kilogram 
(J-kg-1) 

Joule per kilogram-second 
( J k g - ' - s - 1 ) 

Coulomb per kilogram 
(C-kg"1) 

Coulomb per kilogram-second 
(C-kg-'-s"1) 

Joule per kilogram 
(J-kg-1) 

Becquerel (Bq) Curie (Ci) 

Gray (Gy) Rad (rad) 

Gray per second (Gy s_ 1) Rad per second 
(rad-s*1) 

- Rontgen (R) 

Sievert" (Sv)a 

Rontgen per second 
( R s " 1 ) 

Rem (rem) 

1 Bq = 
1 0 " 

-Ci 3.7 

1 Gy = 100 rad 

1 Gy-s"1 = 100 rad-s"1 

1 Sva = 100 rem 

a Recommended by ICRU and ICRP but not accepted as part of the SI at the time of writing. 



TABLE 1(B). SI PREFIXES 

Factor Prefix Symbol Factor Prefix Symbol 

1018 exa E 10"' deci d 

1015 peta P 10~2 centi c 

1012 tera T 1CT3 milli m 

109 giga G 10"6 micro ju 

106 mega M 10"9 nano n 

103 kilo k 10~12 pico p 

102 hecto h 10~ ls femto f 

101 deka da 10~18 atto a 

factors (symbol N) to allow addition of radiation doses received from Very 
different radiation sources. Then 

H = D X Q X N 

This has been expressed in the special unit the rem, so that, where Q = N = 1, 
a dose of 1 rad corresponds to a dose equivalent of 1 rem. It has been proposed 
that the SI unit for dose equivalent be the sievert (symbol Sv) where 

1 Sv = 100 rem 

so that where Q = N = 1, a dose of 1 gray corresponds to a dose equivalent of 
1 sievert. However, the sievert has not yet received the approval of the CGPM 
and cannot be considered as an SI unit. Nevertheless, since the sievert has been 
approved by the ICRU and the ICRP, and since it would be extremely inconvenient 
to use the rem for dose equivalent while using the gray for absorbed dose, we can 
assume that the sievert will be used in practice by health physicists. 

The quantities and units used for radiation measurements are listed in 
Table I. See also ICRU Report 19 [4], 
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Chapter IV 
DEFINITIONS 

Definitions of terms used in dosimetry are published by several international 
organizations [5,6] . To assist in the use of this manual and to avoid any mis-
understanding, the definitions given below are those used in this manual. 

IV. 1. TERMS CONCERNING CALIBRATION 

IV. 1.1. Calibration 

Calibration of a dose meter means determining its response to a known 
radiation exposure or known absorbed dose, and this always involves the use 
of at least one standard or reference instrument (see below). The term 'calibration' 
is sometimes used (as 'the calibration of a therapy machine') for the determination 
of the exposure rate, or absorbed dose rate, at a calibration point in a beam of 
radiation under specified conditions; in this Manual, however, this procedure is 
referred to as making an output measurement, and the term calibration is 
reserved for the calibration of instruments. Procedures for the making of output 
measurements are dealt with in some detail elsewhere [2, 7]. 

IV. 1.2. Recalibration 

Any calibration of a measuring instrument that follows the initial calibration: 
(a) Regular periodic calibration 
(b) Calibration after repair 
(c) Calibration made before the expiry of the period of validity of the 

periodical calibration 
(d) Calibration made at the request of the user. 

IV. 1.3. Calibration factor 

For a dose meter consisting of an ionization chamber and an associated 
measuring assembly this is the multiplying factor that converts the indicated 
value (corrected to reference conditions) to the exposure or exposure rate (or to 
the absorbed dose or absorbed dose rate) at the reference point of the ionization 
chamber. For an ionization chamber calibrated on its own without a specific 
measuring assembly the calibration factor converts the ionization current (or 
charge), corrected to reference conditions, to the exposure rate (or exposure) 
at the reference point of the chamber. 
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IV. 1.4. Intercomparison 

Measurement that is carried out between instruments of the same classifica-
tion to compare their performances. 

IV.2. CLASSIFICATION OF INSTRUMENTS 

IV. 2.1. 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. 

IV. 2.2. Primary standard 

An instrument of highest metrological qualities which allows determination 
of the unit of a quantity from measurements of basic physical quantities, and 
the accuracy of which has been verified by comparison with comparable standards 
of other institutions participating in the international measurement system. 

IV.2.3. Secondary standard 

An instrument calibrated by comparison with a primary standard. 

IV.2.4. Tertiary standard 

An instrument calibrated by comparison with a secondary standard. 

IV.2.5. 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. 

IV.2.6. Reference instrument 

A measuring instrument of sufficiently high performance and stability which 
is used solely for oittibrating other instruments. 

IV.2.7. Field instrument 

A measuring instrument whose performance and stability are appropriate 
for it to be used for routine measurements in the field. 
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IV.3. STANDARD LABORATORIES 

IV.3.1. Primary Standard Dosimetry Laboratory (PSDL) 

A PSDL is a national standardizing laboratory designated by the government 
for the purpose of developing, maintaining and improving primary standards in 
radiation dosimetry. A PSDL participates in the international measurement 
system by making comparisons through the medium of Bureau International des 
Poids et Mesures (BIPM), and provides valibration services for secondary 
standard instruments. 

IV.3.2. Secondary Standard Dosimetry Laboratory (SSDL) 

A SSDL is a dosimetry laboratory designated by the competent authorities 
to provide calibration services. A SSDL is at least equipped with a secondary 
standard that has been calibrated against a primary standard. 

IV.3.3. The IAEA/WHO network of SSDLs 

The SSDL network is an informal association of SSDLs which agree to 
co-operate in promoting the objectives of that network under international auspices. 

IV.4. IMPERFECTIONS OF MEASUREMENT 

For a diagrammatic representation of the following terms, see Fig. 1. 

IV. 4.1. Indicated value* 

The value of a quantity derived from the scale reading of an instrument 
together with any scale factors indicated on the control panel. 

IV. 4.2. True value 

The value of the physical quantity to be measured by an instrument. 

IV.4.3. Conventional true value 

Since in practice the true value is unknown and unknowable, a conventional 
true value is used instead when calibrating or determining the performance of 
an instrument. This will usually be the value determined by the reference 
instrument with which the instrument under test is being compared. 
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FIG.l. Diagrammatic representation of imperfections of measurement. 
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IV.4.4. Measured value 

The best estimate of the true value of a quantity, being derived from the 
indicated value of an instrument together with the application of all relevant 
correction factors and the calibration factor. 

IV.4.5. Error of measurement 

The difference remaining between the measured value of a quantity and the 
true value of that quantity. 

IV.4.6. Random error 

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

IV. 4.7. Systematic error 

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

IV.4.8. Random uncertainty 

Limits within which random errors are estimated to lie, usually expressed 
as confidence limits to stated probability levels. 

IV.4.9. Systematic uncertainty 

Limits within which systematic errors are estimated to lie. 

IV.4.10. Overall uncertainty 

The uncertainty of a measurement derived from a combination of random 
and systematic uncertainties. When in this Manual the overall uncertainty 
includes random uncertainties, these are calculated as 95% confidence limits. 

IV.5. PERFORMANCE SPECIFICATION 

The following terms are used to describe the required performance of 
an instrument. • 
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IV.5.1. Performance characteristic 

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

IV.5.2. Influence quantity 

Any quantity, usually external, that may affect the performance of an 
instrument (e.g. ambient temperature). 

IV. 5.3. Reference value 

The value of an influence quantity or instrument parameter at which the 
correction factor for dependence on that influence quantity is given the 
value 1.000. 

IV. 5.3.1. Reference conditions 
s 

Reference conditions are those at which all influence quantities and 
instrument parameters have their reference values. 

IV. 5.4. Standard test values 

One or a number of values (or a range of values) of an influence quantity 
or instrument parameter that are permitted when carrying out calibrations or 
tests on other influence quantities or instrument parameters. 

IV. 5.4.1. Standard test conditions 

Under standard test conditions, all influence quantities and instrument 
parameters have their standard test values. 

IV.5.5. Leakage current 

Any current arising in the ionization chamber or measuring assembly that 
is not produced by ionization in the sensitive volume. 

IV.5.6. Resolution 

The smallest fraction of a scale interval that can be estimated by an observer 
under specified conditions of observation. For a digital display this is normally 
± 1 in the last digit displayed. 
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IV.5.7. Response 

For an ionization chamber with an associated measuring assembly this is 
the quotient of the indicated value and the exposure or exposure rate at the 
ionization chamber. For a measuring assembly on its own it is the quotient of 
the indicated value and the input charge or current. For an ionization chamber 
on its own it is the quotient of the ionization charge or current and the exposure 
or exposure rate. The response is the reciprocal of the calibration factor. 

IV.5.8. Equilibration time 

The time taken for a scale reading to reach, and remain within, a specified 
deviation from its final steady value after a sudden change in an influence 
quantity has been applied to the instrument. 

IV.5.9. Response time 

The time taken for a scale reading to reach, and remain within, a specified 
deviation from its final steady value after a sudden change in the quantity 
being measured. 

IV.5.10. Stabilization time 

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

IV. 5.11. Non-linearity 

One value of scale reading M is taken as a reference which should be the 
scale reading at which the radiation calibration factor for the instrument is 
determined; the input signal Q required to produce this reference scale reading 
is measured. If a different input signal q produces a scale reading m, this can 
be corrected for non-linearity by multiplying by the factor Mq/mQ. For the 
measuring assembly of an exposure or absorbed dose meter the input signal is 
electric charge while for the measuring assembly of an exposure rate or absorbed 
dose rate meter the input signal is electric current. 
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IV.6. MISCELLANEOUS DEFINITIONS 

IV.6.1. Reference indicated value 

The indicated value at which the calibration factor of an instrument 
is determined. 

IV.6.2. Reference scale reading 

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

IV. 6.3. Correction factor 

A dimensionless multiplying factor used to convert the indicated value of 
an instrument from its value when used at a particular condition (say a temperature 
of 24° Celsius) to its value at the reference conditions (e.g. 20° Celsius). 

IV.6.4. Half-value layer (HVL) 

The thickness of specified material that attenuates the beam of radiation 
so that the exposure rate at a point is reduced by half. The contribution of all 
scattered radiation, other than that which might be present in the beam initially, 
is deemed to be excluded. The first HVL is that thickness of material necessary 
to reduce the initial exposure rate to 50%. The second HVL is the additional 
thickness necessary to reduce the exposure rate to 25% of the initial value, and 
the homogeneity coefficient is the ratio of the first to the second HVL. 

IV.6.5. Equivalent energy 

It normally indicates the energy of a monoenergetic radiation, for which the 
first half-value layer (usually for copper or aluminium) is the same as for the 
X-radiation in question. 

IV.6.6. Penumbra 

The region, at the edge of a radiation beam, over which the dose rate changes 
rapidly as a function of distance from the beam axis. 

IV.6.7. Phantom 

A volume of tissue-equivalent material, usually large enough to provide full 
backscatter conditions for the beam being used. 
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IV.6.8. Reference point of an ionization chamber 

That point in an ionization chamber at which the exposure or exposure 
rate (or absorbed dose or absorbed dose rate) is specified in the calibration of 
the chamber. The position of the reference point is usually chosen so that the 
response referred to this point is as nearly as possible independent of the distance 
of this point from the source of radiation. 

IV.6.9. Quality of a radiation beam 

A term referring to the ability of a radiation beam to penetrate matter. 
Strictly, it requires a specification of the radiation spectrum, but this is usually 
not practicable and it is generally expressed in terms of the half-value layer; but 
for a heavily-filtered X-ray beam, or a gamma-ray beam, it may be expressed 
in terms of the equivalent energy. 

IV.6.10. Tissue-equivalent material 

A material whose absorption and scattering properties for a given irradiation 
simulate, as nearly as possible, those of given biological material, such as soft 
tissue, muscle, bone or fat. 
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Chapter V 
CALIBRATION METHODS 

There are many calibration methods appropriate to radiation dose meters 
and four main items need to be considered before a method is selected. These 
are outlined in this section together with the factors that influence them, and 
detailed methods of application are covered in later sections. 

V. 1. TIP-TO-TIP CALIBRATION, OR CALIBRATION BY SUBSTITUTION 

In the first method the two ionization chambers to be compared are placed 
in the radiation beam at the same time and irradiated together, whereas in the 
second method one is placed in the beam first and a reading taken; it is then 
exactly replaced by the other chamber and a further reading taken, any necessary 
checks being made on the constancy of the radiation beam. Each method has 
its advantages and disadvantages and a laboratory may well choose to use one 
method on some occasions and the other on other occasions. 

Tip-to-tip calibration is suitable where the two ionization chambers are 
identical, or at least very similar, in design and can be placed in the beam 
tip-to-tip so that the scattered radiation received by the two chambers is very 
nearly the same. Calibration by substitution is suitable for the calibration of 
any chamber against any other chamber, and where the beam of radiation consists 
of gamma rays constancy of exposure rate need not normally be checked. With 
X-rays, however, it is necessary to have a monitor chamber in the beam and to 
express the irradiation of each chamber in turn in terms of the reading of the 
monitor. Such a monitor must not be excessively quality dependent (see VI. 1.6), 
and its repeatability of response must be extremely good. Its use also means 
that there is a third dose meter to develop faults. However, in calibration by 
substitution the two ionization chambers will occupy the same position in the 
radiation beam, so that accurate uniformity of the beam is less important. In 
tip-to-tip calibration it is necessary to interchange the two chamber positions to 
allow for any non-uniformity. 

In calibration by substitution, where the two chambers are not physically 
close, changes of room temperature may effect them unequally, and changes 
in air pressure may take place between one irradiation and the next. Slight 
changes in source position are more likely to affect accuracy in this method 
than in tip-to-tip calibration. 

Each method will be appropriate in given circumstances. When a thimble-
chamber instrument is being calibrated against a free-air chamber, calibration 
by substitution is likely to be essential, but when a field instrument is being 
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calibrated against a reference instrument of essentially similar design, tip-to-tip 
calibration may be more suitable. Much of the equipment described in later 
sections is appropriate to calibration by substitution and can be somewhat 
simplified if tip-to-tip calibration is used. 

When calibration by substitution is to be carried out and a monitor chamber 
is used, it may be possible to calibrate two or more field instruments at the same 
time. Each will need its own trolley on rails running across the direction of the 
beam, or some other method of accurately positioning each chamber independently. 
The ratio R s (see IX.4.2) is first evaluated for the standard dose meter, and then 
the ratios Rd i„ RQ2 . . . before R s is again evaluated to check the absence of drift. 
Consideration should be given as to whether it would be more satisfactory to 
evaluate R s again after each value of Ro- When a number of field instruments 
need to be calibrated quickly, this method reduces the time taken provided 
that adequate stability of all the factors involved can be ensured. 

V.2. CALIBRATION IN AIR, OR IN A PHANTOM 

In-air calibration involves mounting the two ionization chambers to be 
compared in air, using build-up caps for higher energy radiations and taking 
steps to minimize the scattered radiation reaching them. Calibration in a phantom 
of suitable size and material, with two holes at the same depth, each closely 
fitting one of the ionization chambers [7]. The use of a phantom for this 
purpose has advantages for X-rays generated at potentials above 150 kV, and for 
high-energy gamma rays, and may be closely correlated with the subsequent use 
of a phantom for measuring the radiation output of a radiotherapy machine [8]. 

Clearly, calibration in a phantom is only possible if the two instruments 
being compared have thimble chambers of similar size and shape, so that the 
tip-to-tip method of V. 1 can be used, although here the chambers may actually 
lie side-by-side instead of tip-to-tip. This method cannot be used when one of 
the ionization chambers is a free-air chamber, but it may well have advantages 
when the reference instrument has a thimble chamber and where the field 
instrument is to be used mainly to make output measurements and depth measure-
ments in a phantom. For the sake of simplicity, however, the remainder of this 
manual only discusses calibration in air, but the methods described can easily be 
adapted for calibration in a phantom if desired. 

V.3. RADIATION QUANTITIES 

The ultimate objective of the calibration of dose meters, and output 
measurements of treatment machines, is to express as accurately as is practicable 
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TABLE II. CONVERSION FACTORS 
FROM EXPOSURE TO 
ABSORBED DOSE 

Primary beam HVL 
or nuclide 

0.5 mm Al 

1 

2 

4 

6 

8 

0.5 mm Cu 

1 

1.5 

2.0 

3.0 

4.0 

137Cs, 60Co 

Conversion factor 
( G y R - 1 ) 

8.9 X 10" - 3 

8.8 X 10" - 3 

8.7 X 10" - 3 

8.7 X 10" - 3 

8.8 X 10" - 3 

8.9 X 10* - 3 

8.9 X 10" - 3 

9.1 X 10" - 3 

9.3 X 10" - 3 

9.4 X 10" - 3 

9.5 X 10 - 3 

9.6 X 10' - 3 

9.5 X 10' - 3 

Adapted from ICRU Report 23, Table 2 [8], 

the absorbed dose administered to a specified part of a patient. When soft 
tissue is concerned, it is usually adequate to specify absorbed dose to water. In 
practice, however, radiation standardization is based on ionization in air, and 
this will continue until methods based on the direct measurement of radiation 
energy absorbed in matter have been developed that can equal ionization methods 
in accuracy. A PSDL will therefore issue a calibration certificate based on 
exposure, rather than absorbed dose. 

At some stage in the calibration chain, before the calibration is used to 
specify,absorbed dose to a patient, the change must be made from calibration in 
exposure to calibration in absorbed dose to water, and for this purpose the data 
in Table II may be used, where the beam quality specified is that of the primary 
beam, although change in beam quality at a depth of 5 cm in a standard phantom 
has been taken into account in reaching the factors given. The change to 
calibration in absorbed dose to water may take place at a SSDL or, if desired, 
this change can be made by the user of the field instrument in his own hospital. 

19 



V.4. PLACE OF CALIBRATION 

The implication behind the SSDL concept - and also this Manual - is 
that hospital should send its radiation dose meter to a SSDL for calibration and 
receive it back for making, for example, output measurements on treatment 
machines, and this method is undoubtedly generally used and generally 
applicable. There may be circumstances, however, when a reference instrument 
can be taken from a SSDL to a hospital and used there to calibrate the dose 
meter at that hospital. This is only applicable where the reference instrument 
is easily portable, when it is sufficiently rugged not to be damaged in transit, 
when it is accompanied by a check source to check that its calibration remains 
constant, where an expert of appropriate skill travels with it or is available at 
the hospital to use it, where appropriate calibration equipment (see chapter VI) 
is available at the hospital and where appropriate checks (see chapter VII) have 
been made on the radiation machines at the hospital. Its main advantage would 
seem'to occur when the field instrument at the hospital has an energy-dependent 
response as it can then be calibrated with the radiation beams with which it will 
be used for clinical dosimetry against a reference instrument with minimal 
energy dependence. 

In practice, it is likely that calibrations will almost always take place at 
a SSDL, but there will still be a need, on occasion, for an expert from a SSDL to 
take a portable reference instrument to a hospital even if, when he is there, he 
is only able to compare the hospital's dose meter against his, instead of carrying 
out a full calibration as envisaged in this Manual. He may still decide to issue 
a calibration certificate, even if of limited applicability. If there is reason to 
think, f rom a TLD intercomparison or otherwise, that dose measurement 
procedures at the hospital concerned are suspect, a visit by an expert and a 
comparison of dose meters on the spot may well help to identify the source of 
inaccuracy and enable it to be overcome. 

One advantage of carrying out calibrations at a SSDL is that radiation 
sources should have been set up, and kept available, for calibration purposes. At 
a hospital the sources will be in regular clinical use and may be required in the 
middle of a calibration for an urgent treatment, so that calibrations carried 
out at a hospital are likely to be more hurried and less thorough. 
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Chapter VI 
CALIBRATION EQUIPMENT AND FACILITIES 

VI. 1. CALIBRATION SET-UP FOR X-RAYS 

A schematic diagram of a suitable layout of the apparatus for calibrating 
dose meters with an X-ray machine is shown in Fig.2. Such a calibration set-up 
consists of an X-ray generator with a protective housing round the X-ray tube, 
initial (Dj) , 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 parts of the calibration set-up should be mounted on a 
calibration bench — similar to an optical bench — with suitable holders 
and trolleys for precise adjustment. The calibration bench, the holders 
and the trolleys should be rigid and produce the minimum scattered radiation, 
but in any case they should be totally outside the useful beam. 

VI. 1.1. X-ray generators 

Two X-ray generators are likely to be required: one for low-energy X-ray 
qualities with a tube voltage range from about 10 to 60 kV and one for medium-
energy X-ray qualities with a range of 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 will enable the X-ray tube to be used down to the 
lower tube potentials. The inherent filtration should be < 2 mm beryllium for 
the low energy range and < 3 mm aluminium equivalent for the medium 
energy range. 

It is an advantage for the X-ray generator to be of the constant potential 
type with any superimposed alternating potential not greater than 10% (peak 
to peak) of the mean potential at the tube currents employed for calibration 
work. The tube voltage should be continuously variable over a sufficient range 
for it to be re-settable with a precision of ± 1% for each setting used. 

A stabilizer should reduce variations in voltage to less than 0.3% for fore-
seeable changes in mains voltage or frequency. 

The X-ray tube should be in a protective housing so constructed that no 
appreciable radiation emerges in any direction other than the useful beam. The 
amount of stray radiation at the calibration point (including any scattered from 
walls, floor, etc.) should not exceed a few per cent of the radiation measured. 
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The X-ray tube must be adjustable so that the beam can be accurately 
parallel to the calibration bench. After adjustment the tube must be fixed 
rigidly in position. 

VI. 1.2. Initial diaphragm (D t ) 

This is often supplied as a part of the X-ray tube housing; it should be just 
large enough to transmit the largest field used and should be as close as possible 
to the X-ray tube target. 

VI.1.3. Shutter (S) 

This serves two purposes, and two shutters or one dual-purpose shutter 
may be used: 

(a) A safety shutter, which may be a part of the X-ray tube housing, to 
attenuate the radiation to a safe level for personnel and thus to 
improve X-ray beam stability by making it unnecessary to switch the 
high potential to the X-ray tube on and off at each irradiation; 

(b) A fast-acting shutter, having a transmission of less than 0.1%, to begin 
and to terminate each irradiation. The operating time between full 
irradiation and zero irradiation of the chamber should be less than 

. 0.1% of the usual irradiation time. If this is not achievable, a correction 
has to be applied. 

The aperture of the shutter must be larger than the X-ray beam at the position 
of the shutter unless the shutter takes the place of the initial diaphragm (D,). 
A shutter thickness of about 1 mm lead for the low-energy X-ray qualities 
( < 60 kV tube voltage) and a thickness of about 15 mm lead for the medium-
energy X-ray qualities (50 to 300 kV tube voltage) is necessary to achieve the 
required attenuation of the beam. 
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Its position in the radiation beam in relation to the filters (F) and the beam-
limiting diaphragm (D2) is arbitrary. 

Red warning lamps need to be connected to give warning when an X-ray 
tube is energized and the shutter open, one of them being at the control panel, 
one close to the tube itself, and one at the entrance door. Alternatively, and 
better, a green light can be connected to light up only when the shutter is closed. 

VI. 1.4. Filters (F) 

In general, the X-ray beanls from the generator will require additional 
filtration for calibration purposes. Filters of appropriate purity should be 
mounted as close as possible to the shutter. The individual filter elements must 
be arranged in order of decreasing atomic number from the X-ray tube. A 
suitable set of filters may be arranged on a wheel for ease in changing. 

Aluminium filtration alone may be used for half-value layers up to about 
4 mm Al (about 0.15 mm Cu) and copper filtration (with 1 mm Al filter after 
the copper filter) for higher half-value layers. Tin filtration may be used for 
half-value layers above 2 mm Cu, with about 0.25 mm Cu and 1 mm Al filters 
after the tin. Aluminium of 99.9% purity should be used. The filters should be 
as homogeneous as possible, i.e. without air-holes, flaws, cracks, etc. 

The filters should be chosen so that the radiation qualities used for calibration 
are similar to those used in radiation therapy. Al and Cu filter plates with thick-
nesses between 0.1 and 5 mm will be needed in order to change the filtration 
by steps of 0.1 mm. 

VI. 1.5. Beam-limiting diaphragm (D2) 

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

It may be made of steel or brass with a thickness of 6 mm for the low 
energy range. In the case of the medium energy range it must be made of lead 
with a thickness of 15 mm. 

It should be positioned in the radiation beam after the filter but, except 
for that requirement, its distance from the target will depend on the width of 
penumbra acceptable. 

If a diaphragm with a hole of 30 mm diameter is placed at a distance of 
15 cm from the target, then at a distance of 50 cm the beam size that can be used 
will be somewhat smaller in diameter than 10 cm, depending on the width of 
the penumbra. 
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VI. 1.6. Monitor chamber (M) 

For X-ray calibrations (unless tip-to-tip calibration is used, see V. l ) a trans-
mission ionization chamber should cover the entire collimated beam after 
passing through the filter and the beam-limiting diaphragm. All readings of the 
reference ionization chamber and of the instrument to be calibrated should be 
normalized via the monitor chamber readings. 

The sensitive volume of the monitor chamber should extend beyond 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 walls should be sufficiently thin so as not 
to add significantly to the filtration of the beam, although this added filtration 
may be significant at lower radiation energies and should then be included in 
the total filtration. Thin plastic foil with a thickness of about 50 Mm is available 
for the construction of the walls of the monitor chamber. If, however, the 
chamber windows' 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 energy 
dependence 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 due to unwanted variations in tube voltage. It can then be 
used to monitor the constancy of output of the X-ray generator. 

VI. 1.7. Shielding diaphragm (D3) 

The effect on the monitor chamber of backscattered radiation from the 
reference chamber and from the chamber to be calibrated should be investigated. 
If significant, it may be reduced by introducing a shielding diaphragm (D3) to 
shield the monitor chamber. This diaphragm should not limit the useful beam, 
but may be adjusted to reduce penumbra. 

Note: It is good practice to place all the components listed in VI. 1.2 to 
VI. 1.7 as close to the target as possible consistent with the production of 
a narrow penumbra 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. 

VI. 1.8. Additional diaphragm (D4) 

An additional adjustable or interchangeable diaphragm, somewhat further 
f rom the target, may also be useful to reduce the penumbra still further and 
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give additional shielding to that given by the shielding diaphragm (D3) described 
in VI. 1.7. 

VI. 1.9. Ionization chamber support system (R, I) 

If calibration by substitution is used (see V. 1), the reference point of the 
reference ionization chamber and that of the ionization chamber of the instrument 
to be calibrated must be moved alternately to the same point on the axis of the 
useful beam. If tip-to-tip calibration is used for comparing thimble chambers 
of similar size and scattering properties, they must be fixed side by side or 
tip-to-tip symmetrically about the axis of the useful beam at the same distance 
from the source. The support system must be capable of adjustment and of 
holding the chambers rigidly. The support should be wholly outside the X-ray 
beam and produce the minimum of scattered radiation at the measurement 
position. For interchange of the reference ionization chamber and the ionization 
chamber of the instrument to be calibrated, the mechanical devices used should 
be capable of easy and speedy operation. 

The central axis of the radiation beam should be defined radiographically, 
and optical means, e.g. laser or light beam, provided for easy alignment of the 
calibration system and for rapid and accurate adjustment of the reference point 
of the ionization chamber to the central axis. 

The support system should be sufficiently long to enable the source-chamber 
distance to be close to the source-skin distance (SSD) used in radiation therapy, 
but in practice a longer distance is often necessary to accommodate beam shutter, 
filter wheel, monitor chamber, etc. For low-energy radiation (10 to 60 kV) a 
distance of between 30 and 50 cm is suggested, 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 values of 
SSD less than 30 cm. 

In order to reduce errors due to uncertainty in source-to-chamber distance, 
it is convenient to have a device to check the position of the chambers, and this 
can take the form of a telescope mounted perpendicular to the beam of radiation. 
At 50 cm distance from the target, for instance, the chamber centres must be 
within 0.5 mm of the same target distance if errors due to variations in this 
distance are not to exceed 0.2%. 

At the place of the chamber the field size must be sufficiently large to 
irradiate uniformly the ionization chamber or chambers, but should not be 
unnecessarily large. 

VI. 1.10. Absorbers for HVL measurements (A) 

The absorbers used in the HVL measurements should be fixed approximately 
half way between the measurement chamber and the monitor chamber. Aluminium 
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sheets with thicknesses between 0.02 and 5 mm are needed. The purity should 
be 99.9%. Copper sheets from 0.1 to 5 mm in thickness are also needed, but 
high purity is less critical. The HVL absorbers should have adequate uniform 
thickness and should be as homogeneous as possible, i.e. without air-holes, 
flaws, cracks, etc. 

The thickness should be determined with an accuracy of ± 1% where 
possible, but this will not be possible for the thinner foils used. 

VI.2. CALIBRATION SET-UP FOR GAMMA RAYS 

Gamma-ray calibrations may be carried out with a 60Co or I37Cs teletherapy 
unit. The activity of the source should be high enough to produce an exposure 
rate of at least about 40 jiiC/kg-s (about 10 R/min) at 1 metre distance, although 
the calibration will not necessarily be carried out at this distance. The source 
should have adequate shielding and variable-sized beam collimators, but since 
exposure rate in the beam depends on beam size, these will be used to adjust 
the beam to an appropriate size and then used at this size throughout a calibration. 
Any associated timing errors due, for example, to source or shutter transit times 
should be small, and known. 

A gamma-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-rays, 
although in certain circumstances it may be more convenient to carry out a 
calibration with the beam vertical rather than horizontal. 

VI.3. INSTRUMENTATION 

VI.3.1. Reference instruments 

A SSDL must have a secondary standard dose meter, calibrated and 
recalibrated as necessary at a PSDL. This will normally be kept carefully under 
conditions that minimize the possibility of a 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 tertiary 
standard instruments, which are then used as reference instruments for routine 
calibrations. It is essential that a laboratory's secondary standard dose meter, 
and any tertiary standard dose meters used as reference instruments, are looked 
after with the utmost care. Obviously, a field instrument calibrated directly 
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against a secondary standard dose meter is likely to have had a somewhat more 
accurate calibration than if it had been calibrated against a tertiary standard. 
The difference will be small and in any case must be balanced against the greater 
possibility of change with use in the calibration factor of the secondary standard -
and the whole work of the SSDL depends on this factor remaining constant. 

A reference dose meter usually consists of three basic units — the 
ionization chamber, the measuring assembly, and the stability check source. 

VI. 3.1.1. Ionization chamber 

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

One type of ionization chamber which approximates to an air-equivalent 
chamber over a range of radiation energy allows only a defined beam to pass 
through the chamber. The size of beam is defined by one of several diaphragms 
that is inserted in a specified plane, and the centre of this diaphragm is taken 
as the reference point of the chamber. 

Thimble ionization chambers for medium and high-energy radiation 
measurements usually have a sensitive volume between about 0.1 and about 
1.0 cm3. The energy dependence of such chambers will normally be less than 
± 2% in the range of half-value layers from 2 mm Al to 3 mm Cu, i.e. from 
approximately 70 to 250 kV X-ray tube potentials. For a chamber stated as 
being suitable for use with high-energy radiation the total wall thickness (including 
a separate build-up cap if provided) must be adequate to give electron equilibrium 
at least for 60Co gamma radiation. The response of such a chamber for 60Co 
gamma radiation, using the appropriate build-up cap, will normally be within 
5% of the response from 2.0 mm Cu half-value layer, about 220 kV. 

Ionization chambers for measurements of 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). 
Typical values for the volume should be in the range of 0 .02 -0 .5 cm3. The 
energy dependence of such chambers will normally be within ± 3% in a range 
of half-value layers f rom 0.05 to 2 mm Al, i.e. f rom approximately 12 to 75 kV 
X-ray tube potentials. 

The ionization chamber of a secondary standard dose meter should 
be unsealed, designed to equilibrate rapidly with ambient conditions. 

The ionization chamber may be calibrated together with the measuring 
assembly or separately. In the latter case its calibration factor should be 
expressed in units of exposure (rate) per electrical charge (current), or in absorbed 
dose (rate) per electrical charge (current). 
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Special cables are necessary to connect the ionization chamber to the 
measuring assembly. In general, a high insulation co-axial 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 generate also a d.c. potential difference when it 
is strained, and this may take some time to decay; measurements may be impossible 
during this time. The co-axial 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. 

VI. 3.1.2. Measuring assembly 

The main purpose of this device 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. 

Over a number of years the response of a measuring assembly to a given 
input charge or current can change. The long-term stability of the measuring 
assembly will normally 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 exposure or exposure rate can be derived. The scale of a 
secondary standard dose meter should not be marked in radiation units. 

The measuring assembly may be calibrated with the ionization chamber, 
or alternatively the ionization chamber and the measuring assembly may be 
calibrated separately. In this case, the measuring assembly shall be calibrated 
in units of electrical charge or current. The measuring ranges of such a charge/ 
current measuring instrument shall be appropriate for the ionization chamber(s) 
with which it is to be used. 

VI. 3.1.3. Stability check source 

The purpose of a stability check source is to enable the checking of the 
overall performance of the complete dose meter to be checked. Such a device 
must irradiate the ionization chamber uniformly. The geometrical relationship 
between the radioactive source and the chamber must be accurately repeatable 
and such as to minimize the effect of small changes in chamber position. It must 
be possible to measure the temperature at the position of the ionization chamber. 

The half-life of the radionuclide should be reasonably long and not less than 
5 years. The purity of the radionuclide must be adequate to ensure that radio-
active decay over a period of three years is not significantly different from that 
expected from the accepted half-life for that radionuclide. 

A device is needed to block the aperture when the chamber is removed. 
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VI.3.2. Monitor instrument 

The current/charge measuring instrument to be used with the monitor 
chamber must have accurate repeatability and excellent short-term stability. 

VI.3.3. Other dose meters 

Other suitable dose meters will be needed as tertiary standard, transfer and 
field instruments. 

VI.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 (say 0 - 5 0 0 volts) are necessary for the 
reference and for the monitor ionization chambers, stabilized to ± 0.02% against 
changes of supply voltage and frequency. The ripple and noise should be less 
than 4 millivolts peak-to-peak. 

VI.3.5. Time measurement 

The time during which the X-ray beam is allowed to emerge may have to 
be measured, and, if so, preferably with an electronic timer, and this timer may 
also be used to control the irradiation time, and hence the time of measurement. 
The uncertainty of the time measurement should be less than 0.1%. Alternatively, 
a precision stop-watch may be used. 

VI.3.6. Environmental monitoring and measuring instruments 

Environmental monitoring equipment should be provided for recording 
temperature, pressure and humidity within a laboratory as and when required. 
In addition, appropriate metrology must be available to determine temperature, 
pressure and relative humidity of the ambient air. See also sections VIII.5, 
VIII.6 and VIII.7. 

VI.3.7. Distance measuring device 

It must be possible to determine and maintain the chamber distance 
relative to the source. The chamber position must be reproducible with an 
uncertainty of less than ± 0.5 mm for distances above 50 cm; this figure should 
be correspondingly smaller at shorter distances. 
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VI.3.8. Precision of ionization measurements 

When carrying out a precision measurement with an ionization chamber 
dose meter, it is often necessary to ignore the first reading of a series and 
(assuming that the beam of radiation does not change) readings should be 
continued until no steady trend in measurements (either up or down) is apparent. 
If the trend continues for more than five readings, the instrument and/or the 
beam of radiation should be investigated. After a steady state has been reached, 
the range or standard deviation of the first few measurements should be compared 
with accepted limits based on past experience. It is likely that a series of five 
readings will be adequate and, with experience, acceptable results may be 
normally obtained with a series of only three readings, mainly because random 
errors are likely to be relatively small compared with systematic errors. If the 
results are within acceptable limits, the readings can be terminated and if not, 
the instrument should be investigated. 

The procedure outlined in this section is intended to apply to any 
measurements made with an ionization chamber dose meter in the course of a 
calibration, whether by the reference instrument, the instrument to be calibrated, 
or any monitor instrument used. 

VI.3.9. Ancillary equipment 

Some ancillary equipment will be necessary in addition to that listed 
above, for example: 

(a) Films (or possibly a small fluorescent screen) for checking the adjust-
ment of the X-ray beam 

(b) An apparatus for checking whether an ionization chamber has free 
communication with the open air 

(c) A suitable micrometer for thickness measurements of filters and of 
absorbers 

(d) One or more portable radiation protection survey meters to enable 
checks to be made on radiation leakage from the X-ray tube, and 
radiation levels in control and calibration rooms, etc. 

(e) A multirange exposure rate meter 
(f) Personnel dose meters for radiation protection 
(g) Precision voltmeter and/or multimeter (V/A • ohm) 
(h) Desk or pocket calculator 
(i) Possibly a closed-loop TV set to enable readings of instruments to be 

taken during irradiation. 
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VI.3.10. Selection of equipment 

It is not possible in such a manual as this to recommend specific items of 
equipment. However, the Dosimetry Section of the IAEA in Vienna1 is always 
willing to give advice. 

1 Dosimetry Section, Division of Life Sciences, International Atomic Energy Agency, 
P.O. Box 590, A-1011 Vienna, Austria. 



Chapter VII 
MEASUREMENTS TO BE PERFORMED BEFORE CALIBRATION 

Before any X-ray, telecaesium or telecobalt equipment is used for calibrations 
it is necessary to confirm that it is in good working order and that it is safe from 
the radiation, mechanical and electrical points of view. It is necessary to ensure 
that the beam of radiation produced by the machine is of the correct size, shape 
and position. The calibration set-up must be adjusted accordingly. 

In order to get the radiation qualities needed for calibrations in X-ray beams, 
half-value layer measurements must be carried out and adjustments made as 
necessary. The scattered radiation, the beam uniformity and the timing error 
also need to be measured. 

In addition, measurements should be carried out to check that the measuring 
instruments are performing correctly. 

Every effort should be made to ensure that at the time of installation of 
the equipment it is correctly adjusted by the manufacturer. However, suitable 
tests must be repeated by the user sufficiently frequently to ensure that the 
equipment stays in good working order. Advice given elsewhere [2] is summarized 
here to help the staff of a SSDL to carry out these important tests. 

VII. 1. ELECTRICAL SAFETY 

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

Particular attention must be given to high-tension cables. These must be 
shock-proof, firmly clamped so that no undue movement takes place, but they 
should 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, as this may cause 
the outer covering to become frayed or otherwise damaged. Furthermore, the 
cables should never be pulled nor bent into an arc of small radius. The cables 
should be inspected frequently to confirm that they are free from visible 
damage and that they move freely. 
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VII.2. TEST FOR LEAKAGE RADIATION 

The existence and position of any holes or defects in the shield that allow 
the escape of radiation may be determined by surrounding the protecting 
housing of the X-ray tube or that of the gamma-ray source with X-ray film 
and switching the beam on for a suitable length of time. If the gamma ray unit 
has a source that moves when the machine is switched on, it is important that the 
test be carried out with the source in the "on" position. For this irradiation the 
main beam should be blocked off either by means of closing the shutter or by 
using a thick piece of lead (about 10 mm for X-rays, or 10 cm for 60Co gamma 
rays) across the initial diaphragm or across the aperture of the 60Co unit. The 
films should be carefully marked so that afterwards it is possible to know their 
exact positions during the irradiation. 

The irradiation should be made at the maximum operating kV and mA of the 
X-ray equipment and be of such duration that the exposure in the main beam 
at about 50 cm distance is about 25 mC/kg (about 100 R). 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 exposure rate level around the tube and the shielding should now 
be measured using a suitable radiation survey meter, paying particular attention 
to any direction in which appreciable radiation was detected on the films. 

The maximum level of leakage radiation must not exceed 70 nC/kg-s (about 
1 R/h) at a distance of 1 m from the housing of the X-ray tube. 

For 60Co units the maximum rate of leakage radiation at a distance of 
1 m from the source must be less than 70 nC/kg s (about 1 R/h) or 0.1% of the 
exposure rate in the useful beam at a distance of 1 m from the source, whichever 
is the greater. 

VII.3. ADJUSTMENT OF THE X-RAY BEAM 

The adjustment of the X-ray beam and of the collimating system should be 
made using a film, although in some circumstance 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. This may be checked quite easily by the method described by 
Massey [2]. If it proves impossible to adjust the equipment so that the focal 
spot is within 1 mm or 2 mm of the axis, particular attention should be given 
to the size and uniformity of the beam (see VII.5). Alternatively the method 
of section VII.4 may be used. 
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VII.4. CHECK OF SOURCE CENTRING OF A 60Co UNIT 

The ionization chamber should be placed in the position where the edge 
of the beam is required for calibration procedures. The radiation beam is 
adjusted so that the chamber is well inside the beam, and the exposure rate 
measured. The jaws are then closed until the exposure rate is about one half of 
its former value. Then the ionization chamber should be placed symmetrically 
on the opposite side of the central axis of the collimating system. If the source 
is accurately positioned on this central axis, the second reading will be identical 
with the first. If not, the source position must be adjusted until the readings 
are within 2—3% of each other. The test should then be repeated in a direction 
at right angles to the first. 

Where different calibration procedures require radiation beams of very 
different sizes, it may be necessary to carry out this check for more than one 
setting of the beam size. 

VII.5. BEAM UNIFORMITY 

It is necessary for the beam of radiation to be of adequate uniformity over 
an area sufficient for all calibration purposes. The use of a film will detect 
and localize gross non-uniformity but will be inadequate for checking uniformity 
to about ± 1%, as is needed for calibrations, and for this measurements will 
have to be made using a small ionization chamber. Using an X-ray tube with 
a 'reflection target', uniformity will be poorer in the anode-cathode direction 
than in the direction at right angles, due to the heel effect, and this non-uniformity 
is likely to be more severe at low kV. The most consistently uniform beam area 
may not be perpendicular to the direction of the electron stream (and the tube 
axis), so that it may be desirable to fix the angle between the calibration system 
and the X-ray tube axis to be somewhat different from 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. 

However uniform the beam, it is still advisable to interchange the ionization 
chambers when using the tip-to-tip calibration method of section V. 1. 

VII.6. 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 potentials and 
filtrations may be chosen so that the half-value layer of the beam lies within 
one of the two areas bounded by the pairs of dashed lines in Fig.3. 
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TABLE III. LOW-ENERGY X-RAY QUALITIES 8 . 5 - 5 0 kV [9] 

Normal tube voltage 
(kV) 

Added filtration 
(mm Al) 

First half-value layer at 50 cm 
(mm Al) 

Typical inherent filtration: 1 mm Be 

8.5 None 0.024 
10 0.025 0.036 
11.5 0.050 ' 0.050 
14 0.11 0.070 
16 0.20 0.100 
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 

The filters used should be within ± 10% of the thicknesses specified above. 
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TABLE IV. MEDIUM-ENERGY X-RAY QUALITIES 3 0 - 2 8 0 kV [9] 

Nominal tube voltage Added filtration First half-value layer 
(kV) (mm) 

Sn Cu Al mm Al mm Cu 

Typical inherent filtration: 1 mm Be 

32 0.47 0.35 

39 0.56 0.50 

43 0.74 0.70 

50 1.01 1.00 

Typical inherent filtration: 2.5 mm Be + 4.8 mm Perspex 

50 0.70 1.0 0.030 

75 1.50 2.0 0.062 

100 3.4 4.0 0.15 

105 0.10 1.0 5.0 0.20 

135 0.27 1.0 8.8 0.50 

Typical inherent filtration: 4 mm Al equivalent + 4.8 mm Perspex 

180 0.42 1.0 12.3 1.0 

220 1.20 1.0 16.1 2.0 

280 1.4 0.25 1.0 20.0 4.0 

The filters used should be within ± 10% of the thicknesses specified above. 

Typical lists of radiation qualities for X-ray calibration by secondary 
standard dose meters at a SSDL [9] are given in Table III for low-energy X-ray 
qualities and in Table IV for medium-energy X-ray qualities, and these lists could 
form the basis used by a SSDL to determine what radiation qualities it should 
offer, bearing in mind the particular needs of radiotherapy in its part of the 
world. It should in any case offer a range of qualities so that a particular dose 
meter can be calibrated with radiation that is softer than, and also radiation 
that is at least as hard as, the radiations to be measured by that dose meter, as 
well as with several qualities of radiation spaced out between these limits. 

The conditions listed in Tables III and IV 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 IV give approximately the same 
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exposure rates over the whole range, about 40 juC/kg • s (about 10 R/min) at 
75 cm from the target, and this feature enables a calibration series to be carried 
out without any correction for variation of exposure rate. If generators are 
used that do not give nearly constant potential, somewhat higher voltage will 
be needed than specified. See also section VIII.8. 

VII.7. MEASUREMENT OF HALF-VALUE LAYER 

The ionization chamber used for this measurement should have a negligible 
energy dependence, but if this is small (and known), the measurements can be 
corrected. The chamber should be placed at the point where the half-value layer 
is required to be known, e.g. the calibration position. 

The absorbers for HVL measurements (A, see Fig.2) should be placed 
between the monitor and measuring chambers so as to minimize radiation 
scattering into either. For this reason the attenuating filters should be placed 
approximately midway between the two chambers; each sheet of absorber 
must be substantially larger than the X-ray beam, so that it intercepts it completely, 
and the filters should be between sheets of lead large enough to reduce to 
negligible levels any scattered radiation reaching the measuring chamber from 
the high-intensity beam in front of the absorbers. Furthermore, the apertures 
in the lead diaphragms should be only large enough to produce the smallest 
beam capable of irradiating the measuring chamber uniformly. Successive 
readings of the measuring chamber must be normalized using the readings of the 
monitor chamber. 
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The initial measurement should be the exposure rate in the absence of 
absorbers, and this measurement should be repeated at intervals and as the 
last measurement of a series. The exposure rate should be remeasured using a 
few thicknesses to give exposure rates in the region of 50% of the initial measure-
ment, and again in the region of 25% if the second half-value layer is required. 
The half-value layer can then be derived by interpolation from a graph of 
exposure rate (or its logarithm) versus absorber thickness (see Fig.4). 

The measured half-value layer should agree with the value intended for 
calibration within the uncertainty of the half-value layer measurement, typically 
with a standard deviation of ± 2%. 

If it does not do so, the radiation quality should be changed by adjusting 
the tube kV or the filtration. However, if the filtration has been checked to 
consist of the correct thickness of the specified materials, it is likely that the 
tube kV is incorrect. If the generator and control panel permit, the tube kV 
should be altered until the correct HVL is obtained. If this is not possible with 
the X-ray machine used, the filtration should be adjusted. 

VII.8. THE CONTRIBUTION OF UNWANTED RADIATION 

Unwanted radiation may reach the ionization chamber from two main 
sources: 

(a) Stray radiation: Radiation emerging from the tube housing other than 
the useful beam cannot irradiate the chamber directly, but may be 
scattered from walls, equipment, etc., and thus reach the chamber; 
its magnitude is likely to be small, probably much less than 1% of the 
radiation measured. This may nevertheless be of importance when 
the X-ray beam is limited by a diaphragm and only irradiates part of 
the ionization chamber, e.g. a free-air chamber. A correction for the 
stray radiation may then be necessary. 

(b) In-beam scatter: Radiation in the useful beam can be scattered on 
striking anything in this path — tube wall, diaphragm edges, filter, 
and any wall beyond the ionization chamber — and thus irradiate the 
chamber. This should be minimized by cutting all diaphragm edges 
at a slope corresponding to the divergence at that point in the useful 
beam, by using a beam large enough to irradiate the chamber(s) 
uniformly with a small margin - and no larger - and by maintaining 
an adequate distance between the chamber(s) and the wall irradiated 
by the useful beam. 

The following methods may be used to indicate whether appreciable stray 
radiation is present: 

(a) Using an ionization chamber, the central axis exposure rate should be 
measured at the required distance. The normal beam-defining 
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diaphragm should then be blocked with lead sufficiently thick to 
absorb at least, say, 99.99% of the beam. The exposure rate should 
then be remeasured using a large-volume chamber and this will indicate 
whether appreciable stray radiation is present at the point of measure-
ment. If it is, it may be possible to reduce it by extending the outside 
dimensions of one of the beam-defining diaphragms (say, D4 in Fig.2). 

(b) The correction appropriate to scattered radiation can be estimated by 
measuring the radiation exposure rate on the central axis of the beam, 
and repeating for several distances from the target; after correction 
for air attenuation, the corrected exposure rates should give an 
approximately straight line in a log-linear plot, even if the inverse 
square law is not followed precisely. It is perhaps particularly important 
to carry out this test at distances greater than the normal target-to-
chamber distance; if the log-linear plot becomes increasingly concave 
upwards, this may indicate the presence of backscatter from the 
irradiated wall. 

Note that when using a large-volume ionization chamber the effective point 
of measurement may not be the geometric centre of the chamber, especially 
at small source distances [10]. 

VII.9. POSITIONING UNCERTAINTIES OF THE GAMMA-RAY SOURCE 

Some gamma-ray sources do not have a built-in shutter, and the irradiation 
time is determined by the movement of the source from a storage position 
(where it is shielded) to an irradiation position. Variations in this irradiation 
position may cause variation of the exposure rate at the place of the measurement. 

The presence of such variations may be checked by using a precision exposure 
rate meter, or an exposure meter controlled by a precision electronic timer. 
The exposure rate should be measured ten times at the same position of the 
chamber with the source moved to the storage position after each measurement. 
The standard deviation of the exposure rate values should not exceed 0.1%. 

VII. 10. TIMING UNCERTAINTIES 

Timing uncertainties may be due to two quite different causes: 
(a) Variation of the exposure rate at both the beginning and the end of 

the irradiation 
(b) Uncertainties of the timer. 

39 



VII. 10.1. Variations of the exposure rate value 

At the beginning of the irradiation the exposure rate rises from zero to its 
steady value over a finite period of time either because of the opening of the 
shutter 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 exposure rate does not 
necessarily fall to zero instantaneously. When making calibrations the errors 
associated with the beginning and the end of the irradiation cannot usually be 
neglected because the errors may correspond to a timing uncertainty of a 
few seconds. 

The effects of high voltage variation can be avoided by using a shutter to 
begin and end each irradiation so that it is unnecessary to switch the high voltage 
on the X-ray tube on and off. If this is not possible, it may be possible never-
theless to fit a shutter to control the start of each irradiation, even if it has to 
be terminated by switching off the high voltage. Before the next irradiation 
the shutter is closed and the tube voltage brought up to the correct value and 
allowed to become steady before the shutter is opened. 

Where tip-to-tip calibration (see V.l) is used, it is important that the 
operation of a shutter does not result in one ionization chamber always being 
irradiated for a longer time than the other and thus introducing an appreciable error. 

It is in any case advisable to check whether the time set on the timer 
corresponds to the effective time of irradiation, and this can be done by the 
double-irradiation method described in detail by Massey [2]. The repeatability 
of the timer should also be checked by carrying out a series of ten measurements 
of dose output for identical times and checking the standard deviation of the 
results (normalized when necessary by the monitor chamber). 

VII. 10.2. Uncertainties in the timer 

Many X-ray machines and teletherapy units used in hospitals have the 
irradiation time controlled by a timer operating from mains frequency. In many 
countries instability of mains frequency makes this an inadequate method of 
controlling irradiation times for calibration when the irradiation time enters 
into the calculation of the calibration factor. When an exposure-rate instrument 
is being used to calibrate another exposure-rate instrument, irradiation time is 
of no importance. When tip-to-tip calibration (see V. l ) is used to calibrate any 
instrument against any other, it is equally of no importance. When calibration 
by substitution is used and both instruments are exposure or dose meters, the 
irradiation time is of importance but only in so far as the ratio of the irradiation 
times is concerned. The irradiation time itself only needs to be accurately known 
when an exposure rate meter or dose rate meter is being calibrated against an 
exposure meter or dose meter, and this situation should therefore be avoided 
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when practicable. If the timer needs to be changed, it must be noted that the 
new timer may not give times identical with those of the old timer. 

Any precision electronic timer or stopwatch used needs to be checked 
regularly against a time signal or accurate clock, but this is not a difficult test 
to carry out, as an error of 1 minute in 24 hours corresponds to an error of 
less than 0.1%. 

VII. 11. TESTS OF THE SECONDARY STANDARD DOSE METER 

The secondary standard dose meter must be calibrated against a primary 
standard and then kept in the laboratory as a basic reference instrument. 
Tertiary standard dose meters may be calibrated against it and, in addition, 
measurements should be carried out to check its performance. Some of these 
tests can also be used to check the performance of tertiary standard dose meters. 

VII. 11.1. Leakage current in the absence of radiation 

The ionization chamber may have a leakage current in the absence of 
radiation. The chamber electrodes should be connected together for at least 
2 hours, and the polarizing potential then applied. Leakage current measured 
15 minutes, 1 hour and 6 hours later should not exceed ± 0.5% of the ionization 
current produced by the minimum exposure rate to be measured. 

VII. 11.2. Charge leakage of the measuring assembly 

In a measuring assembly in which charge is collected on a capacitor during 
a measurement the rate of leakage of this charge will limit the lowest input 
charge that can be measured with sufficient accuracy. The rate of charge loss 
should be measured with at least 90% of the maximum stored charge. After the 
capacitor has been charged the input of the measuring assembly is disconnected 
from external leakage paths and fully shielded during the test. The rate of loss 
of charge should not exceed 0.5% of the minimum input current to be measured. 

Small leakage currents in a measuring assembly that measures current 
(i.e. dose rate or exposure rate) may be important if they are not proportional to 
the current being measured as this can lead to non-linearity of response. If they 
vary with temperature, pressure, etc., they will only be detected by ascertaining 
if the response of the assembly to a constant input current changes appreciably 
when these factors are altered. If the leakage currents are stable and proportional 
to the currents being measured, they will be allowed for in the calibration. 
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VII. 11.3. Tests of stem and cable leakage 

If the instrument has a thimble ionization chamber, it is possible that the 
irradiation of the stem by the useful beam, and of the stem and cable outside 
the useful beam by leakage and scattered radiation, may interfere with the 
measurement. One way of testing this involves two separate procedures, each 
requiring the use of an elongated beam of radiation of the same length as is 
used for calibration but narrow enough that when the ionization chamber is 
placed across the beam the chamber is only just completely irradiated. With the 
chamber along the long axis of the beam a dummy stem (as nearly identical as 
possible with the stem of the ionization chamber) is brought up to touch the 
tip of the chamber and readings taken with and without the dummy stem to 
assess the contribution to the reading from radiation scattered by the stem. The 
ionization chamber is then placed across the beam and stem and cable are well 
shielded; a measurement is made, correction is made for stem scatter, and the 
result compared with the former measurement to see if the irradiation of stem 
and cable introduces any effect. It may be necessary to repeat this test with 
radiation of different qualities. 

VII. 11.4. Stabilization time 

The ionization chamber and the measuring assembly need a certain 
stabilization time before calibrations can be started. The measuring assembly 
is switched off for at least two hours before beginning the test of the stabilization 
time, with the chamber electrodes connected together. The measuring assembly 
is then switched on and the polarizing potential applied to the ionization chamber. 
The response is measured approximately 15 minutes, 1 hour and 6 hours later, 
using an exposure approximately equal to that customarily given during the 
calibration of the instrument. The stability check source may be used for this test. 

For a measuring assembly tested as a separate component, a source of electric 
current with suitable stability and impedance may be connected to the input. 

Between 15 minutes and 6 hours after switching on the limits of variation 
of response should be within ± 0.5% of the values after 1 hour. 

VII. 11.5. Long-term stability 

The long-term stability of a dose meter may be checked by the stability 
check source. A series of measurements is made as specified in the instructions 
for use of the stability check source. The ionization chamber is completely 
removed from the check device and replaced between successive measurements. 

The stability check device and the ionization chamber need to be as nearly 
at temperature equilibrium as possible, but corrections must be made for changes 
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in air density if necessary. The temperature equilibrium can be checked by 
taking a series of readings leaving the chamber untouched. 

The average of measurements made in the absence of drift may confirm that 
the response of the dose meter to this source has not changed significantly since 
the instrument was calibrated, but this does not mean that all calibrations are 
unchanged, as a change of calibration factor with time is more likely to take 
place for very soft radiation. If a change greater than 0.3% is observed, however, 
a new calibration must be carried out as soon as possible. 

VII. 11.6. Tests on the range factor 

If an instrument can operate in several ranges of exposure and/or exposure 
rate, the ratio of the actual exposures in different ranges for the same deflection 
of the pointer usually differs f rom the ratio of the range factors indicated on 
the meter. This fact may be allowed for by a determination of the calibration 
factor in each range. It is usually more convenient to determine the calibration 
factor for only one range and then to determine correction factors for the 
other ranges. For an exposure rate instrument these can be determined by 
using one or more radioactive sources to produce constant current conditions 
in the ionization chamber, or by allowing constant currents to flow directly into 
the measuring assembly. A current is produced that gives approximately full-scale 
deflection on the most sensitive range and then, without altering the current, the 
switch is altered to the next range and the two readings compared. The current 
is then readjusted to give approximately full-scale deflection on this range, the 
range again changed, and so on. 

For an instrument that measures exposure it is generally necessary to give 
two identical exposures, normalizing by a monitor chamber, to check one 
range against the next. 
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Chapter VIII 
CARE AND MAINTENANCE OF CALIBRATION EQUIPMENT 

VIII. 1. GENERAL INSTRUMENT MAINTENANCE 

In a calibration laboratory it is essential that all results issued are reliable, 
and this requires reliability not only of the dose meters but also of all other equipment 
used in the laboratory, such as thermometers, barometers and voltmeters. 

No new equipment should be put into service until it has been properly 
checked and, where applicable, calibrated, and some equipment will need long-term 
constancy checks. 

The laboratory should maintain an inventory of each item of equipment, 
which should be uniquely identified and its case history maintained giving the 
following information: 

Description of item 
Manufacturer's name and type number 
Serial number 
Date of purchase 
Maintenance information (regular checks and repairs undertaken and 

parts replaced) 
Any periodic calibrations required. 
For items requiring periodic calibration the following additional information 

should be given: 
Calibration interval 
Reference to where the details of the calibration procedure can be found 
Date of last calibration 
Due date of next calibration. 
A progress system for items requiring periodic calibration should be operated 

to ensure recalibration within the specified interval, which 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. Any such calibration procedures and test methods should be fully 
documented in the SSDL for reference. 

VIII.2. RECALIBRATIONS OF SECONDARY STANDARD DOSE METERS 

It is recommended that the secondary standard dose meter at each SSDL 
is recalibrated by a recognized primary standardizing laboratory at intervals 
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of not more than three years, although this period will depend to some extent 
on the long-term stability of a given secondary standard dose meter and may 
be different for different types of instrument. 

Before sending the dose meter to be calibrated, a series of at least ten check 
source readings should be taken and the mean value calculated. As soon as 
possible after the return of the instrument this procedure should be repeated, 
giving a second mean value. These mean values, when corrected for temperature, 
pressure, humidity and radioactive decay, should be consistent with one another 
and with that measured at the PSDL. 

It is also desirable at regular intervals to take two radiographs of the ionization 
chamber at right angles to confirm that internal electrodes have not moved. Any 
such movement might otherwise only show as a change in sensitivity when the 
chamber is exposed to high exposure-rate radiation, because of the increased 
possibility of ion recombination. 

Each time the secondary standards are used their response should be checked 
by the stability check source. A chronological graph can be plotted showing either 
the time needed for the standard reading or the exposure rate measured with the 
check source. The readings must be corrected for temperature, pressure, humidity 
and radioactive decay, where appropriate. 

If at any time it is suspected that the instrument has received any damage 
that might affect the calibration, or if the check source readings (after correction 
for ambient atmospheric conditions and radioactive decay of the source) differ 
more than 0.3% from the value given in the calibration report of the instrument, 
then consideration must be given as to whether repair and/or recalibration of 
the instrument is necessary, and it may be helpful to consult the manufacturer. 

Recalibration and intercomparison data should be retained in a form that 
enables the ready assessment of instabilities and drifts. 

VIII.3. TESTS OF THE MONITOR INSTRUMENT 

Readings of the monitor instrument, compared with readings of the 
secondary standard dose meter at a given position, should be constant with time 
for each radiation quality used and it is often helpful to record this information 
graphically. Any change is likely to indicate a change in response of the monitor 
instrument and should be investigated, although it could also be due to changes 
in the secondary standard dose meter or the radiation quality. 

Leakage tests should be carried out regularly (say, once a month) on the 
monitor instrument since it is irradiated whenever an X-ray exposure is made and 
is close to the X-ray tube, and therefore will receive a high radiation dose. 
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VIII.4. TIMERS 

Timers, and particularly stopwatches, can give rise to both random and 
systematic errors. They should be checked from time to time (at least once a 
year) against a time signal of known accuracy; alternatively a good wrist watch 
will enable an accurate comparison to be made if carried out over a sufficient 
time interval. 

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, e.g. the 
presence of ambient noise or conversation. Observer errors of this type may 
well mask small changes in instrument performance. 

VIII.5. THERMOMETERS 

A SSDL needs to have at least two thermometers accurate to 0.3 K (= 0.3°C) 
or better, one calibrated at a standardizing laboratory and the other checked 
against it, which can then be used for calibration of other thermometers and 
temperature recorders used in the laboratory. 

Mercury thermometers need no recalibration but other types of thermo-
meter and temperature recorder need recalibrating at regular intervals. The 
frequency of the recalibrations can be determined on the basis of experience 
and depends on the particular type of thermometer used. 

VIII.6. BAROMETERS 

A mercury-type precision barometer having a calibration certificate needs 
no recalibration and may be used for calibrating aneroid barometers. These 
usually have a setting device which must be re-sealed after adjustment. A 
portable precision aneroid barometer should be available when radiation 
measurements are to be carried out in places other than in the SSDL. It must 
always be possible to determine air pressure to within 0.1%. 

VIII.7. HYGROMETERS 

The accuracy needed for measurement of relative humidity of the ambient 
air in the calibration laboratory is not very critical. However, measurements 
with ionization chambers may be impossible over about 75% relative humidity 
because of the rise in leakage currents and it is therefore essential to know that 
the humidity is below this level, and this is also relevant to the storage of dose 
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meters. A hair hygrometer is sufficiently accurate, but its calibration is liable 
to change if it is subjected to either very high or very low humidities. Such an 
instrument should therefore be checked once a month (or as dictated by 
experience) against a whirling-arm hygrometer and adjusted as necessary. 

VIII.8. ROUTINE CHECKING OF RADIATION BEAMS 

The output of an X-ray set may not remain constant in spite of the apparent 
consistency of the operating conditions. It cannot be assumed that, even if the 
kV meter reading or the kV setting is unchanged, the actual voltage across the 
X-ray tube is unchanged, nor can it be assumed that inherent filtration remains 
unchanged. The half-value layer at the lowest and highest voltages used for 
calibration should be checked at intervals of not more than 6 months, or whenever 
the X-ray generator voltage calibration is altered or the X-ray tube changed. 

During the lifetime of an X-ray tube there will be changes in the focal spot; 
these changes can give information about the condition of the tube filament 
and target surface and can often be deduced from focal spot pictures. In particular 
the imminent failure of an X-ray tube can sometimes be predicted from changes 
in the focal spot picture. Such advance warning can be most useful if there is 
likely to be delay between ordering and receiving a replacement. Focal spot 
pictures should therefore be taken regularly. 

The position of the central axis of the X-ray and gamma-ray beam should be 
checked about twice a year, but the beam size should be checked much more 
frequently, say once a month, until confidence is established. A quick test of the 
beam size may be carried out by taking a radiograph of the beam at the place 
of the calibration. 

It is recommended that the radiation output (the exposure rate) should be 
checked at least monthly at a source-chamber distance where calibrations are 
usually carried out and the readings entered on a chronological plot to show the 
consistency of output. It may be made at one X-ray quality only, but in the 
case of a gamma-radiation beam a correction should be made for radioactive 
decay of the source. 

VIII.9. HOUSEKEEPING 

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

(a) General instructions for the operation of the laboratory should be in 
writing and should be familiar to the staff 

(b) Construction, repair and maintenance work on portable equipment 
should not be carried out in a radiation laboratory but in a separate area. 
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(c) Reference standard instruments and other items of calibration 
equipment should be properly protected and stored when not in use. 
The relative humidity of the ambient air must be below 75% where 
dose meters are stored 

(d) Transportable calibration equipment, which needs to be moved 
frequently, should be mounted on trolleys, designed or adapted for 
the purpose 

(e) Storage space should be provided for connectors, adaptors, accessories 
and tools 

(f) Radioactive sources should be carefully stored in suitable containers 
in appropriate stores 

(g) 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 
laboratory should contain only those documents that must be kept 
in the laboratory, an external office filing the remainder 

(h) Special precautions may be necessary to ensure that cleaning operations 
are carried out safely. Staff engaged on cleaning may need to be 
carefully supervised or the work done by specially trained staff. 

48 



Chapter IX 
CALIBRATION PROCEDURES 

IX. 1. SCOPE 

A SSDL will use its secondary standard dose meter for different types of 
calibration. It may, for instance, use it to calibrate a tertiary-standard dose meter 
for normal calibration procedures, reserving the secondary standard dose meter 
for occasional check calibrations. Such a tertiary standard dose meter must 
clearly undergo the most rigorous checks and calibrations. In some instances, 
the secondary standard dose meter (or a tertiary standard dose meter) may be 
used to calibrate a field instrument that is to be used at a particular hospital for 
the output measurements of a limited range of radiotherapy equipment, and 
in this case it will not be necessary to carry out so wide a range of calibration 
of the field instrument. For the purposes of this chapter it is assumed that the 
secondary standard dose meter is to be used to calibrate a field instrument for 
a hospital; the terminology used will need to be adapted to other situations. 

The procedures outlined in this chapter are typical procedures. In any given 
set of circumstances there may be other ways of achieving the desired result, 
which need not necessarily be considered inferior. 

IX.2. CALIBRATION FACTOR 

The calibration factor is taken conventionally to be a factor by which the 
indicated value of a dose meter, corrected for air density and other variables, 
is multiplied in order to derive the value of exposure, exposure rate, dose or 
dose rate at the position of the reference point of that dose meter. That is, 

K f = E/I 

where E is the value of exposure or dose (rate) at the point in question, and I 
is the indicated value of the dose meter, as corrected where necessary. 

Air density corrections will generally need to be made so that the indicated 
value of the dose meter refers to the same air temperature ( t0) and pressure (p0) 
as those given in the calibration certificate of the secondary standard dose meter, 
at which its own calibration factor is specified. For this purpose, air temperature 
(t) and pressure (p) need to be measured and the indicated value multiplied by 

273.2 + t PQ 
273.2 + 10 P 
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where t and t 0 are the temperature in degrees Celsius, and p and p0 the air pressure 
in standard atmospheres (1 standard atmosphere = 101.3 kPa = 760 mmHg). 

Variations in air humidity will also affect an ionization measurement but 
at the time of writing it is not possible to quote any generally accepted formula 
or rule by which humidity corrections should be made. If calibrations are carried 
out between about 40 and 60% relative humidity and the calibration factors of 
the secondary standard dose meter are specified for this level of humidity, the 
effect of changes in humidity is likely to be small, certainly less than 0.3% and 
possibly less than 0.1%. 

The secondary standard dose meter may be of a design in which the stability 
check source measurement is incorporated into the calibration factor in such a 
way as to take into account a variation of air density, and in this case no 
calculations need to be carried out to allow for air density corrections. 

When the field instrument has an ionization chamber spherical or cylindrical 
in shape, the calibration factor will refer to irradiation when a particular part 
of the chamber faces the sources of radiation (see IX.4.5 below). A mark on the 
ionization chamber or its stem should be inscribed (if not already present) and 
its relationship to the reference point of the chamber stated. 

IX.3. TESTS ON INSTRUMENTS TO BE CALIBRATED 

Tests must be carried out to ensure that any calibration factor will be reliable, 
consistent and stable. The tests listed in VII. 11 will need to be considered, 
although not all will be appropriate to every field instrument to be calibrated. 
Some tests will, however, be essential. 

If the field instrument is operated from batteries, these need checking. If 
rechargeable, they should be fully charged. If non-rechargeable, they should be 
new or at least stable and giving the correct voltage. If the field instrument 
operates f rom mains supplies, it will be necessary to check that it will operate 
satisfactorily from the mains supplies available at the SSDL. It may be desirable 
to check, by using a stability check source, whether the instrument response 
changes significantly with changes in mains voltage and frequency that may be 
experienced in the hospital where it is to be used. 

. It is particularly important to check that leakage currents are acceptably 
low and that there are means of preventing the humidity of the instrument rising 
too high during transport and storage. On arrival at a SSDL a field instrument 
should be left for 24 hours in its transit case in the laboratory before being 
opened, to enable temperature to equilibrate in order to avoid condensation. 

Checks will need to be carried out to determine whether the ionization 
chamber is open to the ambient atmosphere. One way to do this is to mount the 
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ionization chamber in a suitable container in a beam of radiation (e.g. f rom a 
cobalt unit or check source) and then change the pressure by an amount sufficient 
to alter the air density significantly (say, 10%) and observing whether the ionization 
chamber reading responds proportionately or not. Indeed, this change can be 
made by allowing the pressure to return to atmospheric suddenly. If the reading 
responds very slowly, or not at all, calibrations should not be attempted until 
the matter has been discussed with the owner. Sealed ionization chambers are 
of value in certain circumstances, but not as part of a standard dose meter. 

It is essential that any dose meter used in connection with radiotherapy be 
checked frequently to test whether it is likely that its calibration factor remains 
constant. It has already been emphasized that any standard or reference dose 
meter should have a stability check source for this purpose, and it is just as 
important for each field instrument. However, there are at present many field 
instruments without a specially made stability check source. 

In such a situation, if a standard check source cannot be obtained, an 
alternative method of checking for constancy of the dose meter needs to be 
devised and some possible methods are indicated by Massey [2], One disadvantage 
of such methods is that when the dose meter needs to be recalibrated its constancy 
cannot be rechecked at the SSDL before and after calibration. 

It will be necessary to test the response of a field instrument at various 
times after it is switched on to test whether any warming-up period should be 
specified. It will similarly be necessary to measure the response of the instrument 
over a range of temperatures, correcting for air density where appropriate, to 
test the effect of temperature variations. 

IX.4. TYPICAL PROCEDURES 

IX.4.1. General 

Before starting the calibration of a field instrument, it is essential to have 
completed all the preliminary tests mentioned in chapter VII, to have ensured 
proper maintenance of all equipment (chapter VIII) and to have carried out 
appropriate checks on the instrument to be tested (IX.3). In particular, it is 
important to ensure that the distance of the reference points of the ionization 
chambers from the radiation source be known approximately, but that their 
positions are accurately repeatable to ± 0.5 mm. Each SSDL will devise its 
own ways of checking this. 

During calibration of a particular instrument checks must be made to ensure 
that all operating conditions remain the same. If a monitor chamber is being 
used, the ratio of secondary standard dose meter reading to monitor reading 
should remain constant within experimental error at a particular radiation quality. 
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Such a ratio should be checked at request intervals to ensure that there is no 
steady drift. If this is found and cannot be explained in terms of air density 
changes, its cause must be ascertained and removed. 

Each instrument may measure in exposure, or in exposure rate, and the 
same is true of the monitor instrument. Where both types of instrument are 
used in the same calibration, the measurement of time becomes important. So 
far as possible, the value of time should be eliminated from the resulting calculations 
by keeping exposure times constant, or at least in a constant ratio. By this means 
the need for accurate time measurement is reduced. 

It is particularly important that, before every calibration, it is confirmed 
that scattered radiation is minimized by checking that the beam will 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 
calibration using 137Cs or 60Co gamma radiation and (unless a chamber has been 
specifically designed for such radiation) it is likely that a build-up cap will 
be needed. 

IX.4.2. Calibration using a monitor chamber 

A monitor chamber will be necessary for calibrations using the calibration 
by substitution method of section V. 1. With the secondary standard dose meter in the 
radiation beam a series of readings is taken from the dose meter (Is) and the 
monitor (MS) and the average value of the ratio IS/MS = RS is calculated. The 
field instrument then replaces the secondary standard instrument and another 
series of readings taken from the dose meter (ID) and the monitor (MQ) and the 
average value of this ratio Iq /Md = Rd is calculated. The secondary standard 
dose meter is then replaced and measurements are carried out to check that RS 

is unchanged and then, after applying any necessary corrections for changes in 
air density, non-linearity, rate dependence, leakage, etc., the correction factor 
K F is 

K F = R S / R D 

IX.4.3. Calibration without a monitor chamber 

Tip-to-tip calibration can only be used, and the use of a monitor chamber 
avoided, when the chamber to be calibrated is essentially similar in design to the 
standard chamber to be used. The two are usually placed tip-to-tip, but if the 
two chambers have an air volume with a length much greater than diameter, it 
may be easier to obtain the required beam uniformity if they are placed side by side. 
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A series of measurements is made in which the reading of the standard dose 
meter I s and that of the field instrument Ip are expressed as a ratio, I s /Ip, and 
the average value of this ratio for this arrangement of the chambers, (K_F)A> 
is obtained. 

The positions of the two chambers are then accurately interchanged and 
the average value of I s / Ip for this second arrangement, (KF)B, is obtained. If the 
value of (KF)B is significantly different from that of (KF)A (saY > 2%), it is 
necessary to investigate and remove the cause of the difference. If not, the 
chambers need to be replaced in their former positions to check that (KF)A i s 

unaltered, and then 

K F = \ / ( K F ) A ( K F ) B 

IX.4.4. Variation of sensitivity with radiation quality 

As already mentioned, when a dose meter is being calibrated for use in 
radiotherapy, the radiation beams used should be similar to those used for 
radiotherapy. If, however, it is found necessary to investigate in detail the energy 
response of a particular ionization chamber, each radiation quality needs to be 
known with some accuracy and it is then an advantage to use heavily filtered 
beams, i.e. beams of good resolution. 

The calibration factor Kp for a field instrument will need to be determined 
for each radiation quality separately, and each should be regarded as a separate 
calibration, with all factors checked before it is carried out. At the end of these 
calibrations KF for the first radiation quality should be checked to ensure 
absence of drift. 

IX. 4.5. Variation of sensitivity with direction of radiation 

An ionization chamber will not usually be equally sensitive to radiation from 
all directions. If it is going to be used only in a single orientation to the radiation 
source (e.g. chamber axis perpendicular to beam axis), calibration in a single 
direction may suffice. In this case the direction of irradiation must be specified 
unequivocally. 

IX. 4.5.1. Chamber rotation 

The variation of chamber sensitivity with rotation about its own axis is not 
usually very great, but it may need to be checked especially with soft radiations. 
A reference position should be given in relation to some mark in the chamber 
stem, and angles of rotation specified in relation to this reference position. It is 
usually adequate to check sensitivity at four positions, at 90° intervals, and this 
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may need to be checked for the hardest, and the softest, radiation qualities 
for which the chamber is being calibrated. 

IX. 4.5.2. Chamber tilt 

The sensitivity of a chamber may be affected by the angle of tilt, and a check 
on this may only be necessary for tilts of a few degrees either side of the reference 
position in order to determine how critical this is. It is usual for the direction 0° 
to indicate that the radiation is end-on to the chamber, but the reference position 
is much more likely to be 90°, i.e. with the chamber axis perpendicular to the 
beam axis. Variation in sensitivity with chamber tilt is usually expressed as a 
factor (Fg) for an angle 6 such that 

Fe = (K F ) e / (K F ) 9 0 

and the values of Fq may be plotted as a polar diagram. 
It is important that the beam size does not change during the measurements, 

and it is therefore necessary to start with a beam large enough adequately to 
irradiate the chamber for any angle of tilt. It is equally important to ensure that 
the chamber is tilted so that its reference point remains accurately at the same 
position. In carrying out such a check, it is useful to set the operating conditions 
so that the first reading of the field instrument is below full-scale deflection 
(say 2/3 of full scale) so that if the reading changes during the test, a range 
change is unlikely to be necessary. When there is appreciable variation of 
sensitivity with chamber rotation, it may be necessary to carry out measurements 
involving both tilt and rotation. 

IX.4.6. Information to be quoted in a calibration certificate 

The information quoted in a calibration certificate will depend on such 
factors as the field instrument calibrated and the results obtained. The following 
list is intended to indicate the kinds of information that may need to be quoted, 
when they are relevant, and is not intended to be either a check list or a draft 
certificate. 

(a) The instrument tested, its maker, type number, serial number and its 
various components (e.g. ionization chambers). 

(b) The methods used (see chapter V). 
(c) The radiation qualities used, including peak potential, filtration, 

HVL, etc. 
(d) For instruments calibrated in exposure (dose) the exposure rates 

(dose rates) used. 
(e) The results of preliminary tests on the field instrument (IX.3). 
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(f) Stability check source readings obtained, and the date to which these 
reading's refer. 

(g) The direction(s) of irradiation used. 
(h) An estimate of the overall uncertainty in the calibration factor and the 

main factors contributing to it. 
(i) Reference conditions at which the calibration factors apply, e.g. air 

temperature and pressure, exposure rates, field size, target-to-chamber 
distance, angle of incidence of the beam on the chamber. 

(j) The calibration factors obtained. 
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Chapter X 
THE UNCERTAINTY OF THE CALIBRATION FACTOR 

The calibration factor (KF) is derived from the mean value of a series of 
measurements, corrected for all systematic effects that are known and can be 
assessed quantitatively. The overall uncertainty of the calibration factor is made 
up of the random and systematic uncertainties involved in the measurements 
and the physical constants and conversion factors that enter into the determination 
of KP- Systematic errors introduce a bias into a measurement process, and 
systematic uncertainties are estimated upper bounds or limits to these systematic 
errors. Random errors produce the familiar variations observed when a measure-
ment is repeated under the same conditions, and random uncertainties are 
obtained by statistical treatment of the measurements. Random and systematic 
errors combine to give a single final (unknown and unknowable) error in KP, 
and both random and systematic uncertainties contribute to the final overall 
uncertainty. 

It is recommended that random and systematic uncertainties be quoted 
separately and only then combined in order to give an estimated overall uncertainty. 

X. 1. RANDOM UNCERTAINTIES 

Random uncertainties in Kp can arise from variations in any of the measure-
ments that enter into the determination of KF- If n is the number of observed 
values x; of a given measurement series, the best estimate of the expected value 
is represented by the arithmetic mean (or mean value) x, where 

The spread of the observed values around this mean is characterized by the 
standard deviation S(x), where 

n 

i= 1 

and the quantity S2 (x) is called the variance of the measurements. 
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TABLE V. VALUES OF t FOR VARIOUS NUMBERS OF READINGS 

Number of readings 

n P = 95% 

Values of t 

P = 99% 

3 4.3 9.9 

4 3.2 5.8 

5 2.8 4.6 

6 2.6 4.0 

8 2.4 3.5 

10 2.3 3.2 

20 2.1 2.9 
OO 2.0 2.6 

The standard error of the mean x is given by S(x), where 

\ i=i 

and the quantity S 2 (x) is called the variance of the mean. 
Appropriate confidence limits can be defined such that the true value is 

expected to lie between these limits with a certain probability. This probability 
is called the confidence level associated with these limits and is usually given in 
per cent. The confidence limits L referred to the mean value x are given by 

L(P,n) = + t v 

where P is the confidence level, t is a function of P and n resulting from Student's 
t-test and given in Table V for two values of P, and v is the relative standard error 
of the mean in per cent. Then 

v = 100 S(x)/x 

and is also known as the coefficient of variation of the mean. 
For dose meter calibrations the confidence level is taken to be 95%, as 

indicated in section I V.4.10. If there is more than one source of random 
uncertainty, the 95% confidence limits (expressed in per cent) can be combined 
in quadrature to obtain an overall random uncertainty (in per cent). 
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X.2. SYSTEMATIC UNCERTAINTIES 

The systematic uncertainties of a measurement, which represent possible 
biases in that measurement, can be estimated by considering the physical effects 
expected to influence the result. It is necessary first to identify all the physical 
effects that need to be taken into consideration, and this depends very much 
on experience, judgement and sometimes even intuition. It is then necessary to 
estimate the systematic uncertainty (±Axj) associated with each of these effects. 
The systematic uncertainty should represent an estimate of the upper limit to 
the possible bias that might exist f rom the effect in question. 

A table of systematic uncertainties can then be drawn up, which might 
include such items as the following: 

±Axj 

(%) 

Uncertainty of the calibration factor of the 
secondary standard itself 2.0 

Air density correction (precision of estimation 
of temperature and pressure) 0.1 

Variation of exposure rate due to uncertainty of 
100 cm distance measurement (precision 0.1 cm) 0.2 

X.3. COMBINATION OF RANDOM AND SYSTEMATIC UNCERTAINTIES 

Since random uncertainties are the result of statistical calculations, and 
systematic uncertainties are simply estimates, there is no completely rigorous 
method of combining them to obtain an overall uncertainty. Several methods 
have been used and the method recommended here may be subject to change 
in the fu ture if general agreement is reached on a different method. 

It is assumed that the systematic errors are distributed at random, but with 
uniform probability within the estimated limits Axj, then Wagner [ 1 1 ] has 
shown that the overall uncertainty of the calibration factor is given by 

u = (tv)2 + 1 . 1 3 ) (Ax;)2 I ^ 
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at about 95% confidence level. In this expression for the overall uncertainty u 
t is derived from Table V for the 95% confidence level 
v is the relative standard error of the mean value of Kp, in per cent 
Axj is the estimated limit to the j t h systematic error, in per cent 
u is in per cent. 
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Column 1 

Multiply data given in: 

Column 2 Column 3 

by: 

Column 4 

to obtain data in: 

Density, volumetric rate 

pound mass per cubic inch 1 lbm/in3 2.768 X 10* kg/m3 

pound mass per cubic foot 1 lbm/ft3 = 1.602 X 10' kg/m3 

cubic feet per second 1 ft3/s = 2.832 X 10"2 m3/s 
cubic feet per minute 1 ft3/min = 4.719 X 10~" m3/s 

Force 

^ newton 1 N 1.00 X 10° m-kgs - 1 } * 
dyne 1 dyn = 1.00 X 10"s N * 
kilogram force (= kilopond (kp)} 1 kgf = 9.807 X 10° N 
poundal 1 pdl = 1.383 X 10"' N 
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N 
ounce force (avoirdupois) 1 ozf = 2.780 X 10"' N 

Pressure, stress 

^ pascal 1 Pa 1.00 X 10° N/m2] * 
> atmosphere a, standard 1 atm = 1.013 25 X 105 Pa * 

> bar 1 bar = 1.00 X 10s Pa * 
centimetres of mercury (0°C) 1 cmHg = 1.333 X 103 Pa 
dyne per square cen'.imetre 1 dyn/cm2 = 1.00 X 10"' Pa * 

feet of water (4°C) 1 ftHjO = 2.989 X 103 Pa 
inches of mercury (0°C) 1 inHg = 3.386 X 103 Pa 
inches of water (4°C) 1 inH;0 = 2.491 X 102 Pa 
kilogram force per square centimetre 1 kgf/cm2 

= 9.807 X 10" Pa 
pound force per square foot 1 Ibf/ft2 

= 4.788 X 10' Pa 
pound force per square inch {= psi) ^ 1 Ibf/in2 = 6.895 X 103 Pa 
torr (0°C) (= mmHg) 1 torr = 1.333 X 102 Pa 

Energy, work, quantity of heat 

joule (sW-s) 1 J [= 1.00 X 10° N-m] * 

• electronvolt. 1 eV [ = 1.602 19 X 10"" J, approx.] 
British thermal unit (International Table) 1 Btu = 1.055 X 103 J 
calorie (thermochemical) 1 cal = 4.184 X 10° J * 

calorie (International Table) 1 cal IT = 4.187 X 10° J 
erg 1 erg = 1.00 X 10"7 J * 

foot-pound force 1 ft-Ibf = 1.356 X 10° J 
kilowatt-hour 1 kW-h = 3.60 X 106 J -X-
kiloton explosive yield (PNE) (= 10'2 g-cal) 1 kt yield — 4.2 X 1012 J 

Power, radiant flux 

^ watt 1 W [ S 1.00 X 10° J/s] * 
British thermal unit (International Table) per second 1 Btu/s = 1.055 X 103 W 
calorie (International Table) per second 1 cal|j/s = 4.187 X 10° W 
foot-pound force/second 1 ft-Ibf/s = 1.356 X 10° W 
horsepower (electric) 1 hp = 7.46 X 102 W # 
horsepower (metric) (= ps) 1 ps = 7.355 X 102 W 
horsepower (550 ft-Ibf/s) 1 hp = 7.457 X 102 W 

Temperature 

• temperature in degrees Celsius, t 
where T is the thermodynamic temperature in kelvin 
and T0 is defined as 273.15 K 

degree Fahrenheit 
degree Rankine 
degrees of temperature difference0 

t = T - To 

AT0| (= Atep) 

t (in degrees Celsius) * 

T tin kelvin) * 

AT (= At) * 

Thermal conductivity 

1 B t u i n / ( f t 2 s ° F ) 
1 Btu/(ft-s-°F) 
1 c a l I T / ( c r T v s - ° C ) 

(International Table Btul 
(International Table Btu) 

= 5.192 X 102 

= 6.231 X 103 

= 4.187 X 10J 

W m " ' K " 
W m~' K~ 
Wm~' 

atm abs, ata: atmospheres absolute; ^ Ibf/in2 (g) (= psig): gauge pressure; 
atm (g), atii: atmospheres gauge. Ibf/in2 abs (=psia): absolute pressure. 
The abbreviation for temperature difference, deg (= degK = degC), is no longer acceptable as an SI unit. 



The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 

FACTORS FOR C O N V E R T I N G SOME OT THE MORE COMMON UNITS 
TO INTERNATIONAL SYSTEM OF UNITS (SI) E Q U I V A L E N T S 

N O T E S : 

(1) S I base units are the metre (m), k i l og ram (kg), second (s), ampere (A ) , ke lv in ( K ) , candela (cd) and mole (mol ) . 

(2) • indicates S I der ived un i t s and those accepted for use w i th S I ; 

[ > indicates addit ional un i ts accepted for use w i th St for a l imited time. 

[For further information see The International System of Units (SI), 1977 ed., published in English by HMSO, 
London, and National Bureau of Standards, Washington, DC, and International Standards ISO-WOO and the 
several parts of ISO-31 published by ISO, Geneva. \ 

(3) T h e correct abbrev iat ion for the unit in c o l u m n 1 is given in c o l u m n 2. 

(4) -)f indicates conve r s i on factors g i ven exact l y ; other factors are g iven r ounded , mo s t l y to 4 s ignif icant figures. 

= ' indicates a de f i n i t i on o f an S I der ived un i t : [ J in c o l u m n 3 + 4 enclose factors g i ven for the sake o f completeness . 

C o l u m n 1 C o l u m n 2 C o l u m n 3 C o l u m n 4 

Multiply data given in: by: to obtain d 

Radiation units 

^ becquerel 1 Bq (has dimensions of s 1} 
disintegrations per second (= dis/s) 1 s"1 = 1.00 X 10° Bq * 

> curie 1 Ci = 3.70 X 10'° Bq * 
> roentgen 1 R = 2.58 X 10~4 C/kgJ * 
• gray 1 Gy = 1.00 X 10° J/kgJ * 
> rad 1 rad = 1.00 X 10~2 Gy * 

s i e v e r t (radiation protection only) 1 Sv = 1.00 X 10° J/kg] * 
r e m (radiation protection only) 1 rem = 1.00 X 10"2 J/kg] * 

Mass 

• unified atomic mass unit (^j of the mass of 12C) 1 u = 1.66057 X 10" 27 kg, approx 
^ tonne (= metric ton) 1 t = i.oo x io3 kg] * 

pound mass (avoirdupois) 1 Ibm = 4.536 X 10"' kg 
ounce mass (avoirdupois) 1 ozm = 2.835 X 10' g 
ton (long) ( = 2240 Ibm) 1 ton = 1.016 X 103 kg 
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg 

Length 

statute mile 1 mile = 1.609 X 10° km 
nautical mile (international) 1 n mile = 1.852 X 10° km -tt 

yard 1 yd = 9.144 X 10 1 m * 
foot 1 ft = 3.048 X 10"' m * 
inch 1 in = 2.54 X 10' mm * 
mil (^ 10~3 in) 1 mil = 2.54 X 10"2 mm * 

Area 

> hectare 1 ha = 1.00 X 10" m2 l * 
> b a r n (effective cross-section, nuclear physics) 1 b = 1.00 X 10"2a m2] * 

square mile, (statute mile)2 1 mile2 = 2.590 X 10° km2 

acre 1 acre = 4.047 X 103 m2 

square yard 1 yd2 = 8.361 X 10"' m2 

square foot 1f t 2 = 9.290 X 10~2 m2 

square inch 1 in2 = 6.452 X 102 mm2 

Volume 

• litre 1 I or 1 Itr = 1.00 X 10~3 m3] * 
cubic yard 1 yd3 = 7.646 X 10"' m3 

cubic foot 1 f t3 = 2.832 X 10~2 m3 

cubic inch 1 in3 = 1.639 X 10" mm3 

gallon (imperial) 1 gal (UK) = 4.546 X 10"3 m 
gallon (US liquid) 1 gal (US) = 3.785 X 10"3 3 m 

Velocity, acceleration 

foot per second {= fps) ft/s = 3.048 X 10 1 m/s * 

foot per minute ft/min = 5.08 X 10"3 m/s * foot per minute 

1 mile/h 
(4.470 X 10"' m/s 

mile per hour (= mph) 1 mile/h [1.609 X 10° km/h 

£> knot (international) 1 knot - 1.852 X 10° km/h * 

free fail, standard, g = 9.807 X 10° m/s2 

foot per second squared 1 ft/s2 = 3.048 X 10"' m/s2 * 

Th is tab le has been p repared by E . R . A . Beck fo r use by the D i v i s i o n o f Pub l i ca t i ons of the I A E A . Wh i l e every e f f o r t has 
been made t o ensure accuracy , t h e A g e n c y c a n n o t be he ld respons ib le f o r errors ar is ing f r o m t h e use of th is table. 
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