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Preface 

Much technical material has been published at the national and 
international levels on radiation protection in the nuclear power industry, 
nuclear research, and conventional industries. On the other hand, the 
subject of radiation protection in hospitals and general practice, where a 
large proportion of public and occupational radiation exposure occurs, 
has not yet received much attention in the international literature. 

The International Labour Organisation, the International Atomic 
Energy Agency, and the World Health Organization all have a long- 
standing interest in these problems from various points of view. They 
therefore decided to collaborate in the preparation of a Manual on 
Radiation Protection in Hospitals and General Practice in several 
volumes, with each agency taking special responsibility for the volumes 
that concern it most. However, to simpllfi distribution and to make it 
easier for readers to purchase the various volumes, the entire work is 
being published by WHO. 

The manual as a whole deals with the radiation protection of 
patients, occupationally exposed persons, and the public and is written 
for the reader having a basic general knowledge of radiation and biology. 
It is hoped that it will be found helpful not only to those who are directly 
engaged in radiation protection in hospitals and general practice but also 
to national authorities, hospital administrators, supervisors, hospital 
workers, teachers in training centres, and all those who have some 
responsibility in the subject. 

The present volume, the j j h  in the series, deals with services for 
monitoring the radiation doses received by individuals working in places 
where they are (or may be) subjected to radiation exposure. Such 
personnel monitoring is specijed in international recommendations and 
is compulsory in many countries. Within thejeld of medicine, the places 
of work where individual monitoring devices would be called for are 
typically departments of radiotherapy, X-ray diagnosis, and nuclear 
medicine. 

IAEA and WHO have frequently been asked by Member States for 
technical advice on the establishment of personnel monitoring services, 
and it is therefore appropriate to devote one volume of the manual to this 
subject, especially since much of the standard literature is hard to obtain 
in developing countries. The approach adopted is essentially practical 
and enables the reader to choose those methods that are most suitable in 
his particular circumstances. 
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The Jirst draj of the volume was prepared by Professor Walter 
Minder and circulated to a number of experts (see list of reviewers on 
page 7). The manuscript was then revised by Professor Minder and 
Dr S. B. Osborn in the light of the comments received, all of which are 
gratefully acknowledged. Special thanks are due to Dr J. Moroni, 
Central Service for Protection against Ionizing Radiation, France, and to 
Mr E. Smith, formerly Deputy Director of the Radiological Protection 
Service, United Kingdom, for their contributions on the monitoring 
systems used in their countries. 



1. Personnel Monitoring Services 

This volume attemps to review in an objective manner the problems 
involved in establishing personnel monitoring services for health care 
workers, with particular reference to developing countries. It describes 
the various methods that can be used, and compares their advantages 
and disadvantages. No attempt has been made to discuss other aspects of 
radiation monitoring, such as monitoring the workplace for radiation or 
monitoring for radioactive contamination, since these are covered else- 
where-e. g., in textbooks and the publications of various authorities 
(1-1 4). 

The fact that ionizing radiations can cause harm to living organisms 
was discovered in the early days of work with X-rays and radium, when 
many of the pioneers in this field suffered severely from overexposure. 
Two kinds of monitoring are necessary to protect people against such 
exposure - monitoring of the workplace and monitoring of the person- 
nel who work there. This book deals solely with the latter kind and in 
doing so draws on the authoritative publications of the International 
Commission on Radiological Protection (ICRP) (1-4). 

Objectives of personnel monitoring 

The growing use of ionizing radiations in medicine, industry, and 
research has brought a large number of people into contact with them. In 
countries with advanced technology, as many as 0.2S0/o of the popu- 
lation may be involved with radiation work in one way or another and 
require protection against this modern occupational hazard. Individual 
radiation measurement is necessary for radiation workers because, even 
if the radiation in the workplace is standardized, methods of working 
differ from one person to another. 

The primary objective of individual monitoring for external radi- 
ation must be to assess, and thereby to be able to limit, the radiation 
received by individual workers. It is important to ensure that the 
dose-equivalent limits recommended by ICRP (l) are not exceeded, and 
the radiation actually received by any individual should be kept as far 
below these limits as is readily achievable, economic and social factors 
being taken into account. 

Personnel monitoring is also useful in other ways. For example, it 
provides an excellent check on working discipline, on which the amount 
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of radiation received in daily work largely depends. This is particularly 
important in places where routine work may involve short exposures at 
high dose-rates, where complicated installations must be used, or where 
new procedures are being carried out for the first time. 

Monitoring of the workplace will usually be carried out before a new 
installation is put into normal operation, using operating conditions 
similar to those to be expected in practice. Such monitoring will hrnish 
valuable information about the potential risk to which a worker may be 
exposed, but it can in no way replace the individual monitoring of the 
worker because it cannot take into account all the special circumstances 
in which the work will be done. 

Fortunately, radiation accidents are extremely rare. If, however, a 
person has been exposed to high radiation levels, an individual monitor- 
ing device can give information of great value in deciding on any 
treatment that might be necessary or on the future work schedule of that 
person. It can also help greatly in any measures to be taken to modify the 
installation giving rise to the radiation. 

Note. In this volume the terms "dose" and "dose rate" must be taken 
to include "dose-equivalent" and "dose-equivalent rate" unless the 
context indicates otherwise. 

Limitations of personnel monitoring 

A person will normally wear only one monitoring device and it can 
indicate only the radiation received at the place on the body where it is 
worn. Other parts of the body could be irradiated with different doses. 
Additional dosimeters may therefore be of great value in certain circum- 
stances. For instance, where highly radioactive material is to be manipu- 
lated a ring device may be worn to record the finger dose, and, where 
short exposures at high dose rates may occur, an early estimate of the 
radiation received may be obtained from a pocket ionization chamber 
suitable for that dose and dose rate. Normally, however, only one device 
is worn by each person. 

Radiation workers frequently have to deal with radiations of different 
energies and different types, and most individual monitoring devices do 
not respond equally to all radiations of all energies. X-rays, beta rays, 
and neutrons usually have a fairly broad spectrum. Gamma rays have 
specific energies determined by the emitting nuclide, but scattered 
gamma rays will have a broader spectrum. 

There is no single device that can accurately measure radiation of all 
types and of all energies from all directions. In practice, therefore, 
personnel monitoring devices involve a compromise. The accuracy 
possible is always limited, but high accuracy is not usually necessary. 



PERSONNEL MONITORING SERVICES 13 

According to the International Commission on Radiation Units and 
Measurements (15), where the radiation received approximates to the 
annual occupational dose limit, it should be known to within 30•‹/o, but 
where it is less than one-tenth of this level an error of a factor 2 is 
acceptable. Where the radiation received is 10 or 100 times the annual 
dose limit, it should be known as accurately as possible, because this 
knowledge may influence medical treatment. Where the dose received is 
1000 or more times the annual dose limit, accuracy is irrelevant because 
it will not affect treatment. 

Some measurement errors are inherent in the nature of the measur- 
ing process, and these limitations must always be borne in mind. For 
instance, a dosimeter may give different values for the same dose when it 
is delivered from different directions, and this is especially true for beta 
rays and low-energy X- and gamma rays. 

Persons to be monitored 

In circumstances in which exposures might exceed three-tenths of 
the dose-equivalent limits, all workers should be individually monitored 
(l). Those working in conditions where it is most unlikely that the 
annual exposure will exceed three-tenths of the dose-equivalent limit do 
not require individual monitoring, although it may be wise for many of 
them to wear dosimeters occasionally to check that they do not in fact 
receive sufficient radiation to warrant constant monitoring. It is usually 
a matter for local judgement which individuals might, and which might 
not, be exposed to sufficient radiation to justifj recording the doses 
received. For example, the staff of a diagnostic X-ray department will 
normally be required to wear dosimeters even though, on the basis of 
past records, they are most unlikely to receive as much as three-tenths of 
the ICRP dose-equivalent limits, because the nature of their work is such 
that a single careless error could result in a high exposure. Similarly, 
people working in a department with radioactive sources usually need 
individual monitoring, especially of the hands, even though in practice 
they receive quite small amounts of radiation. The hazard of radioactive 
contamination is another matter, and for further information on that 
aspect of radiation work the reader is referred to Volume 2 of this 
manual. 

It is recommended by the ICRP (l) that radiation workers who might 
receive annual exposures exceeding three-tenths of the dose-equivalent 
limits should not only be monitored but also receive a pre-employment 
medical examination. Those who are unlikely to receive exposures as 
great as this, even if required to be monitored like workers in X-ray 
diagnostic departments, need not be medically examined. 



Area monitoring in relation to personnel monitoring 

Many radiation sources used in medical radiology, such as most 
X-ray machines and cobalt-60 or caesium-137 therapy units, are 
installed in a fixed position. When in operation, they produce a 
radiation field of known size, shape, and intensity, although the beam 
direction and duration may vary. It is therefore possible to determine the 
areas where substantial irradiation of individuals could occur. Measure- 
ments made at these places will give a quantitative indication of the 
radiation to which a worker would be exposed at each place and hence 
the time he could stay there without exceeding the recommended limit 
of dose equivalent. Such area monitoring should be conducted in the 
neighbourhood of all fixed installations, preferably before the machines 
are put into routine operation. A further result will be to show whether 
the protective walls or barriers are sufficient or not, and this is particu- 
larly important for the protection of people in adjacent rooms. Area 
monitoring can also indicate very clearly those places in or around a 
department where there is no risk from radiation and where, therefore, 
no protective measures are necessary. Nevertheless, area monitoring 
may be based on false assumptions and therefore cannot replace indivi- 
dual monitoring, which is the only way of measuring the radiation 
actually received by a particular person. 

Radiation quantities and units 

At the time of writing, a change is taking place to the use of S1 units 
for all radiation measurements. In accordance with WHO policy, this 
manual therefore uses the gray for absorbed dose (1Gy = 100 rad), the 
coulomb per kilogram for exposure (1 C/kg = 3876 rontgens), and the 
joule per kilogram for dose equivalent (1 J/kg = 100 rem).l Where 
radiation exposure is to X-rays, beta rays, or gamma rays only, a dose 
equivalent of 1 J/kg (100 rem) is numerically equivalent to a dose of 
1 gray (1 00 rad). Whether this is expressed as gray in water, in soft tissue, 
or in air does not appreciably affect the accuracy for radiation protection 
purposes, but for other radiations an appropriate quality factor must be 
used. For X- and gamma rays, an exposure of 2.5 8 X 10-4 C/kg (l R) will 
result in a soft-tissue dose of 0.01 gray (1 rad) with sufficient accuracy. 

The sievert (Sv) has been proposed as a special name for the joule per kilogram for the measurement of dose 
equivalent, but the matter is still under consideration by the responsible international bodies and is not yet part of the SI. 
Further infbrmation on S1 units will be found in a WHO publication on this subject (19). 



2. Techniques Used in Personnel Monitoring 

In carrying out individual monitoring, no single technique is of 
universal application. The technique chosen should be one that enables 
the dose to be measured with an acceptable accuracy for the particular 
application in mind (see page 25). Thus, where the radiation doses do 
not vary greatly, it is possible to use techniques that would otherwise be 
unsuitable. Similarly, the techniques that are appropriate if radiation is 
received in occasional short exposures at high dose rates may be 
inappropriate if it is received continuously at low dose rates. The 
presence of different types of radiation and different radiation energies 
may also affect the techniques to be used. In an institution where a wide 
range of radiation work is carried out, it may be necessary for a range of 
monitoring techniques and equipment to be available. 

High accuracy is unnecessary. A single measurement at one place on 
the body, however accurate, can only indicate the whole-body dose 
approximately because it is rare in medical work for anyone to receive 
radiation uniformly over the whole body, and the measurement is likely 
to be made at a place where the dose is different from the whole-body 
average. Again, any attempt to evaluate from a measurement by a single 
instrument the dose to gonads or bone marrow is likely to be subject to 
considerable uncertainty. 

It is important that individual monitoring devices should be capable 
of measuring a wide range of doses and dose rates. In some situations, the 
dose equivalent to be measured will be less than 0.1 mJ/kg (10 mrem), 
but in serious accidents it may be necessary to be able to measure levels 
10 000 times greater. Similarly, where the dose rate is uniform through- 
out the working week, it may be necessary to measure down to perhaps 
1 nJ/(kg.s) (0.1 prern/s), whereas if the dose rate is high for short periods 
(as in X-ray diagnosis), it may be necessary to measure a dose rate 
millions of times greater, if for only a fraction of a second. 

In addition, measurement techniques should be simple enough to be 
carried out with acceptable accuracy by people who are not highly 
trained scientists. Equipment needs to be simple, robust, reasonably 
resistant to climatic effects, and capable of being worn or carried on the 
person while performing normal work. All these criteria restrict the 
choice of instrument and, in fact, no single instrument is adequate for all 
the situations that may be encountered. The two devices that come 
closest to universal application are the film badge and the thermolumi- 



nescent dosirneter, but others, such as the ionization chamber, are more 
appropriate in particular situations. 

Film badges 

Film badges can be used to monitor the exposure of staff engaged in a 
wide range of radiation work, and they are especially useful for monitor- 
ing hospital staff. However, it is very easy for someone with experience 
of photography but little knowledge of radiation monitoring to obtain 
results seriously in error, possibly by an order of magnitude. Careful 
attention must be paid to calibration and standardization. Excellent, but 
not recent, surveys of film badge dosimetry are to be found in the 
literature (9, 16). Details of three film badge systems are given in the 
Annex. 

Chemistry and physics ofjilm badges 
The use of photographic films for dose determination requires some 

general knowledge of film chemistry and physics. The chemical reduc- 
tion of silver bromide AgBr to metallic silver and elementary bromine 
by radiation causes blackening of the film (when developed) and there- 
fore an absorbance A of incident light2 according to an exponential law 
of the general form : 

A = A, (1  - e-YD) 

where A, = the saturation value of the absorbance 
y = a constant that is characteristic of the particular photographic 

emulsion and its processing. 
D = absorbed dose. 

The absorbance A is the common logarithm of the ratio qJqt where qo 
is the radiant flux density incident on the film and ~ o ,  is the radiant flux 
density transmitted through the film : 

The blackening caused by the radiation gives rise to an absorbance 
A,, which is evaluated by subtracting the absorbance An caused by 
normal background fogging from the total absorbance At: 

For small amounts of radiation, which is generally the case in 
practice, the absorbance A, may be considered as proportional to the 
radiation dose D, i.e., 

A , = y D  

l The International Union of Pure and Applied Chemistry recommends the use of the term "absorbance" to 
indicate the degree of blackening of a photographic film. The older term "optical density" is deprecated. 
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The value of A, will depend on the type of film used and its history 
and processing; it will often be found to be about 0.2, but the value will 
need constant checking, especially when small radiation doses are being 
measured. This will involve the processing of unexposed films with each 
batch of exposed films. In particular, the operator must note whether the 
value of A, changes as the developer ages. The dose by which the film 
has been blackened can be evaluated in principle by using the simple 
relation : 

The value for y can be obtained from a curve derived from films 
irradiated with different known doses. Different emulsions can have y 
values differing by a factor of up to 100, and therefore a very wide range 
of doses can be measured by the film badge technique by using different 
emulsions. For any given emulsion the y value may differ by a factor of 
perhaps 30, depending on the energy of the radiation received. 

Film processing 

Since variations in processing can affect the final film blackening, the 
darkroom technique should be standardized. The concentrations of 
processing solutions, especially the developer, should be kept within 
strictly defined limits. Fresh solutions will be needed at intervals 
depending on the number of films being processed but not exceeding 
4-6 weeks. Control films must always be used (see page 28). When the 
absorbance A, of an unexposed film, or the absorbance A, for a known 
radiation dose, starts to change, it is necessary to renew the developer; if 
the fixing time starts to increase, it is time to change the fixer. 

Different processing chemicals are intended for use at different 
temperatures. It is therefore essential to use chemicals appropriate to the 
temperature at which development and fixing are to be carried out. 
Serious dificulties would be encountered if, for instance, chemicals 
suitable for 20 T were used at 35 OC or vice versa. If the ambient 
temperature is likely to vary considerably, it will be essential to control 
the temperature of the processing solutions. For consistency of process- 
ing, developer temperature variations should not exceed 1 OC and where 
practicable should be kept within 0.2 OC. 

To illustrate the steps that need to be taken, let us consider a film 
badge laboratory in an area of high, but not constant, temperature. The 
following possibilities exist. 

(1) The processing tanks may be enclosed in a larger tank connected 
to a refrigeration unit so that the temperature is controlled to, say, 20 OC 
+_ 0.5 OC. A selection of processing chemicals is available suitable for this 
temperature range. Thought must be given to providing water for rinsing 
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at a similar temperature. It would be permissible to use water at 25 OC 
but not 35 OC unless, after fixing, the processed films were allowed to 
warm up slowly to the higher temperature before being rinsed. 

(2) The whole darkroom may be fitted with an air-conditioner 
capable of controlling the temperature with sufficient accuracy. If the 
electricity supply is adequate for this and air-conditioners are readily 
available, this may be the better choice if only because a system of this 
kind is more easily serviced. The processing tanks should be placed in a 
larger tank filled with water to ensure that any temperature changes 
caused by short-term variations in the performance of the air- 
conditioner will not immediately affect the temperature of the process- 
ing solution. A large water tank under the ceiling will provide a source of 
cooled water for rinsing the films. One advantage of this method is that 
the temperature in the darkroom itself will be comfortable, and this 
facilitates careful work. 

(3) The processing solution tanks may be in a larger water-filled tank 
which is heated to a temperature higher than any anticipated ambient 
temperature and appropriate for a particular set of processing chemicals. 
The main advantage of this method is that it is generally easier and 
always cheaper to maintain a temperature accurately by heating than by 
cooling. 

It is essential to use a constant time for development (e.g., 6 min + 
10 S). Stirring during processing is important to maintain both uniform 
temperature and uniform chemical concentration. Where all the films 
being processed can be contained in a single frame or holder (up to 200 
can be so accommodated), agitation of the solution can be achieved by 
moving the holder steadily up and down during development. When 
even larger numbers of films are being processed, it may be necessary to 
blow nitrogen gas through the solution. After development, the films in 
the racks should be placed for some seconds in a stop bath (dilute acetic 
acid) before being fixed. The fixing of the films (i.e., the dissolving away 
of unchanged silver bromide) should be long enough to ensure that the 
process is quite complete-i.e., 15-30 min. To remove residual chemi- 
cals, the films should be rinsed in fresh running water for at least one 
hour or placed in a new bath of fresh water 6-8 times over the same 
period. They should then be dried in a dust-free atmosphere at not more 
than 40 OC. 

As the work in the darkroom is very important for obtaining 
accurate results, film processing and drying should be carried out with 
great care. In particular the films should be kept free of dust as far as 
possible, and every effort must be made to avoid mechanical damage to 
wet films, which may be caused simply by touching them with hands or 
instruments. 



TECHNIQUES USED IN PERSONNEL MONITORING 19 

Every film should be marked with a sign or number for identifi- 
cation. Since mechanical pressure on undeveloped films can produce 
blackening, a serial number can be stamped on the outside of the 
envelope before the films are worn. When the correct pressure is used, 
the number will be imprinted in the film emulsion without damaging the 
envelope sufficiently to admit light. For a small number of films, the 
stamping can be carried out by hand; for larger numbers a stamping 
machine should be used. Machines are available that stamp films and 
also print the film numbers on a sheet of paper as a record of the issue of 
those films. Other methods for marking include the use of an X-ray 
machine similar to that often used for marking the patient's name on the 
corner of an X-ray film. 

Measurement ofjilm absorbance 
A densitometer is necessary to measure the degree of film blackening, 

from which the amount of radiation can be estimated. Among the 
different types available are direct reading instruments and devices that 
print out the absorbance values automatically on a sheet of paper. 
Where automatic equipment is not available, two persons should 
perform the film absorbance measurements, one operating and reading 
the instrument and the other writing down the absorbance figures for 
each film. Densitometers should be recalibrated at least once a month, 
using a series of standard films. 

Although film absorbance measurements are not very dificult to 
I 

perform with appropriate instruments, they should always be made by 
someone with adequate training. One of the most important advantages 

I 

of using films for personnel monitoring is that films that have not been ' irradiated are blank (showing background fogging only) and need not be 
measured at all. For soft X-rays, a radiation dose of only 0.1 mGy 
(10 mrad) produces a visible blackening on a sensitive film, so that all 
blank films will have received a dose of less than this figure. Dose levels 
producing detectable blackening are greater for gamma rays. With 
experience, an operator will be able to assess by simple visual inspection 
all films that have received less than 0.1 mGy and these, too, need not be 
measured. If the working discipline of the radiation workers is reason- 
ably good, perhaps only 10-20•‹/o of films worn during a given month 
need actually be measured. 

Radiation fdters in film badges 
The amount of information that can be recorded on a film depends 

on the form and construction of the film holder and the kind of filters 
used. As A, depends on the radiation energy, it is essential to know to 
what radiation energy the film has been exposed. While some qualitative 
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indication of the presence of radiation can be obtained simply by 
exposing films without any additional devices (a technique that may be 
of some help in a preliminary survey for area monitoring), the method is 
too crude for personnel monitoring. 

It is essential to scrutinize all processed films for any unusual pattern 
that would indicate that a filter was missing from the holder because this 
might lead to serious errors in the determination of dose. 

Filtration is discussed in detail in the Annex. 

Thermoluminescent dosimetry 

Thermoluminescent dosimetry is based on the phenomenon that in 
certain crystals the absorption of radiation results in electrons being 
raised from the ground state. When the crystal is heated, each trapped 
electron returns to the ground state with the emission of a photon of 
visible radiation. The number of such photons emitted is a measure of 
the energy absorbed from the radiation. 

The use of thermoluminescence dosimetry for personnel monitoring 
is rapidly increasing (1 7). The main advantage of this technique is the 
very small size of the radiation detectors, which may be in the form of 
rods 10 X 1 mm or discs 10 mm in diameter and 0.1 mm thick and even 
in the form of strips or powder. 

In one method of manufacture, a thermoluminescent powder is 
thoroughly mixed and inserted into a holder. After mixing, each sample 
of a batch of powder will have the same sensitivity to radiation, and this 
simplifies calibration, although sensitivity can vary from batch to batch. 
More often, however, thermoluminescent material is incorporated into 
discs or rods of plastic (e.g., PTFE). 

If it is not known whether a detector has previously been irradiated 
or not, it may be annealed (at 80 O C ,  say) before use to remove the results 
of previous irradiation. A great merit of thermoluminescent dosimeters 
is that certain materials, such as lithium fluoride (LiF) and lithium 
borate (Li,B,O,), are practically tissue-equivalent so that, except for soft 
X-rays, the measurement is almost independent of the energy of the 
radiation. 

To make a measurement, the thermoluminescent material must be 
heated, thereby destroying the record so that the dose cannot sub- 
sequently be checked, except by a special process that may be carried out 
in certain circumstances, as described below. The technique of measure- 
ment depends on the careful repetition of an arbitrary procedure, and 
the possibility of mistakes occurring is reduced if the whole procedure is 
carried out automatically, although the equipment tends to be expen- 
sive. Indeed, it is possible to operate a computerized system in which all 
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measurements, calculations, and information storage take place 
automatically. Moreover, the cumulative dose received by each detector 
can be separately recorded, and this makes it possible to salvage a spoilt 
measurement, especially one of a high dose. To do this, the thermolumi- 
nescent material is heated to a much higher temperature than usual and 
a reading obtained corresponding to the total accumulated dose received 
by that detector, from which the previous cumulative dose can be 
deducted. The sensitivity for this process is much less than the normal 
sensitivity. 

It is clear that thermoluminescent dosimetry lends itself to the easy 
monitoring of large groups of workers provided the high technology 
requirements of the system can be met. 

Used by itself, an energy-independent dosimeter gives no inforrna- 
tion on the dose received by a particular organ because this depends on 
the energy of the radiation. 

One way of solving this dificulty is for the dosimeter to incorporate 
two detectors in a single holder, one of them mounted behind an 
appropriate filter; the ratio of readings then gives some information on 
the energy of the radiation received. 

Another method is to make use of a thermoluminescent material that 
is energy-dependent such as calcium fluoride, CaF,, which can be placed 
together with a lithium fluoride detector in the same holder; the ratio of 
the two responses will indicate the radiation energy. 

The small size of thermoluminescent detectors makes them 
eminently suitable for fingertip monitoring. 

The equipment needed for thermoluminescent dosimetry is rela- 
tively complicated, requiring constant attention to maintain it in the 
good operating order that alone ensures consistently good results. The 
system thus calls for operators of higher skill than those employed on a 
film badge system. 

Phosphate glass dosimetry 

Phosphate glass dosimetry is very similar in principle to thermo- 
luminescent dosimetry. Glass containing certain rare elements can store 
electrons in electron traps after irradiation. The number of these trapped 
electrons is proportional to the radiation dose absorbed by the glass. If 
irradiated glass rods or discs are exposed to ultraviolet light, the trapped 
electrons will lose their energy and emit visible light, the amount of light 
being proportional to the number of trapped electrons and therefore to 
the radiation energy absorbed. 

Careful attention must be paid to the cleanliness of the glass because 
many possible contaminants emit light under ultraviolet irradiation. The 
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glass should therefore never be touched by hand and should always be 
cleaned before use. 

The method is relatively insensitive and not very accurate and is not 
generally used in hospitals. 

Ionization chambers 

Measuring ionizing radiation by the use of ionization chambers is 
probably the oldest monitoring technique giving reasonably reliable 
results. Ionization chambers for monitoring exist in many forms and for 
many types of radiation, but for personnel monitoring there are two 
principal types-direct reading and indirect reading. 

Direct- reading ionization chambers 

Direct-reading instruments of the "fountain-pen" type contain a 
small quartz fibre electrometer connected to the inner electrode of the 
chamber. The dose is indicated by the position of the fibre and can be 
read through a small microscope built into the instrument. A reading 
can therefore be obtained at any time, possibly by the wearer himself. 

Such dosimeters are especially suitable for monitoring in situations 
where there is a risk of irradiation at relatively high exposure rates (e.g., 
angiography, arteriography, or work in the operating theatre with high 
activities of radioactive substances) and for the assessment of the dose 
received at each stage of a new technique. 

The chambers are generally charged by a variable-voltage direct- 
current device, although some contain a charging unit in the form of a 
tube of small pellets, which produce a static charge when shaken. 

Such direct-reading pocket dosimeters are expensive and not very 
robust; the quartz fibre can break if the instrument is dropped on a hard 
floor. Moreover, they are inaccurate at high dose rates owing to 
non-saturation, and they have a limited dose range compared with other 
types of instrument so that the dose received may sometimes exceed the 
range altogether and consequently be unmeasurable. For these reasons it 
is usual to wear such an instrument together with another device-a 
film badge or therrnoluminescent dosimeter. 

Indirect-reading ionization chambers 

Indirect-reading pocket ionization chambers are much less expensive 
than the direct-reading types owing to their relatively simple construc- 
tion; they comprise essentially a tube containing a very well insulated 
electrode. They are operated in conjunction with a reading-charging 
unit which usually incorporates an electrometer and a direct-current 
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variable-voltage source of power. With one such unit a large number of 
chambers can be charged and read after exposure. The chambers 
themselves are somewhat more resistant to shock than are direct-reading 
instruments but they share with those instruments the disadvantages of 
inaccuracy at high dose rates and of limited dose range. 

When pocket chambers of any type are used, the monitoring period 
should not be more than two weeks, and preferably only one week, 
because of possible leakage of charge in the chambers, especially in 
tropical climates. They are not suitable for use in places with a very wet 
climate unless they are sealed into polyethylene envelopes together with 
a drying agent. 

Pocket ionization chambers are generally suitable for use only with 
X- or gamma radiation, and the model used must be suitable for the 
range of radiation energy to be encountered (Fig. 1).  Low-level exposures 
of 1-50 pC/kg (5-200 mR) can be measured with reasonable accuracy. 
Where higher exposures are anticipated, chambers are available measur- 
ing up to 2.5 mC/kg (10 R); small exposures can be measured on such 
chambers but with correspondingly less accuracy. 

Type of ionization chamber 
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FIG. 1. RESPONSE OF VARIOUS TYPES OF POCKET IONIZATION CHAMBER TO X- AND GAMMA 
RAYS OF DIFFERENT ENERGIES, SHOWING THE ENERGY DEPENDENCE OF THESE INSTRUMENTS 



Other monitoring methods 

Techniques are available that may be of value in special cases but 
cannot be used in routine personnel monitoring. 

Chemical measurements 
The production of chemical changes by irradiation generally requires 

very high doses. Few chemical systems are therefore suitable for person- 
nel monitoring and then only for relatively high doses. Probably the best 
known is one comprising 0.5 m1 trichloroethylene (C,HClJ and 1.5 m1 
of very pure water enclosed in a Pyrex glass tube, together with a I 

chemical indicator of acidity. Irradiation removes chlorine atoms from 
the trichloroethylene, and these atoms combine with the hydrogen from 1 
the water to form hydrochloric acid. The indicator shows whether 
irradiation has occurred, the colour giving an approximate measure of 
the dose received. Doses of over 1 Gy (100 rad) can be detected, and 
some estimation of dose in the range 1-6 Gy is possible by comparing 
the colour of the indicator with that of similar tubes exposed to known 
doses. 

Biological information 
Since a dosimeter worn on a particular part of the body can only 

indicate the amount of exposure at that place, other means of estimating 
exposure may be necessary, especially in cases of radiation accidents. 

Whole-body dose equivalents higher than about 0.5 J/kg (50 rem) 
can be detected in a well-equipped haematological laboratory by a fall in 
the number of either lymphocytes or thrombocytes. In addition, it may 
be possible to estimate the number of chromosome aberrations in 
lymphocytes, and this may give significant information at whole-body 
dose equivalents as low as 0.1 J/kg (10 rem). Anyone known to have 
received a high radiation dose will automatically receive a medical 
examination, which will include blood tests. 

Radiation alarms 
Many types of radiation alarm are now available. Most of them use a 

miniature Geiger counter as a radiation detector, and while this instru- 
ment is satisfactory for measuring hard gamma radiation, its energy 
dependence is such as to prevent reliable measurements being made in 
the diagnostic X-ray region. Such alarms, however, can be set so that a 
warning is given when a preset count-rate (or total number of counts) is 
reached. These can be valuable aids in, for example, the nursing of 
radium patients or the changing of a cobalt therapy radiation source. 
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A comparison of the different methods 

The question of which monitoring methods are the best has not yet 
been resolved. Experts are naturally influenced by their own experience, 
and there is no agreement on the criteria to be used as a basis for 
comparison. Those to be considered include accuracy, volume of work, 
need for skilled staff, reproducibility of results, ease of documentation, 
instrumentation requirements, and costs. Certainly, film badges have 
hitherto been in far more widespread use for personnel monitoring than 
any other method. They have the advantage that the working techniques 
are fairly simple, that films showing little exposure can be disregarded, 
that films showing higher doses can easily be filed for hture study or 
recall, and that information about the radiation energy involved is easily 
obtained. Films may also reveal further information in the form of 
shadows. For instance, a shadow with a sharp edge may indicate that the 
radiation was emitted from a small source or was received during 
radiography rather than fluoroscopy. The presence of a radiographic 
image on the film may indicate that the radiation measured was an exit 
dose, a conclusion not indicated by other methods. Diffuse spots on a 
film sometimes indicate splashes of radioactive material. 

Unfortunately, accuracy and reproducibility are not very good. 
Measurement errors of + 30% must be expected. This is due mainly to 
the very high dependence of the film blackening on the radiation energy 
for X- and gamma rays (Fig. 2). This energy dependence can be used to 
advantage if information is needed about the radiation energies involved 
but may be a handicap if it is necessary to measure only the total dose. 

6 8 10 20 40 60 100 200 400 
Energy (keV) 

FIG. 2. EXPOSURE TO X- AND GAMMA RADIATION REQUIRED TO PRODUCE A GIVEN DEGREE 
OF BLACKENING OF A FILM, AS A FUNCTION OF RADIATION ENERGY 



All film techniques need a fully equipped darkroom, a room for 
evaluating film blackening and corresponding doses, and a third room in 
which calibration films can be exposed to known doses. The installation 
must therefore have sufficient space and facilities, which may be 
expensive. 

The most important advantage of thermoluminescent dosimetry is 
that over a wide range the light emission is proportional to the radiation 
dose received, from a few microgray (mrad) to perhaps a hundred gray 
(several thousand rad), and is independent of dose rate. In addition, some 
thermoluminescent materials, such as lithium fluoride, have a response 
that is nearly independent of energy while others, such as calcium 
fluoride, are energy-dependent. Devices are available in different forms 
(e.g., rods, discs, and strips), so that they can be adapted to any special 
application. 

Light emission is produced by heating according to an arbitrary 
heating cycle, and variations in this cycle can alter the light emission 
corresponding to a particular dose. Accuracy therefore depends on the 
accurate reproducibility of the heating cycle. Errors may also arise from 
variations in the performance of photomultipliers and amplifiers. 
During heating, the trapped electrons fall back to their ground state and 
so it is not possible to repeat a measurement. A mistake during the 
measuring procedure, therefore, prevents any measurement being 
obtained. On the other hand, the device can be used again for another 
exposure after annealing. Thermoluminescent dosimetry may be a very 
suitable technique for use in larger services where the necessary skilled 
manpower is available, not only for operating the equipment but also for 
maintaining it, and where automation is possible. 

Ionization chambers are generally capable of greater accuracy than 
other measuring systems, provided the chambers are in good working 
condition. Charging and reading are simple and can be done at any time; 
no specially trained staff or costly installations are needed. However, the 
use of ionization chambers may be limited by the following factors. 

( l)  All ionization chambers have a limited measuring range (typi- 
cally 0-50 pC/kg or 0-200 mR). 

(2) If the full-scale reading is exceeded, it is not possible even to 
estimate the exposure. 

(3) There is always some energy dependence, particularly at very 
low radiation energies, because of the wall thickness. 

(4) Any charge leakage due to a deficiency in the insulation will be 
interpreted as a radiation dose, and this may occur in spite of regular 
testing of each ionization chamber in a radiation-free environment. 

(5) A dose delivered at very high dose rate is recorded as smaller 
than one delivered more slowly. 



3. Calibration and Accuracy 

It was pointed out on pages 12 and 1 5 that the accuracy required in 
monitoring is not necessarily high and that the monitoring techniques 
themselves are inherently limited. Nevertheless, to achieve even these 
accuracies calls for very high technical skill, and it is important to aim 
for the highest accuracy that a given technique is capable of yielding. 

Reference instruments and sources 

The calibration of monitoring instruments requires the use of radi- 
ation sources of known characteristics and reference measuring instru- 
ments of known accuracy. The reference instruments should themselves 
be carehlly calibrated under controlled laboratory conditions by 
comparison with a standard instrument under the supervision of an 
experienced scientist, at intervals not exceeding two years. In addition, a 
radioactive source should be provided with every reference dosimeter so 
that changes in sensitivity can be rapidly detected. 

One of the duties of the head of the laboratory will be to ensure that 
the radiation standards are adequate. The standard sources of radiation 
that he will need should certainly include those emitting the kind of 
radiation to which the wearers of the dosimeters are exposed, but he 
should also have access to a more restricted range of radiation sources 
including at least a number of sealed gamma sources such as caesium- 
137, cobalt-60, or radium-226, some sealed beta sources such as stron- 
tium-90, and possibly a neutron source such as americium-beryllium. 

One method of measuring the sensitivity of detectors to radiation is 
to expose a series of detectors at different distances from a suitable 
source so that the ratios of exposures depend only on the distances, and 
not on the irradiation time. For such a method to be satisfactory, the 
irradiation must be carried out in an essentially scatter-free environ- 
ment-that is to say, the distance from any detector to the nearest wall, 
floor or ceiling must be several times greater than its distance from the 
source. 

A network of secondary standardizing dosimetry laboratories has 
beer, set up by IAEA and WHO. These laboratories are intended mainly 
for the calibration of dosimeters used in radiotherapy, but they are 
equipped to calibrate radiation protection instruments as well. It is 
hoped that in the near hture most countries using ionizing radiation to 



any considerable extent will be associated with this network. Each 
personnel monitoring service should have links with a secondary stan- 
dardizing dosimetry laboratory to ensure the integrity of its radiation 
standardization. Further details of the network can be obtained from 
IAEA3 or WHO? 

Calibration of film dosimeters 

In calibrating film badges the object is to obtain a series of curves 
relating radiation exposure to the blackening of the film. Different types 
of film and holder require different conditions of calibration. 1 

Exposure-absorbance curves should be produced for each new batch 
of films manufactured, and in addition, for each set of films processed, a 
few badges should be exposed to known doses to check that there has 

! 
been no change in the exposure-absorbance curve. The irradiations 
must be carried out by a competent person, and the films, after being 

~ 
evaluated, should be filed away as a future check on the long-term 
reliability of the system. 

If a variety of radiations is likely to be encountered, the monitoring 
l 

service may consider it advisable to provide a separate exposure-absor- 
bance curve for each kind of radiation, and some services require the test 
films to be irradiated out of their holders. Other monitoring services 
require curves to be produced using a specific radiation (e.g., the gamma 
radiation from radium-226) with the films in their holders and some- 
times at a specific angle to the radiation, the exposure values for other 
radiation energies being deduced from these results. The extreme degrees 
of blackening should always cover a range greater than that to be 
expected in practice, and a minimum of 10 absorbance values should be 
used to draw an exposure-absorbance curve. 

Calibration of thermoluminescent and phosphate glass dosimeters 

Thermoluminescent and phosphate glass dosimeters should be cali- 
brated under conditions similar to those used for film badges. Because of 
the proportionality between exposure and dosimeter effect, a few 
measurements (at least three for each energy) may be sufficient to 
establish exposure-effect curves. When lithium fluoride is used as the 
luminescent substance the sensitivity is largely independent of radiation 
energy, whereas for calcium fluoride and phosphate glass dosimeters 

Dosimetry Section, International Atomic Energy Agency, Kgirtner Ring 1 I, A- 101 l Vienna, Austria. 
Radiation Medicine, World Health Organization, 121 1 Geneva 27, Switzerland. 
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calibration curves for at least two different radiation energies are 
necessary. 

Calibration of ionization chambers 

Pocket ionization chambers should be calibrated by radiation of 
approximately the same energy as that most likely to be received when 
they are worn. If this is not known sufficiently well, the calibration 
should be over a range of energies that will certainly straddle the 
radiation energy to which the subject will be exposed so that the error 
introduced by uncertainty in knowing the radiation energy can be 
assessed. Calibration exposures with X- and gamma rays should be made 
on a "body equivalent" phantom to allow for backscatter radiation. 
Exposures to gamma rays, however, should be performed under con- 
ditions that ensure that the amount of scattered radiation from floor, 
walls, and equipment is small ; these conditions are achieved in practice 
if the distance between the source and the ionization chambers is less 
than a quarter of the distance to the floor, etc. Pocket chambers should 
be calibrated at least once every three months, and where convenient 
this can well be carried out at a secondary standardizing dosimetry 
laboratory. 

Comparison of instruments and sources 

In any monitoring service good reference instruments and sources are 
a prerequisite. They should be treated with care and not be used for 
other purposes. Reference dosimeters should preferably be instruments 
of a widely used type and should be compared at least once every two 
years with instruments of a similar type from another monitoring service 
or calibrated against a secondary standard instrument using the services 
of a secondary standardizing dosimetry laboratory. 

Radioactive reference sources should be checked at least once a year. 
The radiation output from two sources containing the same nuclide 
should be compared; if the ratio between them remains constant, it is 
most unlikely that either source has changed. 

One way in which a personnel monitoring service can maintain a 
high standard of accuracy is to arrange for a regular comparison of its 
instruments and sources with those of another laboratory. Under such an 
arrangement, the monitoring service sends some of its detectors to 
another laboratory where they are exposed to carefully measured 
amounts of radiation. They are then returned for assessment by the 
issuing laboratory, which is not told of the exposures that have been 
given until its own measurements have been completed. 



4. Organization of a Monitoring Service 

The way in which a particular service must be organized is related to 
the number of persons to be monitored; therefore any guidance that can 
be offered on organization must be very general in nature. Every new 
service that is set up should be individually planned to determine the 
size and arrangement of buildings, the number and qualifications of the 
staff to be employed, and the instrumentation that would be best in view 
of the kinds of radiation to be measured. 

In general, small monitoring services tend to be uneconomic. The 
work of calibration and standardization has to be carried out whatever 
the size of the service. Laboratory facilities have to be provided, and 
inefficient use is made of the money spent on them if they are used for 
only a few days a month, particularly if expensive equipment is installed, 
as would be necessary for thermoluminescent dosimetry. It is thus the 
number of people to be monitored that mainly determines the possible 
monitoring methods, the number of staff, and the extent of the labora- 
tory facilities. 

Level A: monitoring service for over 5000 people 

A monitoring service large enough to cater for over 5000 people will 
often be a central one for a whole country or province. It may also be a 
division of a national administration. Personnel and equipment may 
therefore not pose serious problems. Such a service must be able to solve 
any problem connected with personnel monitoring that may arise in 
different institutions using different types of radiation. The range of the 
measuring devices should be as varied as possible and comprise all types 
of instruments. Such a service should also be able to use any measuring 
technique and adapt it to any special requirement. Thus a highly 
sophisticated film technique may well be the most appropriate and most 
informative method of monitoring personnel working in a diagnostic 
X-ray department. Thermoluminescent dosimeters would be needed for 
fingertip monitoring for those working with radioactive sources or whose 
hands may be close to X-ray beams. Since the high technology required 
is available, consideration might be given to using thermoluminescent 
devices for the main monitoring service. Pocket ionization chambers 
should be available for use in special situations. 
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Such a service should be able to calibrate its own instruments and 
those of smaller services. It should therefore be staffed by highly trained 
personnel and have equipment of the first order available for their use. 

Level B: monitoring service for 500-5000 people 

A service covering 500 to 5000 people is a large one, able to 
undertake work for a very large institution or centrally for a number of 
different institutions. It is preferable to have a large central service with 
good personnel and technical equipment than several small services, 
which, because of financial restrictions, may fail to achieve adequate 
scientific standards. Since the head of a service of this size will be a 
competent scientist, preferably a physicist, it is reasonable to choose 
techniques that give as much information as possible, such as sophisti- 
cated film badges or therrnoluminescent devices, or both. Ionization 
chambers and finger-ring devices should be available for special situ- 
ations. The service should have all the necessary facilities for the 
calibration of dosimeters and sources so as to be independent of other 
units at least for routine work. 

Level C: monitoring service for 100-500 people 

A monitoring service for 100-500 people should preferably work 
with a single technique that gives a direct indication of radiation dose, 
such as thermoluminescent dosimetry or the film badge, but additional 
devices such as ionization chambers or finger rings should be available 
for special situations. Compared with the services at levels A and B, the 
facilities may be reduced to a certain extent. There would be less call for 
automatic laboratory equipment. Up to 500 films could be developed, 
rinsed, and fixed in a single batch using an appropriate film rack. 
Number stamping could be done by hand. Reading film densities or 
therrnoluminescent dosimeters would not need automatic instrumenta- 
tion. Such a service, therefore, would not be very expensive as far as 
equipment was concerned but would require more man-hours per 
100 measurements. Steps would have to be taken to ensure that the 
scientific standards of such a service were adequate, especially in relation 
to calibration procedures and the interpretation of results. Where 
scientific supervision is available, the service could be operated on a 
part-time basis by staff working mainly in some related scientific 
activity, although in these circumstances the monitoring service may 
tend to have a low priority, and this must be avoided. 



A service of this size may be barely large enough to be viable, 
especially in a developing country with a shortage of scientific and 
technical personnel. Consideration should be given to joining with 
others to form a single large service. 

Level D: monitoring service for less than 100 people 

Monitoring small numbers of persons may be done by the use of 
simple film badges, such as those with only one filter, if the nature of the 
radiation to which workers are exposed is known (for instance, only 
diagnostic X-rays in medical work). In addition, it is likely that the 
people monitored by a service of this size will all be exposed to the same 
type of radiation, and probably to radiation of the same range of energy. 
This can simplify calibration and interpretation procedures and enable 
the service to be run by a person of restricted experience who, neverthe- 
less, must still be extremely competent, in view of the responsibility he 
carries. The laboratory facilities required could be shared with others; 
the darkroom, for example, could be an X-ray darkroom that can be 
made available occasionally for a few hours for this purpose. However, it 
is not easy to provide a small service that is reliable and accurate. 
Whenever possible, small numbers of users in different institutions 
should create a joint service large enough to be satisfactory. One of the 
few situations in which a small service is inevitable is that of a small 
country with only a small number of radiation workers and unable to 
operate a joint service with another country because of political, 
economic, or communication difficulties. It may sometimes be tempting 
to set up a small monitoring service based on pocket-type direct reading 
ionization chambers, but this should be avoided because of the attendant 
difficulties (see page 26). 

Premises 

Services for large numbers of people (levels A and B) would need 
premises specifically allocated for the purpose, the size of which would 
depend on the method used for monitoring. Sophisticated film badge 
techniques need rather more space than thermoluminescent techniques 
owing to the need for darkroom installations for film processing. Well 
planned laboratories should have two darkrooms, one for work with dry 
films (opening the envelopes and inserting the films into racks for 
processing) and a second for processing (developing, fixing, and rinsing). 
Film drying may be carried out in a third room while the loading and 
unloading of badges, if carried out by the monitoring service rather than 
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the client institution, should be done in a fourth room. Further rooms 
should be available for the measurement and recording of film absorb- 
ances, dose calculation, record keeping, distribution and mailing, and 
administration. 

The calibration facilities required will depend on circumstances but 
it will be necessary, at the very least, to have a large, scatter-free room in 
which calibration films can be exposed simultaneously to gamma rays at 
a series of distances from, say, 10 cm to 100 cm. This room should be 
sufficiently large or sufficiently shielded to permit the source to be left in 
the open position safely for several hours at a time. 

The facilities needed for thermoluminescent dosimetry would be 
somewhat more modest since the darkrooms could be dispensed with. 

A level-C service calls for much smaller premises. For film badge 
work, a single darkroom may be adequate. For the reading of films or 
thermoluminescent devices, the calculation of doses, and the distri- 
bution and mailing of dosimeters, two or three rooms would be 
sufficient. In many cases the administrative staff could be made part of a 
larger unit-the administration department of a hospital, for example. 

In a level-D service, film processing could be done in a small and 
simple darkroom, and the films could be numbered by hand. The 
loading and unloading of the badges, measurement of absorbance, and 
dose evaluation would not require more than one or two rooms, but 
calibration facilities would still be essential. 

Choice of equipment 

The equipment required will depend on the monitoring method 
selected and the number of people to be monitored. For films or 
thermoluminescent devices, holders will be needed, the number initially 
ordered being perhaps 20% greater than the number of people to be 
monitored. Further holders will have to be ordered from time to time to 
replace those lost or broken; a renewal rate of 10-20% per annum is to 
be expected. Regular supplies of films will be needed and occasional 
additional supplies of thermoluminescent material. If communications 
are difficult, the normal film stocks should be at least the number 
required for a single monitoring period, but film should not be stock- 
piled extensively because it deteriorates in storage; it is more important 
to ensure regular supplies. 

A darkroom for film processing must be kept spotlessly clean, and 
the use of stainless steel processing tanks helps in this respect. The 
darkroom must, of course, be completely dark, and have safelights 
equipped with recommended filters and low-wattage bulbs. Unused 



films may be stored in the darkroom, preferably in a refrigerator, but 
processing solutions should always be made up as required. Processing 
chemicals should never be kept in close proximity to unexposed films. 
They should always be sealed to prevent oxidation or evaporation and 
should not be stored where they will be subject to unduly high or low 
temperatures; normal room temperatures will be satisfactory in all 
ordinary circumstances. 

For a film badge service, a choice must be made from the various 
types of densitometer available for measuring absorbance. If only a small 
number of films is to be measured, a manually operated instrument is 
sufficient. Larger numbers of films will require a direct reading instru- 
ment capable of measuring the absorbance of films without appreciable 
error up to at least A =  3. Film numbering can be done by a hand- 
operated press stamp for small numbers, but if more than 500 films have 
to be handled at any one time an automatic film-numbering machine 
would be worth while. 

Thermoluminescent devices require an appropriate reading appar- 
atus. Because the recording of results is time-consuming and the appar- 
atus is complicated and sensitive, it is advisable for monitoring services 
that handle large numbers of devices to have two such instruments at 
their disposal. One of the most important tasks of the head of a 
monitoring service is the maintenance of all instrumentation and equip- 
ment in good working order and the regular calibration of those 
instruments. 

Computers 

Computers are being used increasingly in personnel monitoring 
services, not only for the filing of records and the rapid recall of the 
radiation history of each worker but also for many of the 
calculations required. For instance, a thermoluminescent dosimetry 
reading apparatus can be connected to a computer so that each measure- 
ment is transferred to it directly. The computer then calculates the dose 
and adds it to the record of the individual concerned without human 
intervention. The results can, of course, be printed out. Similar arrange- 
ments can be made for film badge systems. In general, it is better to use a 
small single-purpose computer than to share time on a large multifunc- 
tion computer. If sharing is unavoidable and since real-time operation is 
unnecessary, the primary data (worker's name or code number and dose 
reading, for instance) might well be filed initially on tape and then 
processed in the computer at some later time. 

Computers are expensive, although their cost falls steadily year by 
year. They tend also to be expensive to operate, and unless they are 
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properly maintained errors will creep in and reduce the reliability of the 
monitoring service. Many computers require a temperature-controlled, 
dust-free, and air-conditioned environment, which greatly increases the 
cost of installation and operation. A service that uses a computer hlly 
may not need to employ many people, but this will not necessarily 
reduce overall costs because the use of a computer is itself expensive. If it 
is out of action for any length of time, it is essential to make alternative 
arrangements to ensure continuity of service. 

Staffing 

In every monitoring service at least one person of adequate training 
and experience is needed to carry the responsibility of supervising the 
scientific work. Depending on the size of the monitoring service, he may 
be able to share his time between monitoring and some other scientifc 
work. He will require assistance, which again, in a small service, may be 
on a part-time basis. If films have to be sent to users by mail, clerical 
assistance will be needed for packing and distribution as well as for 
receiving the used films and making them ready for the laboratory. In 
addition, a considerable amount of work is involved in the keeping of 
records of films sent, films received, and doses received. 

Except for the smallest of services, help will be needed in the 
laboratory to unwrap films in the darkroom, process them, and measure 
the optical absorbance probably under supervision. Once techniques 
have been established and written down as operational procedures, a 
laboratory assistant may be able to carry out the irradiation of standard 
films to be included in each processed batch of films, although this also 
may have to be done under supervision. 

The evaluation of exposures requires care, and a senior person 
should always check any result that indicates a high dose and any film 
showing an unusual irradiation pattern. 

When a monitoring service identifies a person who has received a 
large dose of radiation, it is essential to ascertain how it occurred and 
how it could be prevented from happening again. This follow-up work is 
usually undertaken by staff associated with the institution concerned, 
but where this is not possible it may be necessary for the monitoring 
service itself to undertake this work, and this will require more staff. 
Such staff would be senior people of wide experience and tact who are 
prepared for a considerable amount of travelling. It is essential, once a 
service has been started, for it to continue to function smoothly and, 
above all, reliably and for dose reports always to be issued quickly after 
the dosimeters have been received for processing. 



Clearly, in view of the many variables, no recommendation can be 
made regarding the number of people required to run a monitoring 
service. 

Distribution service 

The distribution of dosimeters should be organized so that at the 
beginning of each new monitoring period every radiation worker can 
exchange his dosimeter for a new one at a fixed time and place. In a large 
hospital or other institution, several distribution points may be needed 
for different groups of workers. To organize the distribution eficiently, a 
special service is called for. Its duties would cover the loading and 
unloading of film badges and thermoluminescent devices, and it would 
ensure that every device reached the person for whom it was intended. 
The simplest procedure would be to have a complete list of workers 
using a particular distribution point and the dosimeter code number 
corresponding to each. 

For the transport of dosimeters, it is an advantage to have special 
boxes that are strong and easily recognizable. A box containing the 
appropriate number of dosimeters can be sent in time to arrive at an 
institution a few days before the end of the previous monitoring period. 
Each person can then exchange his old dosimeter for a new one at the 
proper time and so avoid any interruption in monitoring. The same box 
can be used for the return of the used dosimeters. Instead of using 
normal address labels, some monitoring services use a card with the 
address of the institution on one side and that of the processing 
laboratory on the other. This is inserted in slots on the outside of the box 
to show whichever address is appropriate. 

The distribution and collection of films or thermoluminescent 
devices is by no means an unimportant part of a monitoring service. 
Mistakes can arise here that can nullify other aspects of monitoring, and 
great care should be taken to ascertain that each device reaches the 
person for whom it is intended and that it is returned quickly at the end 
of the monitoring period. 

In an area of difficult communications, special arrangements may 
have to be made to ensure prompt delivery of monitoring devices. Where 
postal systems are inadequate, a commercial delivery system may offer 
greater reliability, even if the cost is higher. Alternatively, the monitor- 
ing service might itself deliver boxes direct to an aeroplane, train, or 
long-distance bus for collection by someone from the receiving centre, 
even if the last stage of the journey has to be by car or boat. Whatever 
method of distribution is used, it must be reliable. 
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It will be necessary for records to be kept of the radiation received by 
each individual, but the form of the record and the place where it is kept 
may be subject to government regulations. A monitoring service may be 
well placed to keep such records, especially if it uses a computer, but an 
institution may prefer to keep the records relating to its own workers. 

One possible method of record-keeping consists of an "irradiation 
booklet" kept by the worker or record card kept by his institution during 
the time he is working with radiation. All monitoring results can be 
recorded in the booklet or card by a specially nominated person in the 
institution. The worker can keep this record after he has left radiation 
work as a permanent record of his radiation history. 

It is, of course, important to report the monitoring results for all 
workers to the person who is responsible for radiation work in the 
institution. In the absence of regulations, he will need to decide the dose 
level at which the worker himself should be informed, for instance at 
0.5 or 1 mJ/kg per month (50 or 100 mrem per month). 

Where information is available, notification of exposures could 
include an indication of the energy ranges involved. This is important 
where it is necessary to calculate the absorbed dose to particular 
organs. 

It is not generally necessary to store all exposed films, but only those 
that show an appreciable dose - for instance, above 4 &/kg (400 mrem). 
Whether these should be attached to an individual's record sheet is a 
matter for local arrangement, but they should be retained in case any 
question arises in the future. 

Precautions must be taken when storing unused film. High tempera- 
ture and humidity cause self-reduction of the silver bromide, and 
therefore a certain background density after processing, and the response 
to radiation is changed. Exposures can no longer be measured satisfac- 
torily. New film should be stored in a refrigerator at 6-10 OC and 
4060% relative humidity. The radiation level should be no greater than 
0.10 pGy/h of 1-MeV gamma radiation (18). Under these conditions, 
unused film can be stored for several months without spurious effects. 
Different emulsions show considerable differences in self-reduction, and 
this may influence the choice of emulsion where adverse climatic 
conditions exist. 

Relationship of a monitoring service to other bodies 

Since the results of personnel monitoring may become an important 
factor in any discussion on the overexposure of personnel, they should 



have an official character. Private or semi-private monitoring services 
should thus be authorized and controlled by an official body, possibly 
the national health authority. It should not be possible for a private 
hospital, for instance, to set up its own monitoring service without 
official authorization and supervision. 

However small a monitoring service may be, even if it serves a single 
hospital only, the person in charge of it must have scientific indepen- 
dence and freedom ofjudgement even if administrative work is left to the 
hospital's administration. A large monitoring service is likely to serve a 
national or regional need, but the authority controlling it, however 
high-level it may be, should not be able to influence the scientific and 
technical side of its work. 

So much effort and expertise are required to set up a monitoring 
service that thought should be given to making the best possible use of it. 
Apart from its function of serving one or several hospitals, it may be 
made available to doctors and dentists working in private practice, and 
perhaps also to university or other research workers or to industrial users 
of radiation. Such an extension of coverage is likely to call for a 
corresponding extension of facilities because it may involve the measure- 
ment of types or energies of radiation not encountered in hospitals. 
Thought may also need to be given to charging such users for the service 
rendered. 



Evaluation of Radiation Dose 

It is necessary for a monitoring service to be able to evaluate the dose 
with which the body or critical organs of the worker have been 
irradiated. It is difficult to calculate these doses from the results given by 
monitoring devices, and satisfactory results depend to a large degree on 
the ability of the investigator. 

The dose recorded by the measuring device, especially in medical 
radiology, is most unlikely to approximate to the whole-body dose, and 
to regard the measured dose as the body dose will often result in a large 
error. Nevertheless, where the measurement is well below the ICRP 
dose-equivalent limit, a detailed dose evaluation is generally unnecess- 
ary- 

Detailed dose evaluation may be needed for any high dose measure- 
ment, and in that case the doses received by the critical organs (e. g., the 
gonads and the bone marrow) will have to be calculated. In making this 
calculation, it is of great help to have information on the radiation 
energy involved. 

In some cases the high dose will have been received during a single 
incident, which will be remembered, and it will be possible to recon- 
struct what happened. Measurements can be made of the dose received 
at various positions on a phantom irradiated under similar conditions. If 
the reading obtained at the position in which the original dosimeter was 
worn is in reasonable agreement with the high dose recorded, it can be 
assumed with some confidence that doses at other positions on the 
phantom approximate to those actually received by the subject in 
corresponding parts of the body. From these measurements, doses to 
critical organs can often be estimated with acceptable accuracy. 

Even where an incident cannot be reconstructed it may be possible to 
deduce the likely direction of irradiation by the recollection of the 
person concerned or by the position of shadows on the film. Where the 
radiation energy can also be deduced, calculations can be made of 
approximate doses to critical organs. 

Where it is impossible to obtain any information about the probable 
direction of irradiation, arbitrary assumptions must be made. It is 
unwise to assume that radiation is received uniformly from all direc- 
tions, mainly because this rarely happens in medical work. If it did, the 
monitoring device would record only about half the incident radiation, 
and the male gonads would be largely shielded by the thighs. Maximum 
dose to the gonads results for both males and females if all the radiation 



is incident on the front of the body, and the monitoring device is usually 
worn on the front of the body. However, maximum dose to bone marrow 
results if all the radiation is incident on the back of the body, because 
about 60% of red bone marrow is in the vertebrae, scapulae, and rear 
half of the ribs. A further 30% or so is close to the front of the body (in 
sternum and front half of the ribs) and the remainder (about 10%) is in 
the skull. All these tissues should be assumed to be about 5 cm below the 
skin. Female gonads are usually taken as being about 10 cm below the 
anterior surface of the body. Calculation of radiation to these organs can 
sometimes be made by using standard depth dose data for comparable 
radiation qualities or by using NCRP data (6). 

The measurement of a dose on a monitoring device does not 
necessarily mean that that dose was received uniformly by the person to 
whom it was issued. The radiation may have been so soft that it was 
strongly attenuated in body tissues, or it may have arisen from a point 
close to one part of the body so that other parts, owing to the inverse 
square law, received much less radiation. 

Nevertheless, a measurement on a single device is usually the only 
basis for assessing the irradiation of the individual and, in order to make 
maximum use of it, the device should be worn on the front of the trunk 
at about waist height and under a protective apron, if one is used. Such a 
position gives the best opportunity for calculating gonad and bone 
marrow doses when necessary. Some dosimeters can indicate the energy 
of the radiation to which the monitored person was exposed, and this 
may be important in evaluating doses received by critical organs, besides 
helping to identify the source of the radiation. 

Exposures above the dose-equivalent limit 

Under normal working conditions radiation workers should receive 
radiation doses below, and where possible, well below, the ICRP 
dose-equivalent limits. Recommendations and regulations state that all 
doses to which workers may be exposed "shall be kept as low as is 
readily achievable, economic and social factors being taken into 
account". 

In every case where the monitoring device records more than 
1 mJ/kg (100 mrem) in a week, or 4 mJ/kg in a month, the circum- 
stances under which such exposures occurred need investigating; in fact, 
many services carry out an investigation if half these values have been 
recorded. If the same person receives high doses more than once, it is 
likely that the installation is not sulficiently protected or the person is 
working without due care, or both. In all such cases it should be the duty 
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of the head of the monitoring service either to intervene or to alert 
someone else who can do so. 

Doses above 0.1 J/kg (10 rem) during the monitoring period require 
careful investigation, and a medical examination of the worker in 
question may also be necessary. The investigation may include a 
detailed calculation of the doses to critical organs, and these results 
should be added to the medical report and retained for up to 30 years. 
The medical expert should decide if the worker may continue to work 
wit h ionizing radiations. 

It should be noted that a reading on a dosirneter does not necessarily 
mean that this dose was received by the wearer. A film badge may have 
been exposed to radiation while not being worn. For instance, a white 
coat (with a film badge) may have been left in an X-ray room for a few 
minutes or hung in a cupboard near a radium patient. If an unexpectedly 
high dose is indicated for a diagnostic X-ray worker, the film badge 
holder should be examined. A high reading can be caused by missing 
filters, and if this is so the filters, or the holder, should be replaced 
immediately. 

Safety effects of working conditions 

The risk of exposure to ionizing radiation is influenced by working 
conditions. To ensure maximum radiation protection without undue 
interference with working practice, the plans for a radiation installation 
should be studied by a radiation protection expert and by the users 
before the start of building work. Poor protective measures in existing 
installations should be rectified immediately. An authorized expert 
should inspect every radiation installation, preferably before it is put 
into operation - a task that could be carried out by the monitoring 
service. A written report containing the results of this inspection should 
be delivered to the person responsible for the installation and should 
point out anything that should be changed. In addition, radiation 
equipment should be surveyed after installation to ensure that it 

l 

complies with accepted standards (3). 
If the installation and equipment are in good condition, any cases of 

appreciable exposure to radiation that occur are likely to be due to poor 
working technique and poor working discipline. The best protective 
materials and devices are of no value if they are not correctly used. 

It is much easier to avoid irradiation if it is known where high 
radiation is likely to be encountered. Good working discipline is a result 
of training and a constant effort to keep people well informed. The 
person in charge of a service using ionizing radiation should closely 
supervise all the radiation workers for whom he is responsible. 
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Annex 

THREE METHODS OF FILM BADGE DOSIMETRY 

Method A: Comparison with films exposed to known radiation 

The Central Radiation Protection Service (SCPRI), near Paris, 
France, operates a large central laboratory for personnel monitoring, 
which processes over 60 000 films per month. The film holder used has 
filters as listed in the Appendix to this annex. 

Calibration is carried out by irradiating two sets of films every month 
to known doses, one to cobalt-60 radiation, and the other to 80-kV 
constant-potential X-rays emanating from a beryllium window with 
l -mm aluminium filtration. The doses used are 0.3, 0.6, 1, 3, 5, 10, 30, 
100, 300, and 600 mGy, checked by ionization chamber measurements. 
All exposures in a series are carried out at a constant source-film 
distance to avoid any change in the geometry. In addition, a number of 
films are given an identical dose from exposure to radium-226 gamma 
rays, and one of these films is included in each batch of films processed 
as a check on the consistency of processing. From time to time, 
calibrations are carried out with different energies of radiation, or with 
smaller dose intervals. 

For each emulsion (fast and slow) and for each type of radiation 
(cobalt-60 gamma rays and 80-kV X-rays): 

dose = Pl(Al-A2)R~ + QI(A1-A2)S~ + P2(A2-Ab)R2 + Q2(A2-Ab)S2 

A,= absorbance of the unfiltered area, 
A, = absorbance of the area under the lead filter, 
A, = absorbance of emulsion unexposed to radiation (i.e., the back- 

ground level), and P,, P,, Q,, Q,, R,, R,, S, and S, are constants. 
For film badges that have been exposed only to X-rays from 

diagnostic X-ray units and to doses of less than 10 mGy, sufficient 
accuracy can be obtained from the simplified formula: 

dose = Pl(A l-Ab)R~ + Q l(AI-Ab)S~ 

for X-rays generated between 40 kV and 200 kV. 
The absorbance of the part of the film under the copper filter is not 

used in the above calculation but can be incorporated if increased 
accuracy is required. 

Any film giving a higher dose than the maximum permissible dose is 
measured a second time and the calculation is checked. Where import- 
ant for the medical care of the individual concerned, a "calibration a 
posteriori" is carried out by irradiating some films under the same 
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conditions as those that occurred during the actual exposure; this 
enables the dose to be estimated with better accuracy. 

I A computer is used to store individual dose records and to carry out 
l 

such tasks as preparing despatch labels for some 8000 different addresses 
l to which films are sent. The film badge is considered to be the most 

economical personnel monitoring device available at present. On aver- 
age, the time for dealing with one film-numbering, mailing, processing, 
measuring, calculating and administration-is less than 1 minute, and 
the whole service is operated by only 15 people. 

I Method B: Assessment of dose in different energy bands 

This method (1, 2, 3), which is used widely in German-speaking 
countries, is designed to measure radiation consisting of a mixture of 
different energies. It does this by the use of three copper filters and a lead 
filter, as indicated in the Appendix to this Annex. The lead filter gives a 
shadow indicating the direction of the radiation and is not used for 
calculation purpose. Some versions of the holder replace the 0.5-mm 
copper with 0.3-mm copper, but the principles of use remain the same. 
A two-emulsion film is used (e.g., Kodak PM2 of Agfa Gevaert person- 
nel monitoring film), and the film badge is normally worn for two weeks. 
The two-emulsion film comprises a high-sensitivity emulsion on top of a 
low-sensitivity emulsion. 

Exposure to radiation produces four different degrees of blackening 
of the areas of film behind the open window and the three copper filters, 
the absorbances being A,, A,,,, A,,, and A,., respectively. To convert the 
absorbances to "apparent exposure" values, 13 films are given different 
exposures to a radiation similar to that being monitored (e.g., exposures 
of 0.025, 0.05, 0.125, 0.25, 0.5, 1.25, 2.5, 5, 12.5, 25, 50, 125, and 
250x10-4 C/kg). If the people being monitored work in a diagnostic 
X-ray department, X-rays generated at about 70 kV with a l -mm copper 

l 

filter (i.e., about 40 keV energy) are used. An appropriate average 
radiation energy is used for other groups of workers. From these films, 
two exposure-absorbance curves are drawn as in Annex Fig. 1. For the 
smaller exposures, the total film absorbance (after subtracting the 
absorbance of unexposed film) is almost entirely that in the more 
sensitive emulsion. When the total absorbance is more than about 3, the 
more sensitive emulsion is washed off with warm water, The absorbance 
of the less sensitive emulsion alone is then measured to give the second 
exposur+absorbance curve. If the faster emulsion is removed fi-om some 
of the films for which absorbance determinations are just possible and if 
the absorbance of the slower emulsion is then measured, points can be 
plotted that enable the two curves to overlap. The curves of Annex 



Fig. 1 were obtained from films exposed to X-rays under the operating 
conditions mentioned above. 

For each absorbance measurement an "apparent exposure" may be 
derived from graphs such as those in Annex Fig. l ,  and it is then 
necessary to convert these apparent exposures into real exposures. 

A series of calibration films is required, each of which has received 
about the same radiation exposure but at different energies. This is 
achieved by filtering the X-ray beam heavily with a succession of 
different filters. Suitable operating conditions are listed in Table 1. After 

TABLE 1. PRACTICALLY HOMOGENEOUS X-RAYS 

Constant Filtration Approximate Approximate 
voltage of effective output per mA 

X-ray machine energy at l m 
(kVI (keV) 

HC . k g 1  /,in mR/min 

Exposure (mC/kg) 

I I l I l J 

0.001 0.01 0.1 1 10 100 
Exposure (R)  

ANNEX FIG. 1. EXPOSURE-ABSORBANCE CURVES 
FOR THE TWO COATINGS JOINTLY AND FOR THE LOW- 
SENSITIVITY COATING ALONE OF COMBINED-EMUL- 
SlON FILM DESIGNED FOR EXPOSURES BETWEEN 

0.25 bC/kgAND 2 5  mC/kg (l mR AND 100 R) 

processing the films, the ab- 
sorbance is measured behind 
the open window and under 
each filter for each film, and 
for each absorbance value an 
apparent exposure is read 
from graphs similar to Annex 
Fig. 1. From these apparent 
exposures and the correspond- 
ing filter, a curve is drawn for 
each radiation energy sepa- 
rately, as in Annex Fig. 2. 

For each calibration film 
and each filter, two further 
factors are then calculated. 
Taking the film irradiated at 
50 kV as an example, the 
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actual exposure given to the 
area under the 0.05-mm cop- $ 
per filter is divided by the # -  
apparent exposure of that area E .E 
to give a correction factor. 8 
The apparent exposure under E g 
the open window is then 
divided by the apparent expo- 5 
sure under the 0.05-mm cop- I 1 ~ k \  1 \ 
per filter to give an "apparent 0.05 0.5 1.2 

Filtration (mm C111 WHO 79466 

exposure ratio". The same 
process is carried out for the ANNEX FIG. 2. ATTENUATION CURVES OF PRACTI- 

area under the 0.05-mm cop- CALLY HOMOGENEOUS RADIATION OF VARIOUS 
ENERGIES 

per filter of all the other cali- 
bration films irradiated at different voltages, and a graph is drawn, as in 
Annex Fig. 3, through all the points corresponding to the correction 
factor and apparent exposure ratio values relating to that filter. The 
same process is repeated for each of the other filters. It is now possible to 
evaluate a film worn by a radiation worker, as in Table 2. 

The evaluation of a film is, in practice, less complicated than might 
appear. An exposure-absorbance curve (as in Annex Fig. 1) must be 
drawn for each new batch of films processed, but the calibration films 
from which Annex Fig. 2 and 3 are drawn need be repeated only for each 

1 2 4 6 8 1 0  2 0  
Apparent exposure ratio 

ANNEX FIG. 3. RELATIONSHIP BETWEEN COR- 
RECTION FACTOR RND APPARENT EXPOSURE 

RATIO FOR VARIOUS FILTER THICKNESSES 

new batch of emulsion manufac- 
tured. One separate graph (as in 
Annex Fig. 4) is required for each 
batch of films to be evaluated, 
and values need to be entered in 
a table similar to Table 2, values 
being read from the exposure-ab- 
sorbance curve (Annex Fig. l )  
and the correction- factor curve 
(Annex Fig. 3) as required. 

All the work involved in 
processing and calculation aris- 
ing from the issue of 1000 films 
every four weeks, including the 
irradiation of the test and cali- 
bration films, can be carried out 
by one person. This is possible 
only because the vast majority of 
films issued are found to have 
received such small amounts of 
radiation that no calculation 



TABLE 2. EVALUATION OF FILM WORN BY RADIATION WORKER 
P- - 

(1) (2) (3) (4) (5) (6) (7) (8) 
Copper Film Apparent Extrapolated Difference Apparent Correction Real exposure 
filter absorbance exposure exposure between exposure factor (col. 5 x cd. 7) 
(mm) pC/kg (mR) to zero extrapolated relation pC/kg (mR) 

filtration exposures 
pChg  (mR) measured 

under 
successive 

filters 
pC/kg (mR) 

0 2.80 64.5 (250) 64.5 (250) 

26.3(102) 2.27 1.4 36.9 (1 43) 

0.05 2.10 28.4(110) 38.2 (148) 

32.8(127) 12.8 1.7 55.7 (2 16) 

0.5 0.30 2.319) 5.4121) 

5.4(21) 6.9 1.26 6.7 (26) 

1.2 0.06 0.34(1.3) 0 

Total 99.3 (385) 

l I '  I I 

t 0.5 1.2 

to zero 
Filtration (mm Cu) WO 79464 

exposure 

ANNEX FIG. 4. PLOT OF APPARENT EXPOSURES FOR 
VARIOUS FILTER THICKNESSES, WITH EXTRAPOLATION 
OF ATENUATION CURVES TO ZERO FILTRATION AND 
MEASUREMENT OF DIFFERENCES, 4 BETWEEN EXTRA- 

POLATED EXPOSURES 

whatever is required to de- 
cide that the exposure was 
less than 2.5 pC/kg(lO mR), 
or whatever value is chosen 
as the lower limit to be eval- 
uated. 

It may be more conve- 
nient for the exposure of 
the test and calibration 
films to be carried out at a 
laboratory equipped for 
precision dosimetry, such 
as a secondary standard 
dosimetry laboratory. Close 
collaboration between the 
two laboratories will be 
needed. 

The holder and film described above can also be used for the 
estimation of slow neutron exposure. 

Method C: Direct assessment of dose in different energy bands, using 
formula 

The film holder in most general use in the United Kingdom (4-6) 
contains the filters listed in the Appendix to this Annex. It is moulded in 
polypropylene in the form of a hinged rectangular box capable of 
accommodating a radiation monitoring film of the standard dental film 
size. One of the edges is moulded to take a safety-pin, and there is also a 
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slot from which a second device, such as a criticality dosimeter, can be 
suspended. 

The holder was designed for use principally with Kodak radiation 
monitoring film, and its normal colour (blue) serves to indicate that the 
incorporated filters are matched to the characteristics of that film. Differ- 
ent colours can be used to indicate suitability for other types of film, and 
a small recess in the front face can be coloured to indicate minor variations 
such as the presence of a cadmium filter or an indium strip. 

The area of film under the open window responds to all the radiation 
that can penetrate the film wrappings and interact with the emulsion of 
the film. The thin plastic filter provides practically no attenuation of X- 
and gamma rays, but absorbs beta rays and accelerated electrons to an 
extent dependent on their energy. The thick plastic filter, besides being 
equivalent to the depth assumed by ICRP for the lens of the eye (7), 
provides some attenuation of low-energy photons, and completely 
absorbs all but the highest-energy beta rays. The metal filters are 
accommodated in recessed parts of the front and rear sections of the 
holder, and in each case have a total thickness of 1 mm. The filter made 
of Dural-an aluminium alloy (8)  with a fixed content of heavier metals 
including some copper-begins to absorb photons significantly at an 
energy of 65 keV, the energy at which the response under the tin/lead 
filter begins to fall significantly, but it is not "opaque" to photons until 
the energy has fallen to about 15 keV. The ratio of the response under 
the thick plastic filter to that under the Dural filter changes continuously 
with photon energy in the 1 5-65 keV range. Part of the tin/lead filter is 
replaced by a cadmium/lead filter if the holder is to be worn by someone 
who may be exposed to slow neutrons. The response of the film under 
these two composite filters is almost identical for photons, and is almost 
independent of energy within the range 75 keV to 2 MeV. If the 
radiation includes slow neutrons, capture gamma rays are produced in 
the cadmium filter and these will cause increased blackening predomi- 
nantly in the part of the film nearest to the filter, thereby enabling the 
slow neutron dose to be estimated. The edge of the lead component of 
the composite filters is turned up in order to shield the edges of the film 
in the region of the heavily filtered areas, thus reducing the sideways 
entry of low-energy photons, to which the film is highly sensitive. The 
indium strip is not a filter, but is incorporated into holders intended to 
be worn by those for whom there may be a risk of a criticality accident, 
and any radioactivity in it enables those involved in such an accident to 
be identified. 

One of the problems associated with film dosimetry by means of 
filters is that the radiation is liable to strike the holder from any 
direction, in consequence of which the effective thickness of the filters 
will depend on the average angle of incidence. After a series of trials, it 
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was decided to choose an 
angle of 3S0, and the thick- 
nesses of the filters in the 
holder were determined to 
suit this angle, Annex 
Fig. 5 shows the response 
to photons of various ener- 
gies of the Kodak radiation 
monitoring film under the 
different filters, the angle of 
incidence of the radiation 
being 35". The response to 
beta rays of different maxi- 
mum energies is shown in 
Annex Fig. 6. 

The holder is unsuita- 
ble for monitoring interme- 
diate and fast neutrons, 

which require entirely different techniques. 
The determination of the doses of mixtures of ionizing radiations of 

various types and energies by means of a film having up to six areas of 
different blackening could be an extremely complicated matter. In 
practive, however, most monitoring films are exposed to a limited range 
of radiations, and this simplifies the dose evaluation procedure. The 
following description of the methods used is confined to the basic 
principles involved, and the literature should be consulted for a more 
detailed description. 

The films worn by the work- 
ers (the test films) are processed 
under standard conditions, to- 
gether with a number of standard 
films to which known doses of 
radiation have been given at 35" 
incidence and from which a cali- 
bration curve can be drawn. 
Once the characteristics of a 
batch of films have been deter- 
mined for the relevant range of 
radiations and energies, all that is 
generally necessary is to include 
films that have received a stan- 
dard exposure of a single type of 
radiation (e.g., radium gamma 
rays filtered by 0.5 mm of platin- 

thick plastic 

I I I I  
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ANNEX FIG. 6. SENSITIVITY OF FILM TO BETA 
RADIATION, SHOWING VARIATION WITH ENERGY 

Source: Jones, B. E. 81 Marshall, T. 0 .  Jownsl of 
photogrsphic science, 13: l 2  (1 966). 
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um) in order to check the processing conditions. In practice, it has been 
found that many of the test films are almost completely unexposed, and 
these can be dealt with merely by inspection or by a single measurement 
of the blackening of the open window area for the purpose of record- 
keeping. In the case of test films that do exhibit various patterns of 
blackening, it is necessary to measure each area and to convert the 
blackenings to apparent doses (in mGy) derived from the calibration 
curve. If the radiation received by the test film consisted entirely of 
photons of energy greater than 80 keV, the apparent dose under the 
tin/lead filter will equal the true dose to within about + 20% (Annex 
Fig. 5). Should the radiation energy lie in the range 40-80 keV, where 
the tin/lead filter gives a reduced sensitivity, a correction factor has to be 
applied to the apparent dose recorded by the film under that filter. This 
factor is obtained from the ratio of the apparent dose under the Dural 
filter to that under the tin/lead filter-the "quality ratiov-the effect of 
which on the correction factor is shown in Annex Fig. 7 (9). At photon 
energies below 40 keV, the tin/lead filter is too insensitive to be of 
practical value, and the evaluation procedure is based on the ratio of the 
blackenings of the thick plastic and the Dural-covered areas of the film. 
This can be used down to about 
20 keV, and the limit can be further 
extended by using the blackening in 
the open window area. Measure- g 
ments using lightly filtered areas of 
the film will be in error if there has 
been exposure to beta radiation, 
unless this is allowed for. 8 

Films exposed to photons of 1 5 10 50 loo 
mixed energies can be evaluated by Quality ratio 

a similar, but rather more compli- 
cated, process. If the energy range is 
from 80 keV to a few MeV, there is 
no problem because the response 

ANNEX FIG. 7. CORRECTION FACTOR FOR THE 
APPARENT DOSE MEASURED UNDER THE 
TIN/LEAD FILTER AS FUNCTION OF THE 

DURAL 
QUALITY RATIO. 

under the tin/lead filter is substan- 
tially independent of photon energy in this range. Similarly, the proce- 
dure for photon energies down to 40 keV will yield accurate results. If 
the range of energies extends below 40 keV, the radiation is taken to be 
in a number of broad energy bands. Having deduced the bands from the 
apparent dose distribution beneath the different filters, effective energies 
can be assumed and appropriate correction factors applied. 

Thus four methods are used for photon dose evaluation, the appro- 
priate one for a particular film being chosen by experimentally derived 
rules. 



(1) For mixed photon energies greater than 40 keV, multiply the 
apparent dose measured under the tin/lead filter by the correction factor 
appropriate to the apparent dose ratio of the Dural reading to the 
tin/lead reading. 

(2) For mixed photon energies mainly in the 20-40 keV range, 
multiply the apparent dose measured under the thick plastic by the 
correction factor appropriate to the ratio of apparent doses in the 
plastic-covered and the Dural-covered areas of the film. 

(3) For mixed photon energies slightly greater than 20 keV, proceed 
as in method (2) and add the apparent dose under the tin/lead filter. 

(4) For mixed photon energies extending below 20 keV, proceed as 
in method (3) but use the blackening in the open window area instead of 
that in the Dural area. 

An alternative method is to combine the apparent doses under the 
various filters by means of an experimentally derived formula. Two such 
formulae have been proposed and, in the absence of beta rays and 
neutrons, either will indicate the radiation dose directly. They are: 

where D is the apparent radium gamma-ray dose for the area covered by 
the indicated filter. 

As Annex Fig. 8 shows, the results obtained with these formulae 
agree to within -+ 20% over a wide range of photon energy (9). These 
formulae make it possible to programme a computer for the direct 
calculation of photon dose, with all the advantages of such a system in 
record-keeping and economical working. Systems of this sort are in 

10 100 loo0 
Effective energy (keV) 

ANNEX FIG. 8. VARIATION OF DOSE ESTIMATE 
WITH ENERGY OF THE RP DlATlON ACCORDING 

TO TWO EMPIRICAL FORMULAE 

routine use at the Atomic Energy 
Research Establishment and the 
National Radiological Protection 
Board in the United Kingdom. 

The evaluation of mixtures of 
beta rays and photons depends on 
the photon energy. If it exceeds 
about 22 keV, the response of the 
film in the open window and in 
the two plastic-filtered areas to the 
mixed radiation is practically 
identical, and it is consequently a 
simple matter to observe and 
assess the response to the beta 
radiation. If, however, the photon 
energy is below 22 keV, the effect 
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of the photons is almost indistinguishable from that of beta rays of 
appropriate energy, and the present holder is unsuitable. Methods have 
been proposed (10) for overcoming this difficulty. 

Where the radiation includes slow neutrons, the excess blackening of 
the film under the cadmium/lead filter compared with that under the 
t i d e a d  filter gives a simple measure of the slow neutron dose. Correc- 
tions need to be applied for the neutron activation of the emulsion itself, 
for the effect of the gamma rays from the cadmium on other parts of the 
film, and for the sensitivity of the film-cadmium combination to slow 
neutrons relative to the sensitivity of the film to radium gamma rays in 
the area under the tin/lead filter. These effects have been studied 
experimentally (11) and two factors, F, and F2, have been derived for 
determining the slow neutron and photon doses. The relevant equations 
are : 

Slow neutron dose-equivalent (Ukg) = Dcadmium/'ead - D tin/ lead 
1000 F,  

(slow neutron dose-equivalent) Photon dose (mGy) = Dtinllead- 
F 2  

where D = apparent gamma-ray dose (in mGy) in each case 
F ,=P.O-2.5 
F,= 3.0. 
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Appendix 

FILM HOLDER FILTER CHARACTERISTICS 

Method A Method B Method C 

Beta rays 50 mg/cm2 plastic (thin) 
300 mg/cm2 plastic (thick) 

Photons 0.2 mm Cu 0.05 mm Cu 1 mm Dural 
1.0 mm Pb 0.5 mm Cu 0.7 mm Sn + 0.3 mm Pb 

1.2 mm Cu 
0.8 mm Pb 

Slow neutrons (Cd + Pb) if required 0.7 mm Cd + 0.3 mm Pb 
if required 

Criticality Possible, but 
not routine 

0.4 g In, if required 
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