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FOREWORD 

This publication presents the proceedings of an IAEA Advisory Group 
Meeting on Standardization and High-Dose Intercomparison for Industrial 
Radiation Processing, held in Vienna, 25—29 September 1978. The compelling 
need for establishing a programme on high-dose standardization and inter-
comparison had been recognized, and the development of the programme itself 
is described in section 2 which outlines the background and aims, and the role 
of the IAEA. The working scientific papers that were presented at the Advisory 
Group Meeting are reproduced in full in section 3. A review of the results of the 
comprehensive intercomparison is then presented, as this formed one of the 
central areas of discussion during the meeting, and the publication concludes with 
the recommendations of the panel members. 

The opinions presented in the individual papers are those of the individual 
authors only. The recommendations presented in the group reports represent a 
consensus of the opinion of the participants. 
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2. THE IAEA HIGH-DOSE STANDARDIZATION 
AND INTERCOMPARISON PROGRAMME 

2.1. History 

In February 1977 an IAEA Dosimetry Section proposal on high-dose 
standardization and intercomparison for industrial radiation processing was 
approved, with J.W. Nam as Project Officer. High-dose radiation facilities are 
already being used in many countries for the sterilization of medical supplies and 
for research into the application of radiation for food preservation and the treat-
ment of solid and liquid wastes. An enquiry to 57 organizations operating high-
dose radiation facilities in 30 Member States indicated strong support and great 
interest in the establishment of a high-dose standardization and intercomparison 
programme. • 

In April 1977 a consultants' meeting was convened and immediately 
recommended that five different, well-established dosimetry systems be used in a 
preliminary cobalt-60 gamma-ray intercomparison with a view to selecting the 
most suitable systems for further intercomparisons. The meeting also recommended 
that the IAEA should encourage research programmes which were specially 
directed towards the development of new dose meter systems adapted for sending 
through the post for intercomparison, or which would be useful for the dosimetry 
of intense electron beams. -

Nine different laboratories throughout the world took part in the initial 
intercomparison by irradiating the different dose meter systems in August 1977. 
A second consultants'meeting was convened in November 1977 to evaluate the 
results of the preliminary intercomparison. In 1977 three IAEA research contracts 
were established and five IAEA research agreements were negotiated. 

In March 1978 a small meeting of experts was convened to plan the com-
prehensive intercomparison which was carried out in July and to organize the 
agenda for the Advisory Group Meeting in September, the proceedings of which 
form the substance of this Technical Report. 

2.2. The role of the IAEA 
It can be expected that, in response to the rapidly increasing demands of 

radiation processing, formal arrangements will eventually become available for 

2 
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the intercomparison of primary radiation dosimetry standards at high-dose levels 
through the mediation of the Bureau International des Poids et Mesures. In this 
way the basis of an international measurement system, with an established 
consistency at the primary level, will be achieved with the dissemination to field 
measurements taking place at a national or regional basis. 

Nevertheless, there is, at the present time, an urgent need for the develop-
ment and operation of a reference service based on a dose meter system which 
possesses optimal performance in terms of precision, independence from environ-
mental influences, stability and transportability. Such a reference service would 
provide, in the near future, the means to check the consistency of dose measure-
ment in operation radiation processing facilities on a world-wide basis. 

The role of the IAEA is to develop an operational reference service of this 
type, based on the experience gained from the preliminary and comprehensive 
high-dose intercomparisons and to make this service available to Member States. 

2.3. The aims of the programme 
The aim of the IAEA high-dose standardization and intercomparison pro-

gramme is to develop a series of dose meter systems which can be mailed world 
wide to the operators of radiation processing facilities and used for 'in-plant' 
measurements in the product, in parallel with the operator's own dose meter 
system. Using a central read-out laboratory the mailed dose meters will provide 
an estimation of the radiation absorbed dose given in the product in the facility 
under normal operating conditions, so that the operator will be able to compare 
this estimation of dose with that made by his own dose meter system. In this 
way the facility operator can gain dose assurance and confirmation that the 
process is operated correctly, the regulating body can gain confidence that the 
radiation processed product is safe, and international trade in radiation processed 
products will be facilitated. It is a programme designed for practical implemen-
tation as part of the radiation process. In gaining the dose assurance the radiation 
facility operator covers not only the correct handling and calibration of his own 
system, but also is given confidence that his system is being correctly applied in 
the radiation facility. This last step is of great importance, as experience has 
shown that there can be considerable differences between the response of a dose 
meter in calibration and in practical use in the facility at these high doses. 

Two types of radiation sources are in common use in radiation processing, 
the large commercial radionuclide gamma irradiators, and electron accelerators. 
Eventually a series of dose meter systems will be made available to cover both 
gamma and electron facilities. In the initial stages of the programme emphasis 
has been placed on developing a service for the radionuclide gamma irradiators. 
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Three different dose ranges have been defined: 
the 'low' dose range is defined from 10 Gy to 3 kGy (1 krad to 300 krad) 
the 'medium' dose range is defined from 1 kGy to 10 kGy (100 krad to 

1 Mrad) 
the 'high' dose range is defined from 5 kGy to 100 kGy (500 krad to 

10 Mrad). 
The 'low' dose range covers sprout inhibition in onions and potatoes, dis-

infestation of grains, and shelf life extension of several food products. The 
'medium' dose range covers pasteurization of food products such as chicken, and 
disinfection of solid and liquid wastes. The 'high' dose range covers the sterilization 
of food and medical products and various plastic curing treatments. 

Five dose-meter systems were selected for use in the 'medium' dose range 
because they were purportedly insensitive to environmental changes and stable 
during extended periods of pre- and post-irradiation, thus permitting large time 
intervals between dispatch, irradiation and read-out. The dose-meter systems 
selected were: lithium borate, thermoluminescence; D-alanine, electron spin 
resonance (ESR); radiochromic dye films, optical absorption; ceric-cerous 
sulphate solution, potentiometry; ethanol-chlorobenzene solution, high-frequency 
oscillometry. After the preliminary intercomparison the lithium borate and 
ceric-cerous sulphate solution systems were withdrawn. 

Four dose-meter systems were selected for the 'high' dose range; D-alanine, 
ESR; radiochromic dye films, optical absorption; ceric-cerous sulphate solution, 
potentiometry; ethanol-chlorobenzene solution, high-frequency oscillometry. 

A research programme has been recommended for the development of new 
dose-meter systems, especially for use in the 'low' dose range and in intense 
electron beams, emphasis being placed respectively on lyoluminescence and radio-
chromic dye films at present although other systems are also being reviewed. 

To avoid any form of misunderstanding, it is perhaps pertinent at this point 
also to state what are not the aims of the programme. The programme is not going 
to provide any form of primary absorbed dose standard at high doses. The 
programme is not going to provide the facility operators with a calibration service. 
The programme is not developing one or two dose-meter systems for universal 
routine use in radiation processing facilities. 
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3.1. High-dose standardization and intercomparison 

THE PROVISION OF NATIONAL 
STANDARDS OF ABSORBED DOSE 
FOR RADIATION PROCESSING 
The role ofNPL in the United Kingdom 

S.C. ELLIS 
National Physical Laboratory, 
Teddington, 
Middlesex, 
United Kingdom 

Abstract 

THE PROVISION OF NATIONAL STANDARDS OF ABSORBED DOSE FOR RADIATION 
PROCESSING: THE ROLE OF NPL IN THE UNITED KINGDOM. 

The system of national and international standardization is examined,particularly with 
respect to the problems of standardizing high absorbed dose measurements required in processing 
with photons from cobalt-60 and electrons. The need for development of primary standards 
specifically dedicated to this application versus the possibility of extrapolation from standards 
in use at lower dose levels is considered together with means for dissemination and inter-
comparison. The present status of standards at NPL and the future programme are outlined. 

1. NATIONAL AND INTERNATIONAL MEASUREMENT SYSTEMS 

The task of a national standards laboratory is threefold: 

(1) To provide a consistent national measurement system in a particular field 
(2) To co-ordinate that system with those in use in other countries 
(3) To furnish essential calibration services. 

First objective 

The first objective is clearly achieved when primary standards realizing 
quantities in terms of the SI base units are available to satisfy all the measurement 
needs in a particular field. In the use and control of ionizing radiations, require-
ments exist for measurements with a wide range of radiation types, qualities and 
intensities or dose rates. At the present t ime primary standards do not exist which 
are directly applicable to every field measurement requirement. Some quantities 
must be derived from others by the application of theoretical or empirical conversion 
factors. In other cases extrapolation in terms of level must be undertaken. 

7 
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Whichever route is employed the aim should be to ensure that consistent measure-
ments can be made, that for example the 'gray' used in radiation protect ion does 
not differ in magnitude f rom that used in radiation processing or depend on the 
particular radiation giving rise to the absorbed dose. 

Second objective 

In view of the need for scientific communication and trade, the same con-
siderations apply on a world-wide basis giving rise to the second objective. 
Fur thermore the comparison of independently developed standards based on 
different experimental methods is of value in recognizing and eliminating errors 
arising f rom systematic causes. The conduct of such comparisons is aided by 
several international organizations. The formal international organization of 
weights and measures dates back over 100 years to the 'Metre Convention' which 
has given rise in addition to the controlling bodies, to the International Bureau 
of Weights and Measures (BIPM) and consultative committees to co-ordinate 
international work in specific fields, one of which is ionizing radiation. The 
BIPM maintains radiation facilities and standards in Paris, thus providing the 
means for direct comparison between primary standards developed in national 
laboratories. A summary of some comparisons completed at the time was given 
to an earlier IAEA Panel meeting [1 ]. The dosimetry quanti ty compared was 
exposure, realized with standards developed for operation at therapy-level dose-
rates. A relative agreement to within 1 part in 103 was observed, but it was 
pointed ou t that this cannot be interpreted as meaning that exposure can be 
absolutely determined with an accuracy of this order, since certain corrections 
involving physical constants have been standardized by common agreement. 
More recently, contrary to earlier assessments, the feasibility of transporting 
calorimetric standards has been demonstrated and the comparison of absorbed 
dose standards at BIPM has commenced [2]. Such work conducted at the 'state 
of the ar t ' level is necessary for the development of sound measurement practice 
and takes time. Nevertheless applied work in the field is demanding measurements 
for which standards and dissemination chains are still evolving or are geographically 
remote. By organizing intercomparisons at various levels, including the field 
measurement level, organizations such as IAEA and WHO are able to make a 
significant contribution to checking the consistency of measurement on a world-
wide f ront . 

Third objective 

To relate measurements in the field to the third standards objective, a system 
for calibration or transfer must be available. In areas where the number of field 
instruments is large, a hierarchial system is favoured in which instruments or 
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FIG.l. Alternative calibration systems. 

systems of a type exhibiting optimum performance and stability are calibrated 
as secondary standards and in turn used to calibrate field instruments. The measure-
ment of high doses in radiation processing relies heavily on passive integrating 
dose meters in which the effect of an absorbed dose is related to some measurable 
change of property in a specific substance or material. In this case two alternative 
routes can be envisaged, one in which a reference system is inserted in the dissemi-
nation chain, the other in which a specific batch of routine dosimetry material is 
directly compared with the national standard. These alternatives are shown 
diagrammatically in Fig. 1. 

2. THE MEASUREMENT REQUIREMENT 

The measurement of absorbed dose at high levels, > 1 kGy (100 krad) is 
necessary in a number of spheres of activity, reactor technology, accelerator 
technology, defence and industrial radiation processing. The principle demand 
for assurance of measurement accuracy and traceability to standards arises from 
two aspects of radiation processing, the sterilization of medical supplies and the 
treatment of foodstuffs. In both these cases faulty processing has a potential 
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impact on health and is subject to legislation or regulation based on specified 
dose limits. Measurements up to a maximum dose of 50 kGy (5 Mrad) may be 
required. 

The principal sources of radiation for processing are cobalt-60 and electron 
beams from accelerators, other photon sources such as caesium-137 and brems-
strahlung X-ray sources are at present used to a much more limited extent. In 
cobalt-60 irradiators the dose rates vary according to source load and position 
in the irradiator, a maximum dose rate of 10 to 20 kGy • h"1 (1 to 2 Mrad • h _ 1 ) 
is typical. Since economic use demands maximizing the radiation absorbed in 
the product the latter is exposed to a photon energy spectrum which varies with 
distance from the source. The possibility of nuclear activation reactions in the 
product is assumed to set an upper limit for electrons from accelerators of 10 MeV. 
The limited range of electrons imposes limitations in the thickness of product 
if much lower energies are used. For packaged materials the lower useful limit 
of incident energy is probably about 4 MeV. The dose rates delivered by electron 
accelerators are high, e.g. 1 0 8 G y s _ 1 and the pulsing of beams can create effectively 
higher instantaneous dose rates. As with photon sources the economic use of beam 
energy demands the highest fractional absorption in the product commensurate with 
acceptable distribution of dose. Thus the requirement exists to measure over the 
degraded energy spectrum that will result. 

The quantity absorbed dose does not characterize a radiation field, but the 
interaction of that field with a specific material. Since it is good practice to 
disseminate measurement standards in terms of the quantity required by the user, 
it is necessary to establish the material of primary interest in radiation processing. 
Sterilization is dependent on the inactivation of micro-organisms by deposition of 
energy in the cellular material (carbohydrate, protein and water, atomic constitu-
ents C, H, O, N). The energy deposition in such material from photon and electron 
interactions, over the energy spectrum of interest, is quite well approximated by 
water. 

In the case of medical supplies the most probable location of contaminating 
organisms is as a very thin layer on the surface of the devices and packaging, thus 
a significant proportion of the energy deposited in these organisms will derive 
from secondary electrons generated in the bulk material. Fortunately these 
materials are largely organic, constituted of low atomic number elements and 
close to water equivalent. Similar arguments apply to foodstuffs. Thus it seems 
reasonable to choose water as the specified reference material for absorbed dose 
standards, noting the advantage for reference purposes of using a substance that 
is well defined and of constant composition. 

Summarizing, the principle need is considered to be the provision of cali-
brations for dose meters in terms of absorbed dose to water for use in radiation 
spectra derived from cobalt-60 and electrons of incident energy 4 to 10 MeV. 
These calibrations must be applicable at the dose rates encountered in practice. 
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3. THE NEED FOR PRIMARY STANDARDS AND SOURCES SPECIFIC 
TO THE HIGH-DOSE RANGE 

From the point of view of a standardizing laboratory it is necessary to 
consider the need to develop primary standards specifically dedicated to processing 
measurements and install special radiation facilities. To what extent is it possible 
to extrapolate from standards established for use at lower dose rates e.g. for 
radiotherapy, and to carry out the necessary dissemination process with the 
radiation fields in use with these standards. 

The primary standards currently in use for cobalt-60 radiation determine 
exposure from cavity ionization measurements. Collimated uni-directional beams 
of low dose rate ( G y min - 1 ) are used as a radiation source; the problems of 
operating such ionization chambers at high dose rates would be very great from 
lack of saturation alone. The calorimetric standards being developed and brought 
into use at a number of national laboratories for the determination of absorbed 
dose from photons E m a x > 1 MeV are essentially intended for operation in 
therapy-level beams. No fundamental problems should arise from operation in 
high dose rates, though the measuring and calibration circuits may need modifi-
cation for the measurement of integral dose at the kilogray level. The phantom 
and vacuum housing however is normally only suited to irradiation with a uni-
directional beam and high-intensity collimated cobalt-60 beams are not normally 
available. 

At this point it is necessary to consider the practical aspects of dissemination 
to field measurement. Recalling the two alternative routes outlined in Fig.l , it 
can be seen that the right-hand path, direct calibration of a routine integrating 
dose meter, requires that samples are irradiated to measured doses in the operational 
range. This can only be effectively done in a high dose rate field on the basis of 
available time, even if dose rate effects were known to be absent. Thus direct 
comparison with therapy-level standards is not possible using this route. In principle 
it is possible to bridge the gap by the insertion of an additional step, the reference 
dose meter (left-hand path of Fig. 1) and make use of the processing plant radiation 
field to calibrate the routine system. Obviously the reference dose meter will need 
an exceptionally wide dose range to function successfully in this role and suitable 
systems are not at present available. 

Thus it is concluded that the standardizing laboratory must have a high dose 
rate cobalt-60 field available. Ideally this will be calibrated by a primary standard, 
which is likely to be specifically built for the purpose. Alternatively, since high 
dose rate laboratory irradiators can be operated precisely for short irradiation 
times compared with an irradiation plant, a reference dose meter of much smaller 
dose range can be used as the connecting link. 

The parallel analysis for electron beam standards leads to a similar conclusion 
regarding radiation sources, i.e. that a high dose rate accelerator is necessary for 
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calibration work. This does not represent such a unique investment for the 
standards laboratory as a high-level cobalt-60 source, since accelerators can have 
a wide output range and the same machine will serve for both therapy- and 
processing-level work. At the present time most national laboratories do not 
provide calibrations for electron beams based on a direct comparison with absorbed 
dose standards. For radiotherapy measurements national and international codes 
of practice are used to derive absorbed dose from measurements with ionization 
chambers calibrated in terms of exposure. A number of reference services based 
on the Fricke dose meter are in operation [3—5]. In the future development of 
absorbed dose standards for electrons there would seem to be good prospects for 
devising calorimeters which can operate over a wide dose and dose rate range thus 
possibly serving both fields of application or at least being capable of direct 
comparison under intermediate conditions. 

4. THE NPL HIGH-DOSE STANDARDS AND CALIBRATION PROGRAMME 

4 . 1 . Current activities 

In the United Kingdom the major demand for high-dose standards has arisen 
in connection with the sterilization of medical products, at present largely 
processed in cobalt-60 irradiators. Since 1973 a calibration service has been 
operated in which a user submits a sample of integrating dose meters for irradiation 
to a series of stated dose levels. The irradiated dose meters are returned to the 
user for measurement with his read-out system and derivation of calibration curve. 

Irradiations are carried out in self-contained laboratory irradiators in which 
a cylindrical sample compartment can be moved into the centre of an annular 
array of cobalt-60 rods. Since the source configuration is kept static the dose rate 
at any point in the sample compartment can be accurately reproduced, thus 
repeatability of dose depends only on timing and constancy of transit dose. Two 
irradiators of this type are available, one providing a dose rate of about 10 kGy "h-1 

(1 Mrad'hT1) when freshly 'sourced', the other of about 250 G y h " 1 (25 k r a d h " 1 ) . 
No measurements of the spectral distribution of photon energy have been made, 
the assumption is made that a degraded cobalt-60 spectrum similar to that 
occurring in the most effective zone of an irradiation plant exists in the cavity. 
The establishment of electronic equilibrium (build-up) in the dose meters is 
ensured by surrounding samples with at least 10 mm thickness of polystyrene, 
this is arranged in the form of a box jig which can be accurately re-positioned in 
the chamber. Various jigs and adaptors are available to form close fitting cavities 
for dose meters and transfer systems. Figure 2 shows the irradiation chamber of 
one of the irradiators with a jig for holding dose meters. 
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FIG.2. Sample compartment of a cobalt-60 irradiator used for calibrations, showing polystyrene 
mini-phantom containing dose meters and location jig. 

TABLE I. ESTIMATED UNCERTAINTIES FOR DERIVATION OF 
ABSORBED DOSE 

Component 
Estimated systematic Random 

Realization of the unit of exposure 1.5 -

Calibration of thimble chamber - 0.2 

Measurement of exposure in phantom - 0.2 

Exposure to dose conversion 1.2 -

Comparison of Fricke dose meter in phantom - 0.5 

Measurement by Fricke dose meter in irradiator - 0.7 

Arithmetic sum 
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At present the absorbed dose rate to water at a point within the polystyrene 
medium is derived by reference to the national primary cavity standards of 
exposure. A thimble ionization chamber and Fricke dose meter are used as 
successive transfer devices. An NPL secondary standard graphite thimble chamber, 
calibrated in air against the cavity standard, is used to measure the dose rate in a 
water phantom at a depth of 5 cm in a collimated cobalt-60 beam. The Fricke 
dose meters (2.8 cm3 volume, sealed in glass ampoules) prepared and measured 
according to the techniques described in Ref. [4] are irradiated in the phantom 
to a series of doses in the range 10 to 40 Gy. Fricke dose meters from the same 
batch are then used to determine the dose rate in the laboratory irradiator, the 
ampoules being inserted in close-fitting holes in the polystyrene block. In 
measuring dose rates as high as 10 kGy - h _ 1 (1 Mrad 'h - 1 ) short irradiation times 
are necessary in order to operate the Fricke dose meter within the linear dose 
response region. The irradiators are fitted with quartz clock interval timers which 
provide very good reproducibility and linearity over a wide range. The dose rate 
is calculated from a linear regression on a series of irradiations made in 0.1 min 
steps up to a maximum dose of 200 Gy (20 krad). The variation of dose rate 
within the calibration volume (30 X 30 mm section) is found to be 0.25%. The 
estimated systematic and measured random components of the uncertainty in the 
dose to water derived by this procedure are given in Table I. Components due to 
random effects are quoted at the 95% confidence level. 

The problem of combining estimated systematic with random uncertainties 
to obtain a single overall value has been vigorously debated, particularly in radiation 
measurement circles [ 6 - 8 ] and no general agreement reached. In the present 
context it is believed such a value would be useful and it is suggested that it must 
lie between the limits of the arithmetic and quadratic sum of all the components, 
where the former probably over-estimates and the latter under-estimates the true 
value. When treated this way the data in Table I give values of ±4.3% and +2.1%. 
The reproducibility of successive irradiations is estimated to be unlikely to exceed 
+0.25%. 

In irradiating sets of dose meters for the calibration of routine systems it is 
desirable to take account of the temperature and decay-time factors which have 
been shown to influence the response of a number of types of dose meters 
currently in routine use [9, 10]. An attempt is made to irradiate at the tempera-
ture which will apply in routine use. Obviously some difficulty is encountered 
in estimating an effective value for the latter, but for dose meters which are 
shielded from direct thermal radiation by some thickness of product and packing 
when passing close to the source, a mean value corresponding to the dose meter 
temperature during the major fraction of dose accumulation can be estimated. 
The temperature in the calibration irradiator is monitored by thermocouple and 
controlled by a flow of heated or cooled compressed air to cover the range 
normally requested by users. In preparing a stepped series of dose levels for 
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routine calibration, dose meters are added to the irradiator at intervals so that 
irradiation of all dose levels is completed together. Users are recommended to 
investigate post-irradiation changes by measurement at suitable time intervals. 

4.2. Future programme 
A design study on a rod calorimeter suitable for operation in a cobalt-60 

laboratory irradiator has been completed [11]. Such a calorimeter would provide 
an alternative route for the standardization of the high dose rate fields, invoking 
systematic uncertainties from different sources. The use of carbon as the reference 
medium in the form of pyrolytic graphite will enable comparison with the therapy 
level calorimeter, at present being commissioned, to be made with the minimum 
of conversion steps. 

The introduction of a dissemination scheme in which reference dose meters 
are issued to plants and read by NPL is under consideration (the right-hand path 
of Fig.l) . The advantages that could be derived, particularly in dealing with the 
influence of environmental factors on routine dose meters in plant conditions, 
has been pointed out [12]. Such advantages have to be set against the availability 
of an adequately precise reference dose meter of suitable dose range and minimum 
dependence on irradiation conditions. In this respect the current IAEA inter-
comparison should provide valuable additional information on the performance 
of reference systems. The simultaneous measurement of process dose and 
calibration of the routine system in the plant is likely to be regarded as a valuable 
confirmation of satisfactory plant dosimetry by regulating bodies. 

A 2 to 20 MeV linear accelerator with output variable over a very wide range 
is installed and operational at NPL. The intention is that this machine will provide 
a source of high-energy electrons and photons for standards work at all levels 
from protection through therapy up to processing. The electron pulse current of 
4 A for pulse widths up to 100 ns will give adequate ability to test for dose-rate 
effects. Initial efforts are being concentrated on the establishment of photon 
standards for radiotherapy. Plans include the development of a calorimeter for 
electrons and it may be, as noted in section 3, that apparatus can be designed 
which will function satisfactorily at dose rates appropriate to both radiotherapy 
and processing. As with all the projects mentioned in this section the time scale 
depends on the availability of resources and relative priorities of other projects 
within the dosimetry group at NPL. 
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Abstract 

A NATIONAL STANDARDIZATION PROGRAMME FOR HIGH-DOSE MEASUREMENTS. 
A variety of dose meter calibration services is provided by NBS to industrial radiation 

users of intense radiation fields, in particular, large gamma-ray sources and electron accelerators 
at energies up to approximately 4 MeV. The services include the administering of known doses 
of ionizing photons and electrons to users' dose meters, supplying calibrated secondary-standard 
transfer dose meters and subsequent read-out and dose interpretation after irradiation, and 
special calibration services such as the determination of temperature dependence, rate dependence, 
or reproducibility of dose meter response and measurement of detailed dose distributions in 
specific irradiation geometries and in selected absorbing materials. The latter can, in fact, 
include dose profiles in heterogeneous absorbers and at surfaces and interfaces of different sub-
stances. Such information is important in research leading to the commissioning of a radiation 
process, in the commissioning dosimetry itself and, in some instances, in measurement assurance 
as it provides quality control of a given radiation treatment. 

1. INTRODUCTION 

Standardizing the measurement of large ionizing radiation absorbed doses 
(10 3 to 106 Gy)1 for industrial applications is not a simple matter. There are a 
number of complicating factors: (1) the large variety of irradiation conditions, 
source-product geometries, environmental conditions, etc.; (2) the problem of 
correct and meaningful calibration, that is, making the dose values relevant to the 
actual processing effect of interest, i.e. killing micro-organisms, sprouting 
inhibition, cross-linking or degradations of polymers, etc.; (3) localization of dose 
determination, especially when the size of the dose meter and its container may 
be a factor; (4) the lack of a completely reliable dose meter, one that is 
reproducible, easily evaluated, and free from systematic error; (5) the tendency of 
some radiation users to over-simplify dosimetry problems, in spite of the many 
intricacies and technical problems. All these difficulties have been discussed 
previously [1—3], but their significance has not been universally understood. 

1 1 Gy = lOOrad or lJ/kg. 
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An attempt has been made recently in the United States of America to do what 
has already been accomplished in the United Kingdom [4, 5] and Japan [6], 
namely, to supply a national dosimetry standardization programme to radiation 
processing industries [7]. The primary aim here is to describe this programme and 
to give examples of specific practical problems and how to solve them. A further 
purpose is to focus on an existing method of dosimetry already covered in the 
literature [1, 8, 9] and to elaborate on its special application in standardization. 

2. STANDARDIZATION PROGRAMME 

The main obstacles in setting up a dosimetry standards programme for high-dose 
measurement were to find the most expedient way to diminish all the degrees of 
difficulty cited in section 1 and to overcome the intrinsic stability problems when 
dose meters are mailed from one location to another. 

The following steps were taken: 
1. Development of calibrated radiation fields, of known dose rates, spectra, and 

uniformity of flux densities, in particular gamma rays from cobalt-60 sources 
and electrons from accelerators (0.05 to 4 MeV). 

2. Development of primary standard methods of calorimetry for calibrating 
secondary transfer dose meters under conditions approximating to those of 
the industrial radiation process of interest [7, 9], 

3. Development of a rugged and sufficiently stable secondary tranfer standard, 
using a commercially-available dose meter that is readily calibrated and easily 
evaluated in terms of absorbed dose readings in materials of interest to 
radiation processors [10—12]. 

4. Design of a versatile calibration service for many industrial applications, in 
which the user can either send his own practical dose meter to the national 
standards laboratory for calibration in a well-controlled radiation field, or use 
calibrated transfer dose meters supplied by that laboratory for use in the 
industrial plant. 

5. Supply standardization of dosimetry read-out services, in terms of standard 
reference materials and standard procedures in physical read-out 
instrumentation, such as spectrophotometry, heat measurement, viscometry, 
electropotentiometry, etc. 

6. Provide custom dosimetry services, such as large numbers of dose meter 
readings and statistical evaluations of reproducibility within a given lot of 
dose meters, evaluation of dose meter thickness or packaging anomalies, 
specific dose-distribution studies, or determination of temperature and dose 
rate dependence of dose meter response. 
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FIG. 1. Relative absorbed dose profiles of the stainless steel can used to hold dose meters 
during calibration by a cylindrically isotropic field of cobalt-60 gamma rays. 

7. Carry out on-site dosimetry for achieving measurement assurance in the 
commissioning2 of an industrial radiation facility or for maintaining quality 
control [13-17] , 

3. STANDARD RADIATION FIELDS FOR DOSE METER CALIBRATION 

A 10 kCi (6 X 1014 Bq) cobalt-60 source consisting of 12 cylindrically- ^ 
arranged source pencils (20 cm long) supplies a uniform field of gamma radiation 
(plus secondary electrons) having dimensions of a cylindrical volume contained 
in a stainless steel canister, 10 cm in diameter and 15 cm in height [18]. 
Figure 1 shows relative dose-distribution curves within this volume as measured 
with radiochromic dye film strips [12]. Dose meter samples for calibration or 
irradiation are held in 4.7 mm layers of polystyrene, which is sufficient to 
approximate electron equilibrium conditions. The shape of this holder is either 
cylindrical or planar (see Fig. 2), depending on the shape of the dose meter being 
irradiated. Figure 3 illustrates how differences in the shape of the dose meter and 

1 Before a radiation process can begin in a radiation facility, there must be a commissioning 
procedure for that process, whereby dosimetry is used to set radiation parameters (e.g. conveyor 
speed, product arrangement, etc.) so that the specified dose to the product is achieved. 
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Dimens ions in mill imetres 

4.7 

FIG.2. Typical polystyrene holders for gamma-ray calibration of the response of dose meters; 
left: for ampoules and other cylindrical dose meters (other sizes are also used); right: for plastic 
film or plaque dose meters. 

FIG.3. Ratios of dose interpretations of different irradiation geometries for dose meters held 
in plastic cells having a thickness approximately equivalent to electron equilibrium (4.7 mm) 
and irradiated with cobalt-60 gamma rays. 
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FIG.4. Spherical graphite calorimeter with solid core. 

its holder relative to the radiation direction (cylindrically isotropic or planar) 
affect the relative dose meter readings due to irradiation by cobalt-60 gamma rays. 
Errors as great as 3% may occur if these differences in orientation are not taken 
into account. With broad X-ray spectra or greatly degraded gamma-ray spectra, 
the discrepancies may be considerably greater. 

The gamma-ray absorbed dose rates at calibration positions have been 
determined and are checked by means of calorimetry with a graphite sphere and 
a graphite ionization chamber of the same dimensions [19]. Figure 4 shows the 
cross-section of the calorimeter, and Fig. 5 shows a diagram of the electrical 
circuit for the calibration and use of this calorimeter. Knowing the approximate 
spectrum of the gamma-ray field [19], it is possible to determine the absorbed 
dose rate in different dose meter materials relative to that in carbon, by applying 
ratios of mass energy absorption coefficients weighted over the photon 
spectrum [8, 9, 17]. 

The cylindrical stainless steel irradiation chamber may be evacuated or it may 
be subjected to gas flow (oxygen, nitrogen, air, etc.) of different temperatures 
during irradiation. The gas flow may also be directed to the location of the dose 
meter by means of channels in the polystyrene holders (see Fig. 2). The total 
transit time for placing the stainless steel chamber in the cylinder housing for the 
source rods and removing it after irradiation is approximately 1.5 seconds. Hence 
the irradiation time for calibration is generally never permitted to be less than 
about 2 minutes. 
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FIG. 5. Electrical circuits used with calorimeter shown in Fig. 4. 

Monoenergetic DC electron beams from 50 keV to 4 MeV are supplied by 
three accelerators: a 500 keV cascade transformer accelerator, a 1.5 MeV 
Dynamitron, and a 4 MeV Van de Graaff machine. A single 30 ns pulse of electrons 
is supplied by a 2.3 MeV Febetron accelerator powered by a Marx generator. 
The beams may be directed on the target either as a pencil beam in vacuum or 
brought out through a thin plastic or metal window. They can be broadened by 
means of a scattering foil or an electromagnetic scanning raster. For calibration, 
the absorbed dose rate at the position of the dose meter is measured calori-
metrically [20]. The calorimeter consists of a pair of calorimeter foils containing 
thermocouples, as shown in Figure 6. One of these foils can then be replaced by 
a dose meter film for calibration, the other foil serving as a monitor during 
irradiation. Corrections are made for differences in absorbed dose in different 
materials by applying ratios of mass, collision electron stopping powers in these 
materials [8, 9, 17, 21], 

It is possible with these arrangements to calibrate dose meters with gamma 
rays at a dose rate of approximately 4 X 102 rad-s - 1 (4 Gy • s - 1 ) and with 
electrons at dose rates from 106 to 1014 rad-s"1 (104 to 10 1 2 Gy-s _ 1 ) . 
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Thermocoup le lead 

FIG. 6. Calorimeter 'sandwich' and collimator for calibrating the response of thin film dose 
meters at different depths in various media for both continuous and pulsed electron beams. 
The calorimetric body may consist of a thin graphite disc or a metal foil, and the medium may 
be plastic or metal. 

4. RADIOCHROMIC DYE FILMS AS TRANSFER SECONDARY 
STANDARDS 

Certain radiochromic plastic films (e.g. nylon, polyvinyl butyral, poly-
chlorostyrene, polyvinylchloride) are supplied commercially in fairly large 
batches3 [16]. Owing to their stability before and after irradiation and 
reproducibility of response (± 3%) in terms of increase of optical density per 
unit thickness (A A - m m - 1 ) as a function of absorbed dose, they are useful dose 
meters for mailing between laboratories and for making dose interpretations 

3 Far West Technology, Inc., 300-D. S. Kellogg, Goleta, CA, 93017, USA. 
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Wavelength (nm) 

FIG. 7. Change in optical transmission density per unit thickness (A A/mm) as a function of 
wavelength of analysing light, for nylon radiochromic film irradiated to an absorbed dose of 
30 kGy. 

Abso rbed dose in ny lon ( k G y ) 

FIG.8. Change in absorbance at indicated wavelengths (see Fig. 7), per unit thickness (AA/mm) 
as a function of absorbed dose, for nylon radiochromic dye film. 
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many days after irradiation [11, 12, 16, 17] but they have a response that varies 
somewhat with temperature and relative humidity during irradiation [10, 21, 22] 
and they must be shielded from bright light. On the other hand, they have a great 
advantage over most other chemical dose meters, in that the response is nearly the 
same in vacuum and in air [23]. Moreover, the response does not vary with 
absorbed dose rate [10, 20, 24—26], so that they can be calibrated easily with 
gamma radiation and used with that calibration to make dose readings with high-
intensity electron beams, as long as proper corrections are made for temperature 
dependence of response. 

The absorption spectrum of a typical radiochromic dye film after irradiation 
is shown in Fig. 7, for an absorbed dose of 30 kGy [7]. The spectrum is given in 
terms of change of optical density per unit thickness (A A/mm) as a function of 
wavelength in the spectrophotometric analysis. Vertical lines indicate wavelengths 
at which readings may be made to cover various absorbed dose ranges from 1 to 
1000 kGy. Typical response curves at the three indicated wavelengths are given in 
Fig. 8. It should be pointed out that the response at a wavelength of 360 nm 
varies with dose rates exceeding 106 Gy-s - 1 [26] and hence is not useful for electron 
beam irradiations. It should also be suggested that every dose meter batch be 
calibrated, and, moreover, the calibration be checked occasionally, in case of slight 
differences of response that may occur with the age of the dose meter. An 
additional source of poor reproducibility can be reduced somewhat by pre-reading 
each dose meter, that is, by making readings of absorbance (A0) before irradiation, 
so that each individual value of A0 may be used, rather than some average value, 
A 0 , t o arrive at correct values of A A = Aj — A0 (where Aj is the optical density 
reading of the irradiated dose meters). Thickness measurements are generally made 
after spectrophotometry, using a thickness gauge capable of precision limits of 
± 0.5 jum. Care is taken not to touch or scratch the surface of the dose meters before 
spectrophotometry. Since the radiation response of these dose meters varies 
markedly at high relative humidity during irradiation ( > 80%) [22], they are kept 
in sealed polyethylene envelopes when exposed to such extreme conditions. 

5. CALIBRATION SERVICES AND DOSE DISTRIBUTION MEASUREMENTS 

The following are specific services performed under the calibration programme 
for radiation processing industries: 
1. Irradiate the user's dose meters to specified absorbed doses over the range 1 to 

1000 kGy, using either gamma radiation or electron beams of given spectral 
energies. 

2. Supply calibrated transfer dose meters for use in irradiators of other 
laboratories or for intercomparing or cross-calibrating the response of other 
dose meters. The calibrated transfer dose meters are returned to NBS for 
spectrophotometric reading and for dose interpretation. 
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FIG.9. Microdensitometer scan of a radiochromic image of dose distribution near the inner wall 
of a stainless steel cylindrical can containing compacted styrofoam (bulk density 0.25 g/cm3) 
and irradiated with cylindrical isotropy by cobalt-60 gamma rays. 

FIG. 10. A cardboard box containing concentric polypropylene cylinders. The box was irradiated 
by gamma rays from two sides, south and north, using a large cobalt-60 source plaque. The 
cylinder surfaces are irradiated by numbers 1, 2, 3, and 4. Dose meter film locations are indicated 
in a bisecting plane perpendicular to the cylinder axes and at the east end of the cylinders. 
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TABLE I. AVERAGE ABSORBED DOSE READINGS AT STRATEGIC 
LOCATIONS IN AN INHOMOGENEOUS ABSORBER IRRADIATED WITH 
GAMMA RADIATION FROM A COBALT-6O SOURCE PLAQUE 
(see Fig. 10 for locations) 

Cylindrical Plane Orientation Absorbed dose 
surface ' readings 

(Mrad) 

1 east top, bottom 2.70 

1 east south, north 2.79 

1 centre top, bottom 2.74 

1 centre south, north 2.80 

2 east top, bottom . 2.76 

2 east south, north 2.81 

2 centre top, bottom 2.77 

2 centre south, north 2.81 

3 east top, bottom 2.77 

3 east south, north 2.78 

3 centre top, bottom 2.87 

3 centre south, north 2.86 

4 east top, bottom 2.75 

4 east south, north 2.82 

4 centre top, bottom 2.90 

4 centre south, north 2.95 

3. Determine temperature dependence of the response of dose meters. 
4. Carry out special measurement services at radiation processing facilities, for 

example, making detailed dose distribution measurements in irradiated 
products, statistical evaluations of dose meter response, or dose rate dependence 
studies. 

Calibrated radiochromic dose meter films may be used in gamma-ray irradiators 
to measure the dose distribution in homogeneous material held in a container 
(see Fig. 9) or in heterogeneous substances (see Fig: 10 and Table I). They can 
also be used to measure depth-dose profiles and lateral dose distributions in food 
packages irradiated by electron beams, as shown in Figs 11 and 12 [27], 
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FIG.ll. Depth-dose distribution in two stacked packages of beef muscle or polystyrene 
irradiated by a scanned beam of 10 MeV electrons, as determined with radiochromic film dose 
meters. Arrows at the top indicate the two package thicknesses of each material. Each total 
thickness is less than the electron range. All dose values on the ordinate were normalized to the 
entrance dose for the polystyrene layers. 

Distance f rom edge (cm) 

FIG. 12. Lateral dose distribution at various depths and close to the side edge of a beef package 
(see Fig. 11) irradiated with a scanned beam of 10 MeV electrons, as determined with strips of 
radiochromic dye film dose meters. The dose values are normalized to the dose at the front 
surface of the package situated perpendicular to the electron beam direction. 
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FIG.13. Depth-dose distribution near the inner surface of a 2-ml glass ampoule in a stack of 
thin polyvinyl pyrollidone radiochromic dye films (film thickness 10 /Jtmj backed by a low-density 
polyethylene cylinder and at the centre of the cylinder were three of the dye films dose meters 
held in a central bisecting plane. The ampoule had 0.06 mm thick glass walls and was held tightly 
in a polystyrene cylinder with a 4.7 mm wall thickness. The cobalt-60 gamma radiation field 
was coaxially symmetric around the ampoule. 

Gamma-ray dose distributions inside a glass ampoule were also measured in the 
following way. Very thin calibrated radiochromic polyvinyl pyrollidone films [12] 
were stacked between the glass wall and at greater depths in low-density poly-
ethylene (p = 1.05 g/cm3) cylinders held in a 2-ml ampoule often used in dosimetry 
to hold liquid chemical dose meter solutions. These dose meter film thicknesses 
were 10 nm. The ampoule contents were thus nearly equivalent to water in terms 
of density and radiation absorption properties. The ampoule was enclosed in a 
polystyrene cylinder with 4.7 mm thick walls and then irradiated with cylindrical 
isotropy by cobalt-60 gamma rays. The thickness of the second ampoule glass wall 
was 0.6 mm, and its inner diameter was 10.6 mm. Figure 13 shows the dose 
distribution in the ampoule as a function of distance from the glass walls 
perpendicular to the cylindrical axis. Each step of the histogram represents a dose 
reading by one of the dose meter films in the stack. There is a sharp gradient close 
to the inner surface of the glass wall, but beyond 50 jum from the glass wall the 
dose distribution is relatively uniform with a slight decrease at the centre region, 
probably due to self-attenuation by the ampoule contents. 
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6. SUMMARY 

A variety of dose meter calibration services is provided by NBS to industrial 
radiation users of intense radiation fields, in particular, large gamma-ray sources 
and electron accelerators at energies up to approximately 4 MeV. The services 
include the administering of known doses of ionizing photons and electrons to 
users' dose meters, the supplying of calibrated secondary-standard transfer dose 
meters and subsequent read-out and dose interpretation after irradiation, and special 
calibration services, such as the determination of temperature dependence, rate 
dependence, or reproducibility of dose meter response and measurement of detailed 
dose distributions in specific irradiation geometries and in selected absorbing 
materials. The latter can, in fact, include dose profiles in heterogeneous absorbers 
and at surfaces and interfaces of different substances [28—30]. Such information 
is important in research leading to the commissioning of a radiation process, in the 
commissioning dosimetry itself, and, in some instances, in measurement assurance 
as it provides quality control of a given radiation treatment. 
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Abstract 

SOME OBSERVATIONS ON THE RESULTS OF THE PRELIMINARY INTERCOMPARISON 
HELD IN 1977. 

The results of the preliminary intercomparison in the dose ranges 100 to 500 krad and 
2 to 5 Mrad are reviewed. Correlations are made between the nominal dose quoted by the 
irradiating laboratories and the dose estimated by the different dose-meter systems. There 
appears to be a consistent 10% difference in absolute dose as defined by the NBS, Washington, 
and the Institute of Isotopes, Budapest. It is concluded that several systems could be used for 
an intercomparison but some attention will have to be paid to the standardization of the 
calibration of the different systems. 

INTRODUCTION 

In the summer of 1977 a preliminary intercomparison of a few promising 
dose meter systems was made for radiation doses in the 'medium' range, 1 kGy to 
10 kGy (100 krad to 1 Mrad), and for the 'high' range 5 kGy to 100 kGy 
(500 krad to 10 Mrad). In the 'medium' dose range five dose-meter systems 
operated by four different laboratories were used, namely 

(1) Lithium borate, thermoluminescence [ 1 ]. 
(2) Alanine, electron spin resonance [2]. 

Both operated by Gesellschaft fur Strahlenforschung (GSF), Federal Republic 
of Germany. 

(3) Radiochromic dye film, optical absorption [3],operated by National 
Bureau of Standards (NBS), United States of America. 

(4) Ceric-cerous sulphate, potentiometry [4],operated by Atomic Energy of 
Canada (AECL), Canada. 

(5) Ethanol-chlorobenzene, oscillometry [5],operated by Institute of Isotopes 
(INISO), Hungary. 

3 3 



TABLE I. RESULTS OF PRELIMINARY DOSE INTERCOMPARISON, 1977 
Dose range: 0.1 to 0.5 Mrad (1 to 5 kGy) w 

Irradiating 
laboratory 

Symbol Nominal 
dose 
(Mrad) 

Measured dose 
(Mrad) 

Irradiating 
laboratory 

Symbol Nominal 
dose 
(Mrad) Alanine 

(GSF) 
TLD in Bo 
(GSF) 

Ceric-cerous 
(AECL) 

Radiochromic 
(NBS) 

Eth. chlor. 
(INISO) 

NPL(UK) + 0.250 0.260 0.269 0.309 0.232 1 1 

ITAL (NL) X 0 .120 0.122 0.122 0.107 0.123 0.147 

RISO (DK) • 0.300 0.292 0.289 0.370 0.299 0.306 

BARC (India) V 0.271 0.294 0.295 0.346 0.242 0.308 

CNEA (Arg.) 1> 0.428 0.428 - - - -

0.439 - 0.425 - - -

0.270 - 0.325 0.272 1 1 

GSF(FRG) o 0.181 - - 0.209 0.201 0.201 

AECL (Can.) • 0 .360 0.346 0.348 - 0.329 1 1 

NBS(USA) • 0.460 0.466 0.458 ' - - -

0.215 - - 0.282 - -

0.324* - - - - 0.368* 

INISO (Hung.) 4> '0 .410 0.378 - - - -

0.295 - 0.291 - - -

0.288* - - - 0.262* -

0.201 - - 1 1 - -

k0.404 - - 1 1 - -

* By mistake, series of doses were given; values are averages. 
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In the high dose range four dose-meter systems were used, namely: 

(1) Alanine, electron spin resonance,operated by GSF, FRG. 
(2) Radiochromic dye film, optical absorption,operated by NBS, USA. 
(3) Ceric-cerous sulphate, potentiometry, operated by AECL, Canada. 
(4) Ethanol-chlorobenzene, oscillometry, operated by INISO, Hungary. 

In addition to the four operating laboratories five other laboratories also acted 
as irradiating laboratories, namely: 

(1) National Physical Laboratory (NPL), United Kingdom. 
(2) Association Euratom-ITAL (ITAL), Netherlands. 
(3) Danish Atomic Energy Establishment (RISO), Denmark. 
(4) Bhabha Atomic Research Centre (BARC), India. 
(5) Commission for Nuclear Energy in Argentina (CNEA), Argentina. 

The irradiating laboratories were asked to give the dose meters a dose between 
1 kGy and 5 kGy (100 and 500 krad) for the medium dose range and a dose 
between 20 kGy and 50 kGy (2 and 5 Mrad) for the high dose range. Each 
irradiating laboratory was allowed to choose its own dose levels but was asked to 
give all the dose-meter systems the same dose. Dose meters were distributed 
through the post and returned through the post. The operating laboratories were 
only told the irradiation date and mean temperature during irradiation. 

The experience of posting dose meters was in general satisfactory, the 
author noted one breakage of a ceric-cerous sulphate glass ampoule. Some 
difficulty was experienced in returning dose meters to Hungary apparently, 
as three sets of results are missing, which means that the performance of the 
ethanol-chlorobenzene is more difficult to judge. 

In this paper is presented an analysis of the results of this first intercomparison, 
but it should be stressed that this is not intended as a statistical analysis of the 
data but as an analytical investigation to look for systematic differences or 
indications that a dose-meter system would be unsuitable for use in an IAEA 
intercomparison service. It should also be stressed that it is the work of very 
many other scientists which makes these observations possible. 

RESULTS 

The raw data as it has been gathered is presented in Tables I and II and it 
is this data which is presented in graphical form in Figs 1 to 5. First, the 
reproducibility of all the systems was quite satisfactory, and by reproducibility 
is meant that measurements of five samples of the same type of dose meter, 



TABLE II. RESULTS OF PRELIMINARY DOSE INTERCOMPARISON, 1977 
Dose range: 2 to 5 Mrad (20 to 50 kGy) 

u> 
CT* 

Irradiating 
laboratory 

Symbol Nominal 
dose 
(Mrad) 

Measured dose 
(Mrad) 

Irradiating 
laboratory 

Symbol Nominal 
dose 
(Mrad) Alanine 

(GSF) 
Ceric-cerous 
(AECL) 

Radiochromic 
(NBS) 

Eth. chlor. 
(INI SO) 

NPL (UK) + 2.50 2.62 2.62 2.34 1 1 

ITAL (NL) X 4.30 4.27 4.36 3.92 4 .50 

RISO(DK) • 3.00 3.01 2.97 3.01 3.07 

BARC (India) V 4.14 4.45 4.54 3.51 4.96 

CNEA (Arg.) % 3.78 3.69 3.81 3.25 1 1 

GSF(FRG) o 3.69 - 3.65 3.40 4.00 

AECL (Can.) • 2.52 2.52 - 2.33 1 1 

NBS(USA) A 3.60 3.69 - - -

3.78 - 4.07 - -

3.75* - - - 4.12* 

INI SO (Hung.) 0 '2.51 2.43 - - -

2.04 - 1.90 - -

3.98 - 4.00 - -

.3 .38* - - 3.04* -

* By mistake, series of doses were given; values are averages. 
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Lithium borate - thermoluminescence (GSF) 

Medium 

500 

300 

100 

m = 1.003 

100 300 

N o m i n a l d o s e (k rad) 

I r r a d i a t i n g Lab. 

+ - N P L (UK) 

« - ITAL ( N L ) 

a - RISO(DK) 

y - BARC(IN) 

^ - C N E A ( A r g ) 

o-GSF(FRG) 
• - A E C L ( C a n ) 

A - NBS(USA) 

0 - IN ISO (Hun) 

500 

FIG.l. Correlation between dose estimated by the lithium borate system and nominal dose 
for medium dose range. 

D-alanine — E S R (GSF) 

High 

500 

300 -

100 

m = 1.009 

r 

100 300 500 

Nominal d o s e ( k r a d ) 

1 3 5 

Nominal d o s e (Mrad) 

FIG.2. Correlation between dose estimated by 
medium and high dose range. 

the alanine system and nominal dose for both 
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which had all been given the same treatment at the same time, were in good 
agreement. This is not reproducibility in the sense that the treatment was 
repeated at different times. 

It is assumed that the nominal doses quoted by the irradiating laboratories 
are accurate. This is possibly a dangerous assumption but a reasonable starting 
point. In Fig. 1 is shown the dose estimated by the lithium borate dose meter 
against the nominal doses. Each irradiating laboratory is identified in the figure 
with a different symbol, this identification is given in the key in the figure and is 
the same for all the figures 1 to 5. The figure presents the best straight line 
through the origin which correlates the dose estimated to the nominal dose. 
The slope of the line is given and the broken line represents the perfect correlation 
with a slope of 1. In Fig. 1 it can be seen that the correlation is excellent and this 
indicates two things, that the nominal dosesj whether accurate or not, can be 
used as a useful base line, and that the lithium borate dose meter as operated by 
GSF is reliable for doses from 1 kGy to 5 kGy (100 to 500 krad). This dose 
meter has in fact been withdrawn because extreme humidity can cause problems 
with dose-meter read-out. 

Figure 2 presents the results for both the medium and high dose range for 
the alanine dose meter. The correlations are excellent and it can be concluded 
that this system, as operated by GSF, is reliable for both the dose ranges. 

Figure 3 presents the data for both ranges for the ceric-cerous sulphate dose 
meter. The medium dose region is obviously not good and the system has been 
withdrawn from this dose range. The high dose range on the contrary shows an 
excellent correlation, the slope of the line is only 3.3% too high and it can be 
concluded that this system, as operated by AECL, is also reliable for the high dose 
range. 

Figure 4 presents the data for the radiochromic dye film for both ranges. 
The data correlate well in both cases with a straight line but show a little more 
scatter than the lithium borate, alanine and ceric-cerous systems. What is strange 
is that the slope of the line for the medium dose range indicates an only 4% too 
low dose estimate, but for the high dose range indicates a 9% too low dose 
estimate. This suggests that there might be a systematic error creeping in here. 

Figure 5 presents the data for both dose ranges for the ethanol-chlorobenzene 
system. As mentioned previously, there are fewer data points but in the medium 
range there is little scatter round the line which indicates, however, an 11% too 
high dose estimate. The high dose range shows more scatter and again a 9.5% too 
high dose estimate. The system appears to be consistent but 10% too high. One 
comment at this stage, it was noted that all the readings for the medium dose 
range were made by titration and not by oscillometry. This imposes an important 
restriction on the use of this system in a routine intercomparison programme. 

Text continued on p. 43. 



PRELIMINARY INTERCOMPARISON 3 9 

Ceric-cerous sulphate solution - potentiometry (AECL ) 

Medium High 

Nominal dose (krad) Nominal dose (Mrad) 

FIG.3. Correlation between dose estimated by the ceric-cerous sulphate system and nominal 
dose for both ranges. 
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FIG.4. Correlation between dose estimated by the radiochromic dye film system and nominal 
dose for both ranges. 
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Ethanol-chlorobenzene solution - high-frequency oscillometry ( IN ISO) 

Medium High 
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FIG.5. Correlation between dose estimated by the ethanol-chlorobenzene system and nominal 
dose for both ranges. 

N B S dose (k rad ) N B S dose (Mrad) 

FIG.6. Correlation between NBS dose and INISO dose for both ranges. Open symbols 
represent data from radiochromic dye film irradiated at INISO and read at NBS. Closed symbols 
represent data for ethanol-chlorobenzene irradiated at NBS and read at INISO. 
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N B S dose (krad) N B S dose(Mrad) 

FIG. 7. Correlation between NBS dose estimates and INISO dose estimates for dose meters 
irradiated at other laboratories. 
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FIG.8. Comparison of dose estimated by all systems for RISO nominal dose and BARC 
nominal dose in both ranges. 
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FIG. 9. Comparison of dose estimated by all systems for NPL nominal dose and CNEA 
nominal dose in both ranges. 
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FIG.10. Comparison of dose estimated by all systems for ITAL nominal dose in both ranges. 
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These figures present the basic behaviour of the systems but, by a stroke of 
luck, both NBS and INISO irradiated each other's dose meters incorrectly. Instead 
of giving five dose-meter samples one radiation dose, each sample was given a 
different dose both in the medium and high dose ranges and the result is quite 
informative. The result is presented in Fig. 6 for both ranges, with the NBS dose 
(nominal and estimated) plotted against the INISO dose (nominal and estimated). 
What these two straight lines show is that under these circumstances both dose-
meter systems are behaving in a completely reproducible way, but there is 
obviously a 10% difference between the NBS Gray and the INISO Gray, as the 
open symbols represent radiochromic dye films irradiated at INISO and read at 
NBS, and the closed symbols represent ethanol-chlorobenzene samples irradiated 
at NBS and read at INISO. 

This 'internal' consistency with 10% difference raised questions about the 
consistent 10% difference between INISO and the nominal doses (Fig. 5) and the 
4% and 9% differences between NBS and the nominal doses (Fig. 4), so the NBS 
estimate was plotted against the INISO estimate of the doses given by the other 
laboratories in Fig. 7. There is very little data, but it does reveal something quite 
interesting. First the BARC (India) point is clearly way-off in the high dose range 
and secondly the RISO (Denmark) point is estimated to exactly the same dose 
by both NBS and INISO, and their estimate is exactly the dose quoted by RISO. 
Now it is not too surprising that the India point is out, but it is surprising that the 
10% completely consistent difference between NBS and INISO established in 
northern temperate climatic conditions should disappear for RISO where the 
irradiation and postal conditions should be very similar. It is known that both 
NBS and INISO have previously compared their dosimetry with RISO and that 
this might be the reason why both NBS and INISO estimate the RISO dose so 
accurately. In any case this leaves the dilemma as to whether to correct all the 
INISO data down by 10%, which would bring them in good agreement with the 
nominal dose, or whether to correct NBS up 10% which would improve matters 
but not solve the problem. 

It was decided to examine the RISO and BARC data more carefully and 
in Fig. 8 all the dose estimates for RISO and BARC have been plotted. It is 
clear that, except for the ceric-cerous system in the medium dose range, 
everyone measured the RISO dose very accurately, and this shows that RISO 
have probably irradiated everything correctly and that it is as well that several 
other institutes were taken into the intercomparison. The BARC picture tells 
a different story and it is fortunate that this laboratory was taken into the 
intercomparison. Even the normally reliable alanine and ceric-cerous are out 
by 8% on the nominal BARC dose, the radiochromic dye film is well down, 
especially at the high dose, and the ethanol-chlorobenzene is well up, especially 
at the high dose. 
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As a comparison with this, Fig. 9 presents the data for NPL (UK) and 
CNEA (Argentina). Once again, if the ceric-cerous system is ignored at medium 
dose, the data for the temperate climate laboratory are rather good, but at 
high dose for the warmer climate the radiochromic dye film is again much too 
low. It is unfortunate that there are no INISO measurements for these data. 
In Fig. 10 is shown, for completeness, the ITAL (Netherlands) data and although 
this qualifies as temperate climate, it should be added that after irradiation all 
dose meters were treated for 40 h at 35°C before being returned to the operating 
laboratories. The medium dose data are rather good, the ethanol-chlorobenzene 
excepted, but at the high dose the radiochromic dye film is 10% too low and the 
ethanol-chlorobenzene is 4% high. 

DISCUSSION 
If it is assumed that the nominal doses are correct, which is probably not 

exactly true, then it can be seen from the different figures that the dose-meter 
systems correlate closely to straight lines passing through the origin, excluding 
the ceric-cerous system at medium doses. Although these straight lines do not 
all have a slope of 1.00 the fact that they are straight permits some confidence 
in the nominal doses as a basis for comparison. In the medium dose range 
alanine (0.992) and lithium borate (1.004) are both excellent, radiochromic dye 
(0.96) is also good. In the high dose range alanine (1.017) and ceric-cerous 
(1.023) are excellent and the radiochromic dye is not very good (0.91). (It should 
be noted that the slopes given in the figures were calculated before the data from 
INISO was available.) The difficulty here lies in the fact that the radiochromic 
dye system is not consistent in the two dose ranges. 

The separate data which arise from the NBS—INISO intercomparison suggests 
that a 10% difference exists between the doses measured and given at these two 
centres. This is possibly a very strong indication that the intercomparison service 
is very necessary and the question is whether INISO should be corrected down or 
NBS up. It was decided that INISO should be corrected down as this leads to 
some improvement, NBS corrected up does not. Thus, with the INISO measured 
doses corrected 10% down, the ethanol-chlorobenzene system gives a good 
correlation with the nominal doses, but there are only a few data points. The 10% 
change to the INISO quoted nominal doses given to the other systems makes very 
little difference. At medium doses alanine goes from slope 0.992 to 1.008 and 
radiochromic dye goes from 0.96 to 0.97; at high doses alanine goes from 1.017 
to 1.022 and radiochromic dye goes from 0.91 to 0.92. The ceric-cerous system 
goes from 1.023 to 1.043. 

This leaves one very noticeable point unexplained and that is the RISO dose, 
which was very accurately measured by all the systems prior to any corrective 
measures adopted here. 
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TABLE III. SLOPE OF CORRELATIONS BETWEEN ESTIMATED AND 
NOMINAL DOSE WITH DIFFERENT MANIPULATION OF DATA 

System Range Data treatment System Range 

Raw 10% 
INISO 

BARC,CNEA 
ITAL omit 
red high dose 

LiBo (GSF) medium 1.004 1.016 1.016 

Al (GSF) medium 0.992 1.008 1.008 

high 1.017 1.022 1.022 

Ce (AECL) high 1.023 1.043 1.043 

red (NBS) medium 0.96 0.97 0.97 

high 0.91 0.93 0.96 

ecb (INISO) medium 1.109 1.01 1.01 

high 1.095 1.00 1.00 

One other point which stands out is the BARC high dose measurement, and 
especially the low reading of the radiochromic dye film (see Fig. 8). If the 
INISO dose is corrected then alanine, ceric-cerous and ethanol-chlorobenzene all 
read the same dose, about 8% higher than the nominal dose. It should be noted 
that at the medium dose there is also about 8% difference between the alanine 
and the nominal dose. However, it was the low reading of the radiochromic dye 
which raised the question as to whether there might be some effect of temperature 
on the reading. Dose meters irradiated at three laboratories are probably subject 
to an effect of temperature, at least after irradiation. The laboratories are BARC 
(India), CNEA (Argentina) and ITAL (NL), in view of the 40-h treatment at 35°C. 
An examination of the high dose radiochromic dye film response to all three 
irradiations reveals that all three readings are substantially lower than the nominal 
doses. Therefore the high dose correlation of the radiochromic dye film was 
examined with nominal dose, when these three laboratories are omitted, and it is 
found that the slope of the correlation goes from 0.92 to 0.96. This last value 
is very close to the correlation slope of 0.97 found for the medium dose range 
and the whole situation begins to take on some resemblance of coherence (see 
Table III). 
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The following conclusions can be drawn: 
(1) Alanine. This is shown to be a very reliable dose measuring system for both 

the medium and high dose ranges. The correlation with nominal dose is 
very good, it has low scatter and is about 2 to 3% too high. There appears 
to be no effect of temperature (up to 40°C) and it can probably also be 
used for the low dose range. The read-out instrument is very expensive 
and until a cheap unit is available it cannot be considered for routine dosi-
metry, though certainly for intercomparison. 

(2) Lithium borate. This is shown to be a very reliable dose meter for the medium 
range. The correlation with nominal dose is good, it has low scatter and is 
about 1.6% too high. There appears to be no effect of temperature (up to 
40°C) and it can probably be used for the low dose range. This system has 
been withdrawn because of humidity problems, but in view of its excellent 
response and the experience which the IAEA has in TLD dosimetry it could 
be reintroduced, especially for the low dose range, if not the medium range. 

(3) Ceric-cerous sulphate. This is shown to be a very reliable dose meter for 
the high dose range but not for the medium dose range from which it has 
been withdrawn. In the high dose range the correlation with nominal dose 
is very good, it shows little scatter and is about 3 to 4% too high. There 
appears to be no effect of temperature (up to 40°C). It will be interesting 
to see how this system has responded in the second intercomparison which 
covers the range 500 krad to 10 Mrad because of the poor showing in the 
medium dose range and the fact that different concentrations of the ceric-
cerous sulphate mixture are required to cover the range. 

(4) Radiochromic dye film This is shown to be a reliable dose meter in the 
medium dose range, the correlation with nominal dose is good, it has a 
little scatter and is about 3% too low. At high doses there appears to 
be the possibility of some effect of temperature (round 4 Mrad at up to 
40°C) but if these three data points are omitted the correlation with nominal 
dose is good, it has a little scatter and is about 4% too low. It will be 
interesting to see how this system has performed in the second intercomparison 
because of the possible high dose temperature effect and because the very 
thin films have been packed differently for this second test. This system, 
with thicker films, could also be used for the low dose range. 

(5) Ethanol-chlorobenzene. This is shown to be a reliable dose meter in both 
the medium and high dose ranges. If the 10% correction is applied the 
correlation with nominal dose is good, there is a little scatter but there are 
few data points. There appears to be no effect of temperature (up to 40°C). 
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There are doubts about the use of this system in the medium range in a 
routine intercomparison because the oscillometric measurement cannot be 
used for doses under 600 krad. 

(6) Nominal dose. With the major conclusion being that there are definitely 
some dosimetry systems which look suitable for round-the-world mailing 
and use, it is necessary to resolve the differences in the correlation slope 
with nominal dose between the three systems, which varies from + 4.5% to 
- 4%. This means that it might be useful to try to ensure the accuracy of 
the nominal doses of at least some of the irradiating laboratories by making 
use of the Fricke dose-meter system used, for instance, by NPL. It would 
also be useful to standardize the chosen systems at one facility to resolve 
any calibration differences. 
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Abstract 
SOME REMARKS ON DOSIMETRY FOR INDUSTRIAL APPLICATIONS. 

For the quality control of routine dosimetry in industrial radiation processing the possible 
contributions from statistical analysis are reviewed. The use of control charts will indicate 
the effect of density variations of products and also the presence of impurities in reference dose-
meter systems. To provide better understanding of the sources of random errors the deviation 
of dosimetry data can be traced through the analysis of variance. A further insight into the 
interaction of controlled variables during irradiation may be approached through the use of 
response surface technology which is based on the use of an empirical equation to define the 
effect of variables in dose measurements. 

INTRODUCTION 
One of the ultimate goals in the standardization and intercomparison 

programme of the IAEA is to improve measurement assurance of practical transfer 
dose meters used in radiation facilities. It is envisaged that the successful 
implementation of such a programme will eliminate many of the discrepancies in 
the interpretation of results often encountered in dosimetry. The advocation of a 
more rigorous approach will also make it possible to report absorbed doses more 
accurately. 

By coincidence, three of the intercomparison dose meter systems, namely, 
ceric-cerous sulphate, ethanol-chlorobenzene and radiochromic dye films have also 
been used in the dosimetry of IAEA/UNDP technical assistance projects for the 
following megacurie cobalt-60 irradiation facilities: 
Institution Dose meter Reference 

Bhabha Atomic Research . Clear Perspex Krishnamurthy [ 1 ] 
Centre, Trombay, India 

4 9 
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Korean Atomic Energy 
Research Institute, 
Seoul, Korea 

Red Perspex 
Ceric-cerous sulphate 

Chu [2] 

Medicor Work, Debrecen, 
Hungary 

Red Perspex 
Ceric-cerous sulphate 
Ethanol-chlorobenzene 

Stenger [3] 

Boris KidriC Institute of 
Nuclear Sciences, 
Vin£a, Yugoslavia 

Radiochromic dye films Radak [4] 
Ceric-cerous sulphate 
Red Perspex 

In routine dosimetry the changes of optical absorbance of selected thin plastic 
materials suffice for most of the requirements for process control. In a recent 
IAEA survey of 133 irradiation facilities, thin film dose meters have been used in 
more than 65% of those facilities with the following breakdown: 

Blue Cellophane 5.3% 
Nevertheless, there are still some reservations about the consistency of the 

quality of these materials. Deviation in composition from batch to batch, variation 
in extruder operation and uniformity of dose meters are the major problems 
demanding close quality control in the production of plastic materials for dosimetry. 
Because of the large surface area to thickness ratio of the dose meter pieces, the 
environmental effect related to diffusional influence and exposure to stray light 
are apt to affect the read-out. Calibration based on sound standardization procedure 
is essential to the correct use of these dose meters in routine dosimetry. 

It has come to be recognized that for many applications dosimetry is an im-
portant part of practical radiation work. Relying only on the mode of operation 
even under the strictest process control does not ensure that every package of 
food products or medical supplies would supply identical read-out for the same 
dose meter. To counteract the effect of variations in bulk densities in the packages, 
the concept advocated by McLaughlin [5] of adapting standard deviation s and 
tolerance factor k, in clarifying minimum and maximum doses, D m j n and D m a x , 
as well as dose uniformity ratio U, is another positive step towards specifying the 
important parameters in industrial irradiation processing: 

D1®1 = D - - k • S L . -mm min mmTiiin 

nl im _ R i k 
max max max max 

D l i m 
jjlim _ max 

Red Perspex 41.4% 
Clear Perspex 19.5% 
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The foregoing discussion leads to the consideration of the complexity of 
routine dosimetry, as the collection of meaningful data can be complicated further 
by instability of dose meter response, performance of read-out instruments, and 
human error. The concern here is not only with the reliability of the dose meter 
and its read-out procedure, but also with existing information on the extent of 
reliability precision of a series of replicate measurements. 

QUALITY CONTROL CHARTS 
There often is a tendency to use control charts for recording D m i n , D m a x or 

U over the time span. In this procedure, a simultaneous package weight control 
scheme is essential to the success of plant operation. It also contributes to the 
knowledge of the dose distributions in irradiated packages. This practice is 
particularly important in the irradiation of agricultural products or loosely packed 
medical supplies, because of the inherent inhomogeneity. Similarly in the 
irradiation of liquids in flow systems, there should be similar control of product 
density to minimize error in dosimetry. Hence suitable sampling techniques for 
viscous or particle-dispersed media should be developed for the mean density 
determination. The combination of dosimetry plus weight control charts helps 
focus on a particular level of precision and thus signal the need for immediate 
corrective action. When a trend or bias develops, the results will drift beyond 
control limits, e.g. in the form of diminished light level in the spectrophotometer, 
and remedial action can be taken to prevent an 'out-of-controF situation. 

Control charts are also useful in checking the performance of reference 
dose meters. Chemical dose meters based on the redox principle, for example, 
are very sensitive to contamination by traces of impurities. For calibration 
purposes, the use of control charts helps mark such abnormalities during storage 
or measurement, as a result of random errors. 

Although control charts are generally set up with control limits corresponding 
to a prescribed degree of precision in the related measurement of dose by dosi-
metry, as a matter of caution they should not be evaluated without extensive 
knowledge of the background situation. The control charts can then signal when 
remedial action is needed, although they would not tell how to make the corrections. 
Such corrections need good judgement. 

ANALYSIS OF VARIANCE [6] 
The limitation of control charts lies in their inability to determine the reasons1 

behind uncontrolled conditions during dose measurement. Each data point in the 
control charts represents a single or combined effect of many sources of variation. 
The random error in irradiation or read-out must be ascertained by another method. 
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The analysis of variance divides the total variance of a set of data into two 
or more parts, one being used as an estimate of experimental error. The other 
parts are estimates of the effect of factors, either alone or in combination. By 
comparing the latter estimates with that of experimental error, decisions may be 
made as to whether or not each factor under investigation has had any real effect 
on the data being studied. The variation of bulk density in packages is only one 
of the causes of concern in dose measurement. Through the use of analysis of 
variance much information can be derived as to whether fluctuation of weight is 
due to weight scale adjustment, human factor, sizing of products or 'time' variation. 
Obviously, better control of package weight within a narrow range will improve the 
pattern of dose measurement. 

In the present intercomparison programme, the evaluation of different dose 
meter systems can be done with analysis of variance to assess whether or not there 
exists any bias within a given laboratory and also to ascertain whether the dose 
meters read differently. The same approach is also useful in the interpretation of 
results obtained in the commissioning dosimetry, when the equipment supplier 
and end-user carry out independent dose measurements. 

In routine dosimetry for package irradiators, the concern is with the variation 
of dose interpretations by individual dose meters, and variations from carton to 
carton. The complications are pronounced in the irradiation of fruit, where the 
package uniformity is far from ideal. Time of production and dose meter read-out 
lead to additional sources of discrepancies. Well-planned factorial quality control 
leads to separating the source of analytical variation, read-out differences and 
day-to-day differences from production variation [7]. 



INDUSTRIAL APPLICATION 

X2 Con tou r map of a hyperbol ic paraboloid 

5 3 

The path of steepest ascent 

Con tou r map of a plane 

Con tou r map of an elliptical paraboloid 

FIG.2. Response surface contour maps. 

RESPONSE SURFACES [8] 
An analysis of variance provides an insight into the interaction of two or more 

factors under investigation. A closer look at the quantitative effects of a given 
'time' variant on the diffusion of oxygen or moisture into the films would help 
reveal the performance characteristic of specific dose meter materials. Another 
example contributing to error is the chance of intermittent radiation as a 
consequence of machine failure or design. There may then be a cumulative effect 
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on the read-out to a varying degree depending on the time lapse. The Box-Wilson 
response technology, which is a combination of factorial design, analysis of 
variance and regression equation, provides clues to the interaction of such controlled 
variables in a quantitative approach, through the formulation of an empirical 
equation. 

Either first-order or second-order models can be chosen. After selection of 
the n independent variables, experiments with replicated 2 n factorial design with 
centre point may be used for the evaluation of the coefficients in the linear model 

Y = b 0 + I bjXj 
i= 1 

where Y is the dose or its difference from the true value, and Xs represent the 
dimensionless independent variables of interest through coding of experimental 
points. 

In the case of the quadratic model, 

Y = b „ + 2 b ; X i + £ b j j X 2 i + £ b^XiX; 
i= 1 i= 1 i= 1 y 

j = l 

The central composite second-order rotatable design shown in Fig.l can be 
adapted. The essential thing is to find the best estimates for the coefficients b i 5 

bjj and by through the use of analysis of variance in such a way as to minimize 
the difference of observed doses from the true value. The positions must be very 
carefully adhered to in the placement of dose meters for measurements. 

With two variables X! and x2 being chosen, the plotting of the response 
surface against Xj and x 2 of the contour map may either be an elliptical paraboloid 
or a hyperbolic paraboloid as shown in Fig.2. From these plots, it is possible to 
find the direction for further improvement of the experimental conditions to give 
the best read-out or to enable one to deduce the expected dose value by inter-
polation. 

REFERENCES 
[ 1 ] KRISHNAMURTHY, K., "Radiation dosimetry problems when sterilizing medical 

products in gamma-irradiation plants", Radiosterilization of Medical Products 1974 
(Proc. Symp. Bombay, 1974), IAEA, Vienna (1975) 305. 

[2] CHU, R.D.H., "Problems encountered in the use of plastic and chemical dose meters for 
plant commissioning", High-dose Measurements in Industrial Radiation Processing (Proc. 
Advis. Group Meet. Vienna, 1978), these proceedings. 



INDUSTRIAL APPLICATION 5 5 

STENGER, V., "Unified control methods in dosimetry for high-activity irradiation 
facilities in Hungary", High-dose Measurements in Industrial Radiation Processing (Proc. 
Advis. Group Meet. Vienna, 1978), these proceedings. 
RADAK, B.B., "Evaluation of several high-level dosimetry systems in routine use", 
High-dose Measurements in Industrial Radiation Processing (Proc. Advis. Group Meet. 
Vienna, 1978), these proceedings. 
McLAUGHLIN, W.L., Radiat. Phys. Chem. 9 (1977) 147. 
DUNCAN, A.J., Quality Control and Industrial Statistics, 3rd ed., Chapters XXIX-XXX, 
Richard D. Irwin Inc., Homewood, 111., USA (1965). 
BEAZLEY, C.C., "Factorial quality control", Chem. Eng. Prog., Symp. Ser. No.42 59 
(1963) 28. 
HUNTERS, J.S., "Some applications of statistics to experimentat ion", Chem. Eng. 
Prog., Symp. Ser. No. 31 56 (1960) 10. 





TECHNIQUES UTILISEES AU CENTRE 
D'APPLICATIONS ET DE PROMOTION DES 
RAYONNEMENTS IONISANTS POUR LA 
DOSIMETRIE DES IRRADIATIONS GAMMA 
ET SOUS FAISCEAUX D ELECTRONS 

J. LAIZIER 
CEA-ORIS, Centre d'etudes nucleaires de Saclay, 
Gif-sur-Yvette, 
France 
Rdsumd 

TECHNIQUES UTILISEES AU CENTRE D'APPLICATIONS ET DE PROMOTION DES 
RAVONNEMENTS IONISANTS POUR LA DOSIMETRIE DES IRRADIATIONS GAMMA 
ET SOUS FAISCEAUX D'ELECTRONS. 

Les activites du CAPRI (Centre d 'etudes nucleaires de Saclay), qui sont centrees sur 
diverses applications des rayonnements ionisants et impliquent l 'utilisation d 'un large eventail 
de moyens d'irradiation, fon t appel a plusieurs techniques dosimetriques qui sont brievement 
commentees. L'utilisation du film TAC comme dosimetre pour une large gamme de mesures 
est ensuite decrite et discutee. 

1. INTRODUCTION 
Les activites du Centre duplications et de promotion des rayonnements 

ionisants (CAPRI) du Centre d'etudes nucleaires de Saclay sont centrees sur les 
diverses applications industrielles des rayonnements ionisants. Ceci represente 
en fait une gamme variee d'activites: 

— Recherche et developpement de nouveaux precedes ou de nouveaux 
produits faisant appel a l'irradiation, depuis le stade du laboratoire jusqu'au stade 
pilote. 

— Productions pilotes et productions de produits speciaux. 
— Essais de qualification des materiels et composants destines a l'industrie 

nucleaire, et en particulier aux reacteurs. 
— Irradiations a fa9on (sterilisations, decontaminations biologiques, 

reticulations, etc.). 
A ces fins, le CAPRI dispose d'un eventail tres fourni de moyens d'irradiation : 
— Pagure ( 6 0Co, 20 kCi) est utilise pour les recherches et pour les essais de 

qualification. C'est une source panoramique, avec stockage en chateau de plomb. 
— Poseidon ( 6 0Co, capacite maximum 1 MCi) est utilise pour les essais 

pilotes, les traitements a fagon et les qualifications. Les sources sont stockees 
en piscine. L'installation est equipee d'un convoyeur permettant des traitements 
par lots; il sera prochainement modifie pour permettre des traitements en continu. 

5 7 
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— Vulcain est un accelerateur (type Van de Graaff) de 1 mA pour une 
energie variable entre 0,5 et 3 MeV. II est equipe d'un convoyeur. 

— Promethee est un accelerateur basse energie de type industriel (0,3 MeV, 
100 mA). 

2. LES TECHNIQUES DOSIMETRIQUES 
Compte tenu de cette variete de travaux et de moyens d'irradiation, le CAPRI 

s'est trouve contraint de faire appel a une gamme relativement large de techniques 
dosimetriques. 

II convient ici de souligner que, compte tenu des objectifs du CAPRI, les 
techniques dosimetriques ne peuvent y etre considerees que comme des moyens 
de realisation d'un objectif final. II en resulte que, si nous avons ete amenes a 
experimenter des techniques nombreuses, a les utiliser et peut-etre a ameliorer 
certaines d'entre elles, il ne saurait etre question pour nous de pretendre en avoir 
acquis la ma it rise, ou de pretendre avoir resolu de faijon reellement satisfaisante 
tous les problemes que pose I'utilisation d'une gamme aussi variee de moyens 
d'irradiations pour des objectifs aussi divers. Par ailleurs, l'accent a ete mis sur 
la fiabilite et le caractere pratique des mesures, plutot que sur la recherche de la 
precision qui est ici moins indispensable. 

Enfin, plusieurs des resultats utilises par le CAPRI sont obtenus par et a 
travers la collaboration avec d'autres equipes scientifiques. Nous en donnerons 
deux exemples: 

— En vue des etudes dosimetriques, des emplacements speciaux d'irradiation 
sont definis dans la source Pagure; ces emplacements sont calibres par le 
LMRI-LCRI (laboratoire du BIPM) independamment de la cartographie dosimetrique 
generate etablie par le CAPRI pour la source. 

— L'etude du film TAC, dosimetre utilise au CAPRI pour une large gamme 
de mesures, tant en electron qu'en gamma, est poursuivie de fa?on concertee avec 
les laboratoires du JAERI (Japan Atomic Energy Research Institute) dans le cadre 
d'accords franco-japonais dans le domaine de la chimie sous rayonnement. 

Nous allons ci-apres commenter brievement les diverses techniques dosimetriques 
pour ensuite decrire plus longuement les caracteristiques du film TAC, qui est 
probablement la moins diffusee des techniques mises en oeuvre au CAPRI mais 
qui presente des caracteristiques susceptibles d'interesser nombre de laboratoires 
de radiotraitement concernes par la dosimetrie. 
2.1. Dosimgtrie par m^thodes physiques 
2.1.1. Calorimetrie. La calorimetrie est utilisee pour la mesure des doses revues 
sous faisceaux d'electrons. 
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FIG. 1. Calorimetre pour electrons de haute energie. 

FIG.2. Calorimetre adiabatique utilise pour I'etalonnage du TAC sous faisceau d'electrons 
de 300 keV. 
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FJG.3. Arrangement du calorimetre et du film TAC sous faisceau d'electrons de basse energie. 

Dans le cas des faisceaux de moyenne energie (de 1 a 3 MeV), un calorimetre 
a eau, isole par du polystyrene expanse, est utilise (fig.l). La variation de 
temperature resultant de l'irradiation est mesuree par une thermistance. 

Le calorimetre enregistre la dose regue pour une certaine epaisseur equivalente 
(exprimee en g/cm 2). Pour en deduire la dose re?ue par un dosimetre donne, il 
est necessaire de determiner en outre la courbe profondeur-dose correspondant 
au faisceau etudie (exemple: figure 4). Cette determination, qui ne fait appel 
qu'a une mesure relative, peut etre obtenue en utilisant des empilements de films 
dosimetriques ou bien en irradiant un film dosimetre sous un ecran d'epaisseur 
variable (coin): il suffit d'avoir verifie la linearite de la courbe d'etalonnage du 
film en fonction de la dose, et de faire l'hypothese, qui parait justifiee, de 
l'independance du coefficient d'etalonnage et de l'energie des electrons. 
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Les mesures sous faisceaux d'electrons de basse energie (0,3 a 1 MeV) sont 
beaucoup plus delicates a realiser, du fait des problemes que pose l'isolation 
thermique du calorimetre qui ne peut etre que mediocre (fig.2 et fig.3). Cependant, 
en raison des tres forts debits de dose existants dans ce cas, les temps d'irradiation 
sont tres brefs et reduisent les incertitudes dues aux pertes thermiques. II est egale-
ment necessaire, pour les faisceaux de basse energie, de passer par les courbes 
profondeur-dose (fig.4). Aux plus faibles energie, l'epaisseur du dosimetre, qui 
n'est plus negligeable du tout devant le parcours total, introduit une cause supple-
mentaire d'erreur. 
2.1.2. Chambres a ionisation. Cette technique a ete utilisee pour la deter-
mination rapide de debits de dose dans la zone 0,05 a 0,5 Mrad-h"1.1 Elle parait 
interessante pour la rapidite des mesures de debit de dose qu'elle permet, mais 
aussi parce qu'il parait possible de l'adapter a de plus forts debits de dose (plusieurs 
Mrad-h"1). 
2.2. M6thodes chimiques 
2.2.1. Dosimetre de Fricke. Cette technique, qui constitue une reference en y, 
n'appelle pas de commentaires particuliers. 
2.2.2. Acide oxalique. L'acide oxalique (mesure par colorimetrie) est utilise, en 
depit du temps relativement important que necessitent les mesures, pour la deter-
mination par dosimetrie chimique des doses integrees dans le domaine 1 a 6 Mrad 
(sterilisations) lors d'etalonnages de traitements. 
2.2.3. Systeme cerique-cereux. Ce systeme donne de bons resultats pour les 
fortes doses (domaine 1 a 10 Mrad), moyennant une certaine rigueur dans les 
manipulations. Par contre, dans le domaine des faibles doses, il parait d'une 
utilisation beaucoup plus delicate, et n'est, en tout cas, pas suffisamment maitrise 
pour que nous puissions l'utiliser. 
2.3. Dosimetrie par films plastiques 
2.3.1. Le film PVCest utilisable comme dosimetre de routine de controle des 
irradiations sous faisceau d'electrons, et l'est effectivement au Centre d'application 
des rayonnements ionisants de Corbeville (centre d'irradiation a fa?on de la 
Societe de recherches techniques et industrielles). Ce film est par contre sensible 
a l'influence de tres nombreux parametres, ce qui fait obstacle a son utilisation, 
tant pour des irradiations de recherche que pour des irradiations menees dans des 
conditions tres variees, comme c'est le cas au CAPRI. 

1 100 rad = 1 Gy. 
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FIG.5. Variation de la densite optique d'un temoin et de I'accroissement de densite optique 
d'un film irradie avec la longueur d'onde. 

2.3.2. Le film TAC est tres largement utilise au CAPRI et les caracteristiques vont 
en etre decrites plus longuement ci-apres. II s'agit d'un film de 125 /xm d'epaisseur, 
presente en galettes de 8 mm de large. Ce dosimetre, a base de triacetate de cellulose, 
a ete developpe en collaboration par le CEA et le JAERI. 

3. LE FILM TAC 
3.1. Principe de mesure 

Le spectre UV d'un film non irradie (par rapport a l'air) fait apparaitre un 
epaulement de l'absorption dans la zone 270—340 nm (fig.5). L'irradiation 
provoque un renforcement de l'absorption dans ce domaine; il en resulte que le 
spectre d'un film irradie, lu par rapport a un temoin pris comme reference, presente 
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FIG.6. Film TAC: variation du coefficient d'etalonnage avec le debit de dose. 
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FIG. 7. Variation de la densite optique avec la temperature d 'irradiation. 

egalement un epaulement dans la meme zone. La variation de densite optique 
(D.O.), pour une longueur d'onde donnee, est proportionnelle a la dose. La 
courbe d'etalonnage est done lineaire pour une dose donnee; la variation de D.O. 
est plus importante aux faibles longueurs d'onde. 

II en resulte que des mesures a 280 nm permettent la mesure des doses 
jusqu'a environ 10 Mrad; que des mesures a plus forte longueur d'onde, par 
exemple 300 ou 320 nm permettent de reculer la limite des mesures a plusieurs 
dizaines de Mrad. Ce type de mesure est cependant rendu delicat par la fragilisation 
du film due a l'effet degradatif de l'irradiation. 
3.2. Influence de difterents parametres 
3.2.1. Debit de dose (fig.6). II existe une influence du debit de dose sur le 
coefficient d'etalonnage du film (pente de la droite densite optique-dose). On 
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FIG.8. Variation de la densite optique avec le temps. 

constate, cependant, que, dans la gamme des debits de dose generalement utilises 
en irradiation y (10 3 a 10 6 rad-h"1), la variation du coefficient est faible (de 
l'ordre de 5 %), ce qui en facilite la prise en compte; d'autre part, dans la zone 
des forts debits de dose, pour les irradiations sous faisceaux d'electrons, la courbe 
presente un palier, indiquant une influence negligeable ou nulle du debit de dose. 
3.2.2. Temperature. Ce n'est que dans le cas de l'irradiation y qu'on a constate 
une influence de la temperature sur la reponse du film (fig.7). Par contre 
l'incidence potentielle du facteur temperature sur l'erreur de mesure est importante 
et il devra done etre etudie de fa?on plus approfondie. 
3.2.3.. Stockage du film apres irradiation. La densite optique d'un film irradie 
croit legerement (fig.8), mais de fa?on non negligeable, avec le temps, au cours 
d'un stockage a temperature ambiante apres irradiation. 
3.2.4. Homogeneite du film. La mesure en continu de la densite optique d'un 
film irradie de fa?on homogene (fig.9), ou d'un temoin non irradie, met en evidence 
une fluctuation statistique de la lecture. Elle est probablement due a des variations 
de composition ou d'epaisseur le long du film, et limite en tout etat de cause la 
precision des mesures. L'analyse des resultats experimentaux montre que 
l'incertitude resultante sur les lectures varie peu avec la dose; elle depend 
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TABLEAU I. INCERTITUDES DE LECTURE RESULTANT DE 
L'HETEROGENEITE DU FILM 

Longueur de film lue 50 10 Lecture 
(cm) «ponctuelle» 

Erreur prise en compte sur le e2 e l 1/3 e l 
temoin et le film irradie 

Incertitude (Mrad) 0,11 0,25 0,40 

evidemment de la longueur de film lue (fig.9c), ou du nombre de mesures 
realisees dans le cas de mesures locales. Le tableau I donne une estimation de 
l'incertitude resultant de ces fluctuations. 
3.3. Utilisation du film TAC 

A son stade actuel de mise au point, le film TAC se revele extremement 
pratique et fiable pour une gamme variee d'utilisations: controles de routine, 
en irradiation 7, traces des courbes de repartition dosimetrique (cartographies 
dosimetriques) en 7 et sous faisceaux d'electrons (dans ce dernier cas, en particulier, 
la faible epaisseur du film et son aptitude a enregistrer des doses importantes le 
rendent particulierement interessant). 

En fait, comme pour tous les dosimetres plastiques, la reponse du film 
TAC est sensible a differents parametres externes a l'irradiation. Mais cette 
sensibilite parait nettement plus faible que dans le cas des autres dosimetres, ce 
qui fait 1'interet potentiel du film pour une large gamme d'utilisation. Les etudes 
actuelles devraient d'autre part permettre de reduire les variations aleatoires de 
lecture, de mieux determiner l'influence des parametres externes, et d'ameliorer 
ainsi la precision et la fiabilite des mesures. 
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Abstract 
SOME DOSIMETRY PROBLEMS IN HIGH-DOSE RADIATION FACILITIES. 

The various types of high-dose radiation facilities available in India and the dosimetric 
systems used are discussed. The dosimetry problems faced in these facilities and the short-
comings of the available dose meters are discussed. Some results of the effect of scattered 
secondary electrons on the response of a dose meter to gamma radiation are given. The 
scatter effects very much depend on the size of the dose meter and its inclination to the 
radiation field. These effects have been highlighted using a pure electron source such as 
strontium-90. The real problem in high-dose radiation facilities is that no dose meter is 
available which can measure the dose with reliance. Thin film dose meters are not suitable 
and aqueous systems might be more desirable. The dosimetry problems at heterogeneous 
interfaces need fur ther study. 

RADIATION FACILITIES 
High-dose radiation facilities in India can be divided into three categories. 

In the first category there are a large number of gamma chambers containing 
about 2.5 kCi cobalt-60 which are owned by various institutions spread over 
the entire country. These gamma chambers have been mostly supplied by the 
Bhabha Atomic Research Centre (BARC) and they are similar in design to the 
Canadian Gamma Chamber 200 or 220. The irradiation volume is about 1 litre. 
These chambers are mainly used for research and development work involving 
gamma radiation. In the second category are radiation facilities used for the 
food irradiation programme. This programme is carried out by the Biochemistry 
and Food Technology Division of the BARC. This Division has a cobalt-60 
gamma source of about 50 kCi for continuous package irradiation, a cobalt-60 
source of about 10 kCi for grain irradiation and a caesium-137 facility of about 
100 kCi as a portable batch irradiator.1 The first two were supplied by Atomic 
Energy of Canada and the third was supplied by Brookhaven National Laboratory. 

1 1 Ci = 3 .70X 10 1 0 Bq. 
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In the third category are radiation facilities for sterilization of medical products 
and other industrial applications. This programme is carried out by the Isotope 
Group, BARC. This group has a cobalt-60, ISOMED plant for sterilization of 
medical products of about 100 kCi, a cobalt-60, Panoramic Batch Irradiator of 
about 50 kCi and several other irradiators are being planned. 

DOSIMETRIC SYSTEMS USED 
The dose rates in the gamma chambers are comparatively low, therefore, 

most laboratories use the Fricke dose meter [ 1 ] for dose rate measurement. 
Integrated doses given with these chambers may be high, but it involves only 
long duration of irradiation. The dose rates used in facilities for the food 
irradiation programme are also not high. Here again the Fricke dose meter has 
been used. Red Perspex [2] obtained from Atomic Energy of Canada has been 
in use also. Ceric sulphate dose meters [3] and polyvinyl chloride dose meters 
developed in the Division of Radiological Protection (DRP) [4] BARC, have 
also been used. In addition, coloured indicators have been used for irradiation 
verification [5]. These labels change colour from orange to red above 1 Mrad. 
An irradiation plant for potatoes is being planned which will require coloured 
indicators to show a change at about 10 krad. These indicators are being 
developed. The dose rates in ISOMED are rather high [6], and several megarads 
of doses are involved. In this plan Perspex HX [7] and ceric sulphate dose meters 
have been used. The Perspex HX dose meters have been obtained from the 
United Kingdom. Coloured indicators are used for irradiation verification. 
Most users monitor radiation doses in their facilities themselves. 

DOSIMETRY PROBLEMS 
The DRP maintains radiation and radioactivity standards for the country 

and dosimetry help is provided to the users of radiation sources whenever any 
difficulty arises. Many laboratories who acquire gamma chambers are not familiar 
with dosimetric techniques. Such laboratories are given short-term training in 
chemical dosimetric methods at the DRP. In addition, DRP conducts a post-
graduate course (of one year duration) in Radiological Physics every year, where 
chemical dosimetric techniques are taught. In research institutes using high 
radiation sources several special situations arise. For example, one institute 
carrying out research in Cotton Technology, wanted to study the effect of 
irradiation on cotton fibres. Small amounts of cotton fibres sealed in plastic bags 
were irradiated in the chamber. The dose was measured by a Fricke dose meter. -
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Neither the thickness of the cotton was sufficient for the full build-up of the 
dose nor was any extra build-up provided. Such samples do not receive the dose 
measured by the chemical dose meter. This institute was advised to provide the 
necessary build-up to the cotton samples. Similarly in another institution, 
chemical samples in a special geometrical form were to be irradiated for some 
studies. This required a study of the dose distribution within the sample. Staff 
from this institute were trained in the DRP to carry out this work. Many such 
problems are frequently brought to the attention of BARC and solved. 

In high-dose radiation facilities used for food preservation or sterilization 
of medical products, the major dosimetry problem involves design of the facility 
so that the desired material receives the required dose uniformly. Variation in 
dose in a packet which is irradiated arises from (i) variation of distance from the 
source when the packets are large, (ii) attenuation of radiation within the packet, 
and (iii) gamma scatter effects. Some of these parameters can be calculated but 
the best estimate can be made by monitoring with suitable dose meters. Though 
considerable attention has been paid to the first two factors mentioned the third 
one has not been given sufficient attention. This factor is very important because 
many times the low atomic number materials are surrounded by high atomic 
number containers or other accessories. Another factor which has been totally 
ignored is a dose meter's response to scattered secondary electrons [8] and this 
will be discussed in detail in the section on Electron Scatter Effects. 

In the food package irradiator consisting of large and small source racks, it 
was observed from the various dosimetry results [9] that initially, after the 
installation of the source, the dose distribution of the source was not uniform 
and overdose ratio, i.e. maximum dose/minimum dose,was quite high,viz. 1.7 to 
1.8 and 2.6 for the large and the small source, respectively. To overcome this 
problem, a number of changes were made in the design of the source which 
lowered the overdose ratios to 1.25 and 1.5 to 1.6 for the large and small source, 
respectively. In the grain irradiator, the overdose ratio problem does not arise, 
since the thickness of the grain layer is quite small. However, scatter problems 
may exist which have not been investigated. In the portable caesium-137 
irradiator, the dose variation is about 80%. 

The ISOMED plant is so designed that the dose inside the packets is quite 
uniform. The variation is not more than 10 to 15%. In this plant, the variation 
of dose within a product box has been studied with the help of Perspex-HX dose 
meters and for the actual dose more reliance has been put on the eerie sulphate 
dose meter [6]. The Perspex-HX dose meter results could be relied upon for 
routine process control only if the plant operations are normal without prolonged 
shut-downs and the dose meters are read in about 4 to 5 h after the irradiation 
is completed. 
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CURRENT STATUS OF DOSE METERS 
The essential characteristics of the dose meters suitable for use in high-dose 

radiation facilities have been listed quite often [10]. In addition to the requirements 
of a good dose meter in any research laboratory [11] dose meters for use in routine 
high-dose radiation facilities must meet some special requirements. These require-
ments have been described by several authors [12-14], The major difficulty in 
a high dose radiation facility seems to be the lack of a suitable system which can 
be used with reliance. 

The Fricke dose meter is in use as a dosimetric standard in most places but, 
however, its dose range is very limited. Ceric sulphate is also frequently used. 
The sensitivity to light of this system may not be a serious disadvantage since 
the dose meter can always be wrapped in light-absorbing materials. Of course, 
some uncertainty is introduced because of this. The decrease in G(Ce 3 +) above 
35°C may involve errors in facilities which are not well ventilated and where there 
is a temperature rise due to the radiation field. Another disadvantage is that the 
absorption characteristics are a poor match to those of tissue-equivalent material 
under degraded spectral energy conditions. The major difficulty seems to be the 
requirement of high purity for the reagents. The radiolytic mechanism for this 
system is given as: 

Ce 4 + + H = Ce 3 + + H + 

2 Ce 4 + + H 2 0 2 = 2 Ce 3 + + 2 H + + 0 2 

Ce 3 + + OH = Ce<v+ + OH" 
H + 0 2 = H0 2 

C e 4 + + H 0 2 =Ce 3 + + 0 2 + H + 

G ( C e 3 + ) = G H - G o H + 2 G H 2 o 2 

Since there are enough ceric ions present in the system, organic impurities cannot 
compete with ceric ions for their reaction with H, H0 2 or H 2 0 2 . However, cerous 
ions produced radiolytically are initially low in concentration, and organic 
impurities which are quite reactive towards OH radicals are able to compete with 
cerous ions. This affects the net reaction. To overcome this problem, the initial 
addition of cerous ions in the solution has been proposed [15]. Though this 
addition solves the problem of impurities thermal stability may be affected since 
cerous ions are not very stable. Draganic and Gupta [13] have pointed out that 
there is still fairly large disagreement between published yields of G(Ce 3 +) even 
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under well-defined conditions. The rate constant of the reaction of OH with 
another OH is about 50 times more than that with Ce 3 + ion. At an initial low 
concentration of Ce 3 +, therefore, the OH-OH reactions should compete with the 
OH-Ce3+ reaction which will increase the G(Ce 3 +). This competition should be 
influenced by dose rate also. Since the dose distribution inside the dosimetric 
solution is not uniform, the irradiation geometry may also have some effect. 
The contribution of these effects may be significant at low doses and it should 
decrease at high doses. In fact, the initial G(Ce 3 +) has been reported to be 
5.7 [16]. 

An ethanol-chlorobenzene [17] system is being used in Hungary, however 
more extensive studies are needed about this system such as energy dependence, 
light effects and impurity effect. Though the analytical problem is simplified 
by the oscillometric technique [18], the preparation of the dose meter does not 
seem to be very simple. 

Although plastic films such as Perspex [19] and polyvinyl chloride [20] are 
quite simple in use, their reproducibility does not seem to be very good. The 
fading and temperature effects [21, 22] sometimes inhibit their use [23]. The 
same is also true for red Perspex. Environmental effects on coloured thin 
films [24] also need to be investigated. The accuracy of thermoluminescence 
dose meters (TLDs) has been not very good. In addition to batch to batch 
variation, they need frequent calibration. Electron scatter effects discussed in 
the next section may be a very serous problem in thin or small size dose meters. 

ELECTRON SCATTER EFFECTS 
When a dose meter is imbedded in a material to be irradiated by gamma 

radiation, it receives the dose from (a) photo and Compton electrons generated 
in the material from the direction of the source, (b) electrons produced inside 
the dose meter, (c) electrons scattered in the material surrounding the dose 
meter, and (d) electrons produced by scattered gammas. The relative contri-
bution by each of these components will depend upon the thickness and 
composition of the dose meter and its surroundings. 

Coloured indicators are normally fixed at the face of the product box. In 
this case there is no build-up and the dose is due to back-scattered electrons 
and the electrons produced by scattered photons. When the box is moving, the 
labels may have different orientations with respect to the source. Using the 
FBX dose meter developed by BARC [25,26] it has been shown that the 
surface dose in such cases depends very much on the orientation of the dose 
meter with respect to the field [27]. The dose is minimal if the radiation is 
normal to the dose meter and it increases as the inclination of the field increases. 
A similar problem arises even if the thin dose meters such as films, PVC and 
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TABLE 1. ANGULAR DEPENDENCE OF FILM DOSE METER 

Dose meter 
Dose 
(krad) 

Wavelength 
(nm) 

Absorbance 

Fricke 4.23 304 0.159 (±0.6%) 

PVC(AA) 996 425 0.232 (±1.7%) 

PVC(BB) 996 425 0.220 (±1.8%) 

Perspex are inside the material. The dose received by the dose meters in inclined 
positions with respect to the radiation field is higher than in normal positions. 
Until now it was believed that the contributions of the dose from electrons 
scattered outside the dose meter was small. However, it has been found that 
this contribution is quite significant and is responsible for angular effects in thin 
dose meters. This is an example of the limitation of very thin dose meters. 
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FIG.2. Effect of dose meter thickness on the dose. Build-up and backscatter material, 5 mm 
and 6 mm Perspex respectively. 

In a gamma chamber the source pencils are arranged in a cylindrical geometry. 
Measurements were made with 0.5 mm thick PVC dose meters which had 3.5 mm 
PVC build-up on both sides. Dose meters at the same position but at right angles 
to each other were placed as shown in Fig. 1. The dose meters at two angles 
showed about 5% different absorbance readings as shown in Table I. When there 
is enough build-up, there should have been no difference in these readings. Angular 
effects are responsible for this. 

Thin film dose meters are normally sandwiched between tissue-equivalent 
materials to provide sufficient build-up. The theory predicts that the dose under 
charged particle equilibrium should be independent of the size of the dose 
meter and also of its inclination with respect to the radiation field. Figure 2 
shows that for normal incidence irradiations, the dose to a thin layer at any 
depth is less than computed from charged particle equilibrium conditions. The 
dose is independent of the dose meter thickness, provided the dose is averaged 
over the thickness equivalent to the maximum secondary electron range. This 
thickness effect depends on the inclination of the field. It has been shown that 
this effect is not due to the Perspex/water interface [28]. It has been reported 
earlier that the response of thin film dose meters is dependent upon film thickness. 
This effect has been attributed to the diffusion of oxygen in the dose meters. It 
might be possible that a part of the thickness effect arises due to non-equilibrium 
conditions in thin dose meters. 
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FIG.3. Effect of dose meter thickness in 1 mm thick Perspex containers on its response to 
cobalt-60 gamma radiation. 

The effect of electron scatter has been highlighted in another study using 
LiF-Teflon dose meters by Mrs. Bertilsson from Sweden [29]. She has studied 
the distribution of dose in stacks of thin dose meters, irradiated with caesium-137 
inside small phantoms of polystyrene and aluminium. The absorbed dose distri-
bution inside a dose meter with a thickness of 0.13 mm shows a maximum 
variation of 14% in a medium of polystyrene and of 20% in aluminium. The 
absorbed dose decreases with depth in the dose meter at irradiation in polystyrene 
(lower Z-value) and increases with depth in the dose meter in aluminium (higher 
Z-value). The mean absorbed dose in a dose meter is affected by its adjacent 
dose meter. 

Glass and plastic containers are both used for liquid chemical dose meters. 
Though there is general agreement that for glass containers the thickness of the 
solution should be more than 8 mm for cobalt-60 gamma irradiations [30], 
however, no such definite value is available for plastic containers. This problem 
has already been discussed when the dose meter is under charged particle equili-
brium, i.e. it is surrounded by enough material for build-up and backscatter. 
Figure 3 shows the effect of dose meter thickness when the walls are of 1 mm 
Perspex and the dose meter is suspended in air. The dose increases very fast 
initially and reaches saturation when the dose meter thickness is more than 
5 mm. 

To understand the importance of electron backscatter pure electron beams 
were used. Figure 4 shows the effect of Perspex backscatter on a 0.5 mm thick 
layer of PBX solution, when irradiated at a distance of 3.7 cm by beta particles 
from a strontium-90 source. It shows that backscatter increases the dose by a 
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FIG.4. Effect of Perspex backscatter on dose meter (0.5 mm depth) response to strontium-90 
beta particles. 

So lu t i on th ickness (mm) 

FIG.5. Effect of dose meter thickness on its response to strontium-90 0-particles, without 
any backscatter. 
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FIG. 6. Effect of dose meter thickness on its response to strontium-90 beta particles, with 
Perspex backscatter (10 mm). 

factor of about 3. Figure 5 shows the average dose received by dose meters of 
different thicknesses when they are supported in air on a thin self-adhesive 
transparent plastic tape with the top of the solution at a distance of 3.7 cm from 
the source. Figure 5 also shows that initially the dose builds up due to scatter 
effects, then it falls due to attenuation and dilution. Figure 6 shows similar 
measurements when about 10 mm of Perspex backscatter is provided for all the 
thicknesses of the solution. In this case the initial dose is very high and it then 
falls as the thickness of the solution increases. The dose is higher in the case of 
scatter from all sides than from the back alone. There is no build-up. 

Electron depth dose measurements have been carried out using triphenyl-
methane dye cyanide films [31,32]. It has been found that the dose close to 
the interface of a backing material depends on the effect of backscatter. However, 
the magnitude of the scatter effects has been found to be much less than shown 
here. 

Electron scatter effects have been ignored so far. Most of the earlier work 
in dose distribution has been carried out with ionization chambers. There are a 
few studies with TLDs and films. A large proportion of the scattered electrons 
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have a very low energy — almost at the end of their range. The W-value in air 
increases considerably for low-energy electrons and probably these electrons are 
not detected in ionization chambers. The contribution due to scattered electrons 
from a beta source has been measured in a parallel plate ionization chamber, but 
it was found to be comparatively low [33]. In TLDs and also in other solid 
systems this effect may depend upon the nature of the material. If the response 
of the phosphor is independent of energy and produces defects even at low 
energies of electrons, then it may show scatter effects. Recent studies with LiF 
and lithium borate did show some effect. On the other hand water has low 
excitation and ionization potential [34], therefore aqueous systems respond to 
even scattered electrons. 

Briefly, it can be said that the real problem in high-dose radiation facilities 
at the present time is that no dose meter is available which can measure the dose 
with reliance. In addition to this, when the selection of a dose meter is to be 
made, the size of the dose meter and its composition has to be seen to over-
come the possible scatter effects. Dose meters of small thickness and size 
do not indicate the dose distribution in the irradiation packets and the 
minimum thickness of the dose meter must be 5 mm. Since many solid systems 
may not respond to scattered electrons, aqueous systems may be more desirable. 
The purpose of the sterilization is to kill the micro-organisms which often remain 
on the interfaces of heterogeneous media where scatter effects are at a maximum. 
It may therefore be necessary to study the dosimetry aspects in such situations. 
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Abstract 
UNIFIED CONTROL METHODS IN DOSIMETRY FOR HIGH-ACTIVITY IRRADIATION 
FACILITIES IN HUNGARY. 

The increasing interest in the application of ionizing radiation raised not only the number 
but also the capacity of the facilities in Hungary, and presented the problem of measuring 
10 to 100 kGy/h dose rate, and doses in the range 50 Gy to 1 MGy. For the mapping of the 
exposure field of laboratory facilities the well-known and internationally-accepted Fricke dose 
meter was introduced. For the high dose rate and dose control different chemical dose meters 
were introduced, such as the ethanol-chlorobenzene dose meter. This method of evaluation 
turned out to be too slow for industrial processes and an evaluation method by oscillometry 
was developed. The ethanol-chlorobenzene dose meter became, for practical and industrial 
use, a simple, easily applicable method in several countries. Economy of mapping exposure 
fields is claimed for simple and rapid evaluation, thus computer programs were worked out 
using semiconductor rate meters for the determination of relative dose rates. All the methods 
applied and introduced in the Institute were compared with others introduced abroad in 
international cooperation. On the basis of the methods of dosimetry carried out in the Institute 
of Isotopes of the Hungarian Academy of Sciences unified control methods have been introduced 
in Hungary for high-activity cobalt-60 irradiation facilities and processes, such as preparation 
of exposure rate maps and tables, application of 'test dosimetry ' in pilot and industrial 
irradiators, process control dosimetry, process control by semiconductors, and process control 
by dose indicators. 

1. HISTORICAL BACKGROUND 
The measurement of the dose and dose rate of high-activity irradiation 

facilities in Hungary started 10 to 15 years ago. The first high energy cobalt-60 
sources were installed at that time, first of all for research in radiation chemistry, 
radiation biology and for stimulation and mutation experiments in agricultural 
research laboratories [1—3]. The first therapeutic cobalt-60 equipment was 
constructed in 1956 [4]. 

8 1 
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At the time ionization chambers were in general use for the measurement 
of the relatively low doses and dose rates, e.g. those of the irradiation fields of 
'gamma green gardens' and of cobalt-60 therapeutic units. However, for the 
detection of medium and high doses and dose rates of laboratory irradiators, 
chemical dose meters had to be used. The most frequent detection task was the 
determination of dose rates of 0.1 to 3 kGy/h. But at the installation of the first 
experimental electron accelerator with 500 W capacity [5] the detection of 
3 MGy/h dose rate had to be carried out. 

For mapping the dose rate field of laboratory facilities which were mainly of 
Hungarian construction, the well-known and accepted Fricke dose meter was 
introduced [6], The dose meter itself and also the mapping of the exposure field 
was as a rule made by the owner, at the beginning of the operation. The dose 
rate was usually not checked during operation until the reload. No systematic 
control of the dose of irradiated samples and materials was introduced in this 
early period. The dose was only calculated from the time of irradiation and from 
the dose rate measured at the installation. 

In the beginning there were also problems with the reproducibility and linearity 
of dose measured by Fricke dose meters, which were due to the impurity of the 
chemicals. But, as in other laboratories in the world, it was also successfully 
introduced and is in use even today as a secondary standard dose meter. 

The increasing interest in the application of ionizing radiation raised not 
only the number but also the capacity of the facilities and presented the problem 
of measuring 10 to 100 kGy/h dose rates and 1 MGy doses continuously [7, 8]. 
The installation of a 3 PBq [80 kCi] cobalt-60 7-irradiation facility in the institute 
brought the dosimetry into focus. At this period different chemical dose meters 
were introduced. So the ethanol-chlorobenzene dose meter developed in 
Yugoslavia by Dvornik and co-workers [9] was applied in the Plastic Research 
Institute in Budapest at the electron beam accelerator [5]; the cerium sulphate 
dose meter [10] was adopted in the Institute according to the advice of Nils Holm, 
Denmark. As the third chemical dose meter the ethanol-chlorobenzene method 
in the 0.4 to 500 kGy range was adopted, first by titration evaluation according 
to Dvornik and co-workers. This method of evaluation, however, turned out to 
be unsatisfactory and too slow for industrial processes and this is why an 
oscillometric evaluation method was developed [11 — 14], 

It should be mentioned that different chemical dose meters were tested; 
thus with the Fricke method [15] the role of the gas above the solution in the 
dose meter was investigated, but for practical and industrial purposes only simple, 
easily-applicable methods could be introduced. The methods in every case were 
compared with each other before final application. 

Chemical dose meters are usually complicated systems and need expensive 
equipment for evaluation, therefore interest turned to physical methods, i.e. to 
thermoluminescent and semiconductor dose meters. A semiconductor ratemeter 
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with a higher radiation resistance was developed [16, 17]. Computer programs 
were developed for economy of mapping exposure fields giving simple and rapid 
evaluation, also for the determination of relative dose rates [18]. 

All the methods applied and introduced in the Institute were compared with 
others introduced abroad in international cooperation. For example, Dvornik 
and co-workers measured the dose dependence of their ethanol-chlorobenzene 
dose meter with the Institute's cobalt-60 source. A group of experts from seven 
CMEA countries controlled and compared different types of dose meters in the 
Institute with very good results. Similar comparison was performed with the 
HX-Perspex dose meter of 'Gammaster' in the Netherlands [19]. The last training 
course in comparison of dose meters was held in Bucharest in 1976. 

A controlled and standardized dosimetry [20] is necessary not only for the 
cobalt-60 source but also for others which will be reloaded or newly established 
in Hungary. These tasks belong also to the Gamma-Irradiation Laboratory and 
they require a reliable, simple and comparable dosimetry which satisfies also the 
requirements of the owners, consumers and, last but not least, the government. 
It is the opinion of the Insitute that the introduction of one or more well-checked 
and standardized methods which, however, needs the centralization of the work, 
should be more effective than the use of different types of dose meters. It has 
already been realized that it lays greater responsibility on the Institute, a basic 
laboratory in dosimetry, but it is also a great help to the owner himself. It had 
to be realized also that in high dose dosimetry the importance of technological 
problems has increased in recent years, first of all in sterilization of medical 
products. 

2. METHODS AND INSTRUMENTS 
In this section are summarized the efforts and results in the application of 

dosimetry in Hungary. The dose meters and dosimetric methods used in the 
Institute are as follows: 
2.1. Chemical dose meters 
2.1.1. Fricke dose meter: between 50 and 400 Gy; used as a secondary 

standard dose meter, up to 4 kGy/h. 
Field of application: 
(a) Mapping of the exposure field of irradiators. 
(b) Checking irradiation programmes at low doses. 
(c) Determination of dose rate basic points. 
(d) Calibration of the ethanol-chlorobenzene dose meter. 
(e) Checking dose distribution in irradiated product boxes (test dosimetry). 
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2.1.2. Ethanol-chlorobenzene dose meter: between 0.4 and 50 kGy, up to 
1 MGy/h dose rate. 

Field of application: 
(a) Mapping of the exposure field of irradiators. 
(b) Checking of medium and high dose irradiation programmes (0.5 to 3 kGy 

and 50 to 100 kGy/h) by the titration method of Dvornik and co-
workers. 

(c) Checking high dose irradiation programmes (radiation sterilization) by 
the oscillometric method. 

2.2. Physical methods 

2.2.1. Thermoluminescent dose meter (alumina): between 10 and 3000 Gy, up 
to 500 kGy/h rate (under 
introduction) [21]. 

Field of application: 
(a) Mapping of the exposure field of irradiators. 
(b) Checking irradiation programmes in low doses (agricultural products). 
(c) For modelling technological processes. 

2.2.2. Ionizing chamber detector: between 3 and 3000 mGy, up to 600 Gy/li 
dose rate, type VA-J-18, made in the German 
Democratic Republic. 

Field of application: 
(a) Mapping of the exposure field of large volume irradiators. 
(b) Fast determination of dose rate basic points! 

2.2.3. Semiconductor ratemeter: between lOGy/hand 1 MGy/h. 
Field of application: 
(a) Fast mapping of the exposure field of irradiators with standardized 

basic points. 
(b) Registration of the irradiation process. 
(c) Mapping of fine exposure field distribution, measuring isodose curves. 

2.3. Computer programs 

These are for mapping the relative distribution of exposure field. 
Field of application: 
(a) Fast, economic and detailed mapping of exposure fields of large volume 

irradiators, quick preparation of daily irradiation programmes for 
research irradiators. 

(b) Calculation of isodose rate curves. 
(c) Preliminary mapping of optimal arrangment of the source geometry. 
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D I S T A N C E A L O N G A X I S (cm) 

FIG.2. Dose rate distribution curve of a point source along the horizontal axis of symmetry. 

3. THE APPLICATION OF UNIFIED CONTROL METHODS IN DOSIMETRY 
FOR HIGH-ACTIVITY IRRADIATION FACILITIES AND PROCESSES 

3.1. Preparation of exposure rate maps and tables 

For the mapping of the field of small-volume laboratory irradiators,Fricke, 
ethanol-chlorobenzene dose meters, semiconductor ratemeters and computer programs 
are used. When installing units, loading new sources in the irradiators the required 
distribution of the exposure field (the possible configuration of the source 
elements) is discussed with the owner. Then the desired configuration of the 
exposure field is calculated by the computer program and the isodose and dose 
rate distribution curves are drawn. After loading the elements in the unit 
according to the program, the desired arrangement and rate distributions are 
controlled by the methods mentioned. When necessary the exposure rate 
distribution is checked with absorbents too, depending on the wishes of the owner. 
Isodose rate curves of a Gammacell-type laboratory irradiator are shown in Fig. 1. 
Experiments in these types of irradiators have shown that the inhomogeneity of 
the exposure rate field varies from 4% to 50% in a volume of about 3 ltr [22], 
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FIG.3. Dose rate distribution curve of a cylindrical source by computer program and by 
chemical and physical methods. 

In the case of a source with a 'point-like' geometry the inhomogeneity of 
the dose rate distribution can be much more extreme. Such a distribution can 
be seen in Fig.2 [22]. The calculation of the exposure rate by the computer 
program is very simple and is checked by ionization chambers and semiconductor 
detectors. 

In the case of high activity and large volume irradiators, data given by the 
computer program will be controlled by the chemical and physical methods 
already mentioned (Figs 3 and 4) [14], 
3.2. Application of 'test dosimetry' in pilot and industrial irradiators 

When it is necessary to know the detailed dose distribution in the product 
(e.g. for the licence from health authorities or for the determination of the 
technological parameters of the process) the 'test dosimetry' is used. If the speed 
of the conveyor allows the dose to be reduced to 10% or 1% of the desired one 
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1 2 3 4 5 6 7 8 9 

D 1 4 1 . 5 1 3 0 1 3 9 . 5 1 5 1 1 4 3 . 2 1 5 0 1 4 4 1 3 2 1 4 1 . 5 

DM ( 1 . 09 ) ' ( 1 . 0 0 ) ( 1 . 03 ) ( 1 . 16 ) ( 1 . 10 ) ( 1 . 16 ) ( 1 . 0 1 1 ) ( 1 . 02 ) ( 1 . 09 ) 

s - 0 . 6 3 2 + 6 . 0 3 + 1 . 1 4 + 6 . 0 3 + 0 . 5 6 + 5 . 4 3 + 1 . 1 4 - 7 . 3 - 0 . 6 3 2 

D 1 3 9 . 5 1 2 9 . 5 1 3 8 . 2 1 4 4 1 4 6 . 1 1 5 6 . 5 1 5 0 1 3 2 1 4 8 

Oh! ( 1 .08 ) ( 1 . 00 ) ( 1 . 07 ) ( 1 . 11 ) ( 1 . 13 ) ( 1 .21 ) ( 1 . 16 ) ( 1 .02 ) ( 1 . 1 1 4 ) 

s - 2 . 0 4 - 9 . 0 5 - 2 . 9 5 + 1 . 1 2 + 2 . 6 . + 9 . 9 + 5 . 4 3 - 7 . 3 + 3 . 8 

D 1 4 1 . 5 1 3 1 . 4 1 4 0 . 3 1 4 6 1 4 9 1 46 . 1 1 4 0 1 4 0 1 4 0 . 5 

( 1 . 09 ) ( 1 . 01 ) ( 1 . 10 ) ( 1 . 1 6 ) ( 1 . 15 ) ( 1 . 1 2 ) ( 1 . 1 3 ) ( 1 . 0 8 ) ( 1 . 0 8 ) 

s - 0 . 6 3 2 - 7 . 7 + 0 . 4 2 + 5 . 4 3 + 4 . 6 3 + 2 . 6 + 2 . 5 2 - 1 . 6 8 - 1 . 3 3 

0 : dose (Gy) 

D h ( : local overdose ratio (dose max./local dose) 

s: standard deviation (%) 

Product density: 200 kgf/rn3 

FIG. 5. 'Test dosimetry' by Fricke method. 

of 25 kGy, the detailed distribution of the dose in the product, or the parameters 
of the process, may be determined by the ethanol-chlorobenzene dose meter 
or by the Fricke method. The reduction of the desired dose in the 'test dosimetry' 
allows the process and the measurements to be repeated without the risk of 
damaging the product, and there is no need to have phantom materials. A 'test 
dosimetry' with reduced doses is shown in Fig.5. If there is no possibility to speed 
up the conveyor, or the products cannot tolerate higher doses, phantom 
materials have to be used. If the product is insensitive to higher doses the dose 
distributions and the parameters of the process should be determined in the 
products themselves. 

A 'test dosimetry' with the desired dose and with the original products is 
shown in Figs 6 and 7, measured in two different types of irradiator. During 
this checking of the irradiation process the product boxes contained about 
100 dose meters. As a result the exact places of the minimum and maximum 
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1 2 3 4 5 6 7 8 9 

1 0 14.6 11.9 15.0 14.3 9.4 12.9 14.5 11.9 13.7 

II [) 17.9 15.2 17.9 17.7 13.5 16.7 20.0 15.2 17.0 

I I I D 17.5 15.2 18.5 17.3 13.2 17.2 19.3 14.8 16.7 

I V D 17.9 14.4 11.5 16.7 11.6 15.4 17.3 14.4 15.7 

v D 14.3 12.2 14.4 15.0 8.3 13.0 14.6 11.5 13.9 

D : d o s e ( k G y ] 

D h : d o s e r a t i o ( 2 0 / 8 . 3 = 2 , 4 | 

P r o d u c t d e n s i t y : 5 0 0 k g f / m 3 

FIG.6. Dose distribution in product boxes containing animal food, measured by ethanol-
chlorobenzene dose meter. 

doses in the boxes were determined, the places where the control dose meter 
should be located during the industrial process. Data obtained from the 'test 
dosimetry' allow the overdose ratio, the efficiency, capacity, dwelling time of the 
conveyor etc. to be calculated. When reloading the irradiator, a new 'test 
dosimetry' has to be carried out. 
3.3. Process control dosimetry 

Before the installation of an irradiator several checkings take place, e.g. 
'test dosimetry'. The dose delivered to the products, even when there is enough 
information from the 'test dosimetry' or from the producer of the facility, must 
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Dimensions in millimetres 

SI 191/ / 

4 8 5 

1 2 3 4 5 6 7 8 9 10 11 12 

V 22.7 20.5 20.7 20.2 22.2 22.2 20.7 20.7 20.7 21.7 22.5 20.9 

I V 22.7 20.7 20.7 20.7 22.5 23.2 20.7 21.1 20.7 22.2 22.5 21.1 

I I I 22.7 20.7 20.7 20.7 22.7 23.2 21.1 20.5 20.5 22.5 2 3 . 5 * 20.5 

II 111 20.9 20.7 20.7 22.5 22.5 20.7 20.9 20.5 22.7 23.2 21.3 

1 22.7 20.7 20.5 21.1 22.2 22.7 21.1 20.7 20.5 21.7 22.0 20.7 

Average 22.7 20.7 20.7 20.7 22.4 22.8 20.9 20.9 20.6 22.2 22,7 20.9 

13 14 15 16 17 18 ' 19 20 21 22 23 24 25 

V 20.5 20.9 22.2 22.5 21.1 20.5 20.7 22.7 22.7 20.9 20 .0 * 20.5 22.2 

IV 20.5 20.7 22.2 23.0 20.9 20.7 20.9 22.0 22.2 20.9 20.5 21.1 23.0 

I I I 20.9 21.3 22.2 23.2 21.1 21.3 21.3 22.5 23.2 21.7 20.9 20.9 23.2 

II 20.9 21.3 23.0 23 .5 * 21.1 20.9 21.3 23.2 23.5 21.5 20.7 20.9 23.2 

1 20.5 20.9 22.2 23.0 20.7 20.2 20.7 22.0 22.7 21.1 20.7 20.7 22.5 

Average 20.7 21.0 22.4 23.0 21.0 20.7 21.0 22.5 22.9 21.2 20.6 20.8 22.9 

D : k G y 

P r o d u c t d e n s i t y : 1 4 0 k g f / m 3 

2 3 . 5 * 
[ X = = 1 . 1 8 

" 20* 
P r o d u c t b o x e s w i t h m a t e r i a l d e n s i t y : 4 0 k g f / m 3 

FIG. 7. Dose distribution in product boxes containing disposable needles, measured by ethanol-
chlorobenzene dose meter. 
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FIG. 8. Arrangement of dose meters on boxes in the K-120-type irradiator. 

be controlled regularly. In Hungary the dose control of the products in two 
pilot-scale [7, 8] and in an industrial facility [23] — between 3 and 50 kGy — is 
carried out by the oscillometric ethanol-chlorobenzene method [24], 

The dose meters are placed at the minimum dose areas on the product boxes 
or carriers, determined by the 'test dosimetry'. These are also the areas where the 
microbiological tests have to be placed. In the industrial radiosterilizer of the 
Medicor Works, Debrecen, Hungary [23], the minimum dose areas are on the top 
of the product boxes, but dose meter ampoules are put only on every fourteenth 
box. Thus when 260 to 270 boxes are in the irradiation chamber at the same 
time they will be checked continuously at least by six dose meters. The pilot-
scale research irradiator of the Phylaxia Enterprise, Budapest [8], will be controlled 
by dose meters put on the product carriers or on the top of each product box. 
In the case of the cobalt-60 irradiating facility in the Institute, which is not 
provided with a conveyor and the product boxes have to be turned manually, not 
only the minimum, but also the maximum dose areas are controlled (Fig.8). 
The technological parameters of this type of irradiator, which can be found in 
other countries too, need a more detailed dose control. According to the irradiation 
technology at the Institute it was found that the dose homogeneity of the boxes 
was as good as in the industrial facilities. The pilot-plant radiosterilization with 
this unit was started 10 years ago in Hungary, and experience acquired in technology 
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Product 
carriers i-Detector 

FIG.9. Arrangement of semiconductor dose meters in the JS-6900 irradiator, Medicor Works, 
Debrecen. 

* Product in 

FIG.10. Arrangement of semiconductor dose meters in the pilot food research irradiator, 
Enterprise Phylaxia, Budapest. 
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FIG.11. Arrangement of semiconductor dose meters in the K-120 research irradiator, Institute 
of Isotopes, Budapest. 

and dosimetry. These types of irradiator are suitable not only for sterilization but 
also for research and other technological investigations. The wide range of their 
application recommends their use in the developing countries. 

After irradiation the numbered dose meter ampoules are read by the 
oscillometric method, and the data are registered and stored for 5 years. The 
evaluation of an ampoule needs not more than 0.5 to 1 min. According to 
experience in the Institute the sealed ampoule can store the dose values without 
any change for 5 years. The continuous process control in the high-activity 
irradiators in Hungary mentioned previsouly takes place with ethanol-chlorobenzene 
dose meter systems using 2000 to 3000 ampoules annually, prepared and calibrated 
by the Institute. The evaluation of the ampoules is carried out at the irradiation 
with calibrated ampoules and calibration tables by a trained person. 

The ethanol-chlorobenzene dose meter is independent of temperature up to 
at least 80°C. However, during reading out, the temperature of the ampoules 
may increase because of the high-frequency field. Therefore the ampoules should 
be kept in the ampoule holder only for the time needed for reading out. This 
temperature effect at the measurement of low doses (e.g. 3 kGy) may cause 
significant errors. At such low doses the inhomogeneity of the thickness of the 
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ampoule wall and the conductivity of the non-irradiated liquid have to be taken 
into account. These effects should be controlled in the case of exact measure-
ments. Though the method is less sensitive to impurities than other chemical 
dose meters, when preparing new solutions or ampoules the sensitivity of the 
dose meter should be checked in every case. 

Another advantage of this method is that both the oscillometer ($1000) and 
the ampoules with solutions ($0.25) are relatively cheap and available all over 
the world. The method has been proved to be useful in the last 8 years in Hungary 
and abroad too. The accuracy of the method is between ±5 to 10% which fulfils 
the requirements of industrial control. 

3.4. Process control by semiconductors 

The semiconductor method has already been introduced in the industrial 
and in both pilot-scale irradiators mentioned previously. The semiconductor 
detector in a short-circuit or open-circuit operation is applied at a fixed point 
of the irradiation chamber (Figs 9—11). The intensity of the radiation defected 
depends on the material moving before the source, on its absorbing radiation or 
not (Figs 9 and 10). The signal produced by the detector is registered by a 
recorder, thus following the movement of the products before the source, and 
contains the following information: 

(a) The position of the gamma source. 1 

(b) The density of the irradiated product and its change. 
(c) The time of the movement of the conveyor. 
(d) Registration of technological disturbances in time (i.e. absence of 

sources, stop of the conveyor). 
This method has a great importance when working without operators at 

night or at the weekend. In the case of electricity failure information is also 
received about rate distribution in the irradiation chamber, i.e. whether the 
source rack has stopped or not, where and for how long a time. The semiconductor 
ratemeter in the K-120-type irradiator of the Institute is placed along the vertical 
symmetrical axis of the sources, so the signal of the detector is also proportional 
to the number of the sources (Fig.l 1). 

3.5. Process control by dose indicators 

In addition to the chemical and semiconductor dose control systems, dose 
indicators are also used in all three high-activity irradiators mentioned previously 
in the range of 3 to 30 kGy. Dose indicators produced by the Plastic Research 
Institute, Budapest, enable a visual check to be made between the irradiated and 
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non-irradiated products; they are 'go, no-go' indicators. It is proposed to use them 
first of all only for checks at the place of irradiation. Outside this area the 
behaviour of indicators is unknown and information about them is unreliable. 

Summarizing the experiences of the Institute it can be said that by unifying 
and centralizing the 'process control' methods an important step forward has been 
made in the control of industrial irradiation. This centralized control increases 
also the safety of the fulfilment of requirements prescribed for the products. 
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Abstract 

PROBLEMS ENCOUNTERED IN THE USE OF PLASTIC AND CHEMICAL DOSE METERS 
FOR PLANT COMMISSIONING. 

The dosimetry performed at the commissioning of an industrial gamma sterilization plant 
must provide accurate and reliable information for determining the radiation performance 
characteristics in order that commercial sterilization can commence with a minimum of delay. 
Experience at the commissioning of 40 industrial gamma irradiators has shown that the combined 
use of plastic and chemical dose meters will give reliable results provided that sufficient controls 
are used. Errors can occur if reliance is placed solely on readings from a single dosimetry system 
calibrated under laboratory conditions. 

INTRODUCTION 
The basic processing parameters of each new industrial gamma sterilization 

plant must be verified by dose measurements during the plant commissioning. 
These measurements must confirm that the irradiator is functioning correctly, 
the source geometry is satisfactory, and the processing rate and the dose uniformity 
ratio are within the irradiator specifications. The processing rate chosen to ensure 
that all products receive a specified minimum dose and that no product receives 
excessive doses which can result in product degradation must be based on consider-
ations of the confidence limits for the accuracy of the dose readings. The 
possibility of having to repeat any measurements must be kept to a minimum. 

The plant may be installed anywhere in the world and the conditions 
encountered on site may vary widely. The irradiator may be located on the 
premises of a large manufacturing company with a well-equipped quality control 
or research laboratory having sophisticated measurement equipment and skilled 
technicians, or the irradiator may be an independent service facility having little 
access to instruments or skilled personnel. Extremes of temperature and humidity 
may be encountered. 

9 7 
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USE OF PLASTIC AND CHEMICAL DOSE METERS 
A reliable reference dosimetry system suitable for use under extreme 

conditions must be used. The reference dose meter must have well-known 
response characteristics with minimal dependence on such factors as temperature, 
humidity, dose rate, and photon energy spectrum. A high degree of stability ' 
before irradiation is required as dose meters may be brought to the site weeks 
or months prior to the dosimetry run. 

If the reference dose meter is stable after irradiation, dose meters can be 
returned to the preparation laboratory for reading under standard conditions. 
Dose meters irradiated to known doses can also be provided as controls for 
checking instruments used for on-site readings and for ensuring that environ-
mental factors have not caused any changes in the dose meters. 

The requirements for reference dose meters used for plant commissioning 
and read in a controlled laboratory are similar to those requirements for dose 
meters to be used for mailed intercomparisons. Dose meters found to be suitable 
for the IAEA High-Dose Intercomparison will also be suitable for plant commis-
sioning. An additional desirable feature for a reference dose meter is the 
capability for on-site readings using a portable read-out instrument. This enables 
immediate results to be obtained to verify the irradiator performance. 

The ceric sulphate dosimetry system has been used by Atomic Energy of 
Canada Limited, Commercial Products (AECL-CP) as the reference dosimetry 
system for the commissioning of gamma sterilization plants since 1964. Ceric 
sulphate dose meters irradiated in the dosimetry run are returned to the AECL-CP 
laboratories in Ottawa, Canada, together with a number of controls. The irradiated 
dose meters are read at 320 nanometres on a Beckman UV 5260 spectrophoto-
meter. The controls are used to verify that G(Ce 3 +), the number of ceric ions 
reduced to cerous ions per 100 eV of absorbed dose, has not changed. 

For the last few years a modified form of the ceric sulphate dosimetry 
system has also been used. Ceric-cerous dose meters containing approximately 
equal initial concentrations of ceric and cerous ions have been provided for on-
site reading using electrochemical potentiometry [ 1 ]. The Megarad Meter, a 
special reader developed by the Australian Atomic Energy Commission, is used 
to obtain a direct read-out of the dose in megarads [2]. For checking the 
reliability of these on-site ceric-cerous readings a number of control dose meters 
irradiated to a known dose are read with the dose meters from the dosimetry run. 

Routine dose meters which are reproducible and are simple to read are used 
together with the reference dose meters for determining the dose distribution 
through the product volume. Dosimetry systems using plastics which change in 
optical properties after irradiation are suitable for this purpose. Ease in reading 
means that a large number of dose meters can be used, thus ensuring that dose 
meters are located at the minimum and maximum dose meter positions. 
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Injection-moulded cylinders of red Perspex supplied by AECL-CP as a 
routine dose meter are used for dose distribution measurements. As this system 
is dose rate dependent, there will be some difference between the calibration 
curve obtained at a constant dose rate and the curve for the varying dose rates 
in the gamma sterilization plant. These readings must be normalized to the eerie 
sulphate results. 

It was also considered desirable to include dose meters from an independent 
dosimetry system to increase the confidence in the dosimetry results. Perspex 
Hx dose meters supplied by the United Kingdom Panel for Electron and Gamma 
Irradiation were tried for a period of time but were found to give non-reproducible 
results when read at 305 nanometres. Type red 4034 Perspex dose meters 
supplied by the Atomic Energy Research Establishment, Harwell, Berkshire, 
United Kingdom, are now being used as the independent check. 

PROBLEMS ENCOUNTERED IN PLANT COMMISSIONING 
Limitations in the use of plastic and chemical dosimetry systems due to 

dose rate, temperature and spectral effects have been described elsewhere [3,4]. 
In this area there are still some discrepancies between theoretical calculations 
and experimental data. Calculations by Brynjolfsson [5] indicated that significant 
errors could occur with eerie sulphate dosimetry due to degraded energy effects. 
An experiment by Matthews [6] in an industrial irradiator installed by AECL-CP 
showed effects due to the degraded energy spectrum to be negligible. Recent 
calculations and measurements by Brynjolfsson et al. [7] show that the degraded 
energy effects are less than previously expected. However, Jarrett et al. [8] 
indicate that wall effects may introduce significant errors for chemical dose 
meters in glass ampoules. More theoretical and experimental work is required 
in this area to establish the magnitude of these effects on the accuracy of 
megarad dosimetry. 

When several dosimetry systems are irradiated together there will be some 
differences between readings obtained with the different systems. Ceric-cerous 
dose meters read on-site on the Megarad Meter have generally been in good 
agreement with eerie sulphate dose meters read at AECL-CP on a spectrophoto-
meter. In one instance the ceric-cerous readings were 4% higher than the eerie 
sulphate readings. This was considered to be a statistically significant difference 
and attempts are being made to narrow this difference through the use of more 
irradiated and non-irradiated controls. 

Much larger differences are found between the eerie sulphate readings and 
the red Perspex 4034 readings. This indicates a fundamental difference in the 
response of the two dosimetry systems between the conditions encountered in 
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the industrial irradiator compared with the conditions in the calibration facility. 
Further studies on environmental effects for the two dosimetry systems are 
required to determine the cause of this difference. 

RECOMMENDATIONS 
For determining processing parameters for industrial irradiators the most 

reliable dose measurements based on the latest developments should be used. 
For greatest reliability, controls irradiated to known doses and read with 
reference dose meters irradiated during the dosimetry run provide checks on 
both instruments and dose meters. 

To minimize the differences expected from different dosimetry systems 
further fundamental studies on environmental effects and factors influencing 
dose meter response must be performed. Intercomparisons between the reference 
systems used by different suppliers, users or national standards organizations 
must be performed in industrial gamma sterilization facilities. These may be 
informal Lntercomparisons performed between two parties to resolve differences 
between two systems. However, greatest confidence in megarad dosimetry will 
be gained through an international intercomparison co-ordinated by the IAEA. 
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Abstract 

EVALUATION OF SEVERAL HIGH-LEVEL DOSIMETRY SYSTEMS IN ROUTINE USE. 

The adequacy for routine use of several dose meters in the range from 1 to SO kGy 

(0.1 to 5 Mrad) has been checked by intercalibration in a dosimetrically standardized rig at 

a 10 kCi cobalt-60 source. The results of the evaluation are presented with tables and figures. 

1. INTRODUCTION 

Radiation processing in many areas, particularly in radiation sterilization, 
comprises the absorbed dose range of several megarad (region of 0.1 to 10 Mrad or 
1 to 100 kGy). For this region many dose meters have been proposed, but their 
qualifications still can not compete with the dose meters for lower dose ranges 
(103 to 10s rad or 10 to 100 Gy), as concerns reproducibility, ease of operation, 
reliability or accuracy (e.g. Fricke solution). 'Easy-to-use' high-dose dose meter 
systems usually have a higher dispersion of results, and the more accurate ones 
require elaborate reading techniques. An impartial survey of a number of 
promising dose meters, based on intercalibration, was therefore needed. Such an 
intercalibration was the main objective of the present work; it was expected to 
obtain some reliable indices to the practical usefulness of those dose meters for 
their application in industrial radiation processing. 

2. IRRADIATION TECHNIQUE AND STANDARDIZATION 

As the radiation source a 10 kCi research radiation facility, having a fairly 
good circular radiation field geometry, was used. The irradiation rigs with fixed 
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FIG.I. Irradiation rig of polystyrene foam and its position relative to the radiation source at 
the Boris Kidrit Institute experimental irradiation facility, (a) Horizontal cross-section, 
(bj Vertical cross-section. S and D denote the irradiated and dummy samples when only three 
samples were irradiated. 

geometry were produced from styrofoam of 5 cm thickness having a density of 
15 mg-cm -3. They were cut in circular sectors in which five holes for the samples 
were drilled at fixed distances (Fig.l). The closest distance was 18 cm, whereas 
the most distant one was at 40 cm from the source axis. These distances were 
chosen so as to provide that the highest dose rate was approximately five times 
higher than the lowest one, the positions inbetween provided the factors of 2, 
3 and 4. In such a way an irradiation rig was produced by which in one single 
irradiation time, five equidistantly spaced absorbed doses could be obtained. In 
these irradiation holes the black polyethylene capsules (1.7 cm diameter, 7 cm 
long, 1 mm wall thickness) were inserted. 

For liquid dose meters the commercial 5 ml ampoules were used. They fit 
well into the polyethylene capsules in the rig. The ampoules were, without 
previous washing, wrapped in aluminium foil and baked at 400°C for 2 hours. 
After cooling the ampoules were unwrapped, filled with the dose meter solution 
and sealed. They were then either stored or irradiated. When Fricke solution 
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was used the ampoules were not sealed because of the short irradiations, and 
reading was carried out immediately after filling. 

For irradiation of thin films with radiochromic dyes the condition for 
electron equilibrium was made so that the films were irradiated between 5 mm 
Perspex plates, i.e. in a 'sandwich', which was inserted into the plastic capsules 
in the rig. The red Perspex samples were placed directly into the capsules, their 
plastic/aluminium sachets being twisted. 

Series of five dose meter samples to be calibrated were usually placed into 
the positions from 1 to 5 and irradiated for a measured time. The dose for each 
sample was calculated from the irradiation time and the dose rate, which was 
standardized for the respective position. This comprised (as an assumption) 
that the dose meter was not dose rate dependent within the dose rate ratio of 
1:5. If less than five samples were irradiated, glass ampoules with water (dummy 
samples) were placed into the unused positions. 

In order to standardize the irradiation positions in the rigs the Fricke solution 
(10 - 2 mol-ltr"1 Fe 2 + , 10 - 3 mol- l t r - 1 NaCl in 0.4 mol-ltr"1 H 2 S0 4 ) was used. 
Since a number of rigs were produced, the irradiation positions in each rig were 
calibrated. It is interesting to note that a fairly good reproducibility of the dose 
rate for respective places in different rigs has been observed. The slight differences 
from one rig to the other have been taken into account, i.e. for calibration of the 
tested dose meters the actual values for the respective rig were used. 

It has been proven that the 'age' of the Fricke solution does not play a 
significant role in its use, if the absorbancy of the irradiated solution was measured 
against the unirradiated one. The dose meter solution was kept in a 1 ltr volumetric 
flask, usually in the dark. An increase of its absorbancy with time (during weeks 
or months) was observed but this did not influence the measurement. This is 
illustrated in Table I where the calibration results of two rigs are presented. The 
calibrations were made both with a Fricke solution which was kept on an open 
table for 2 months and with a newly prepared solution. The absorbed dose was 
calculated from the relation [ 1 ] 

D/rad = 2.75 X 104 X AA 

where AA is the absorbancy of the irradiated solution against the unirradiated 
solution. (The relation comprises: 1 cm optical length, 2195 ltr mol"1 • cm - 1 

absorptivity at 304 nm, 1.024 solution density, 25°C temperature.) 

3. INTERCALIBRATED DOSE METERS 

3.1. Red Perspex 

The commercially-available red Perspex 4034 E, produced by AERE, 
Harwell, was used in the present work. It comes in pieces 1 X 3 cm and 0.3 cm 
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TABLE I. RESULTS OF THE CALIBRATION OF IRRADIATION POSITIONS IN RIGS I AND II 
(Absorbancy of the old versus the new solution was 0.345.) 

Rig I 

Position 

Rig II 

Position 

1 2 3 4 5 1 2 3 4 5 

Absorbancies for 2-month old solution, 

exposure 3 min 

0.435 0.357 0.290 0.188 0.103 

0.443 0.360 0.289 0.188 0.105 

0.431 0.346 0.290 0.186 0.106 

0.428 0.343 0.287 0.186 0.102 

Absorbancies for the new solution, 

exposure 3 min 

0.434 0.355 0.285 0.186 0.100 

0.437 0.355 0.288 0.187 0.100 

0.453 0.355 0.288 0.185 0.101 

0.431 0.345 0.286 0.184 0.100 

0.430 0.344 0.286 0.185 0.100 

0.428 0.340 0.286 0.185 0.100 

Dose rates (Mrad-h"1) 0.242 0.196 0.158 0.103 0.056 0.237 0.189 0.158 0.102 0.056 

Standard deviations (%) 1.7 0.6 0.6 0.7 1.8 0.3 0.7 0.6 0.4 2.5 
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FIG.2. Calibration diagram for red Perspex 4034 E. Spectrophotometer readings made 
at 640 nm. 
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FIG.3. Stability of red Perspex 4034 E (opened sachets) and radiochromic dye films (FWT-60). 
First readings 16 to 17 h after irradiation. 



1 0 6 RADAK 

thickness approximately. Each piece is sealed in an air-tight sachet with an inner 
layer of polyethylene and an outer layer of aluminium foil. When irradiated it 
changes colour, which is then measured at 360 nm. The pieces were irradiated 
in the sachet in which they were kept before reading [2], The absorbancy at 
640 nm, AAj, was read and then the actual thickness was measured with a micro-
meter caliper. The same procedure was carried out with a number of unirradiated 
samples to obtain AA0 . The net absorbancy per centimetre of thickness (AA) 
was then plotted against the absorbed dose: 

where lj and 10 are the thickness of irradiated and unirradiated samples, in 
centimetres. 

The experimental results are presented in Fig.2 as net absorbancy per 
centimetre of thickness as a function of absorbed dose in Perspex (practically 
the same as in the Fricke solution). It can be seen that the calibration differs with 
the time after radiation when the reading was made. It is higher just after 
irradiation but it is 'stabilized' after a day. This holds for the samples which were 
kept in the sealed sachets until reading. However, once their sachets were opened, 
some more pronounced fading effects were observed. The fading effects, in such 
a case, also depend on the absorbed dose. This is illustrated in Fig.3 where the 
fraction of initial absorbancy (taken 17 hours after irradiation) is presented 
against the time. 

Conclusions 

When using the red Perspex dose meter the following is advisable: 

By studying the experimentally obtained calibration curve (the one 
supplied by the producer is just the tentative one), to check the range 
of application. (In the present case the useful range is between 1 and 
about 3 Mrad, although the manufacturer claims from 0.5 to 5 Mrad.) 

To read the absorbancies of irradiated films 1 or 2 days after irradiation. 

Note also the following two points: 

Readings of the samples from sachets opened a day or more before 
measurement should not be considered as acceptably accurate. 

The dose meters are suitable for shipment by air mail. 

3.2. Radiochromic dye films 

The commercially-available dose meters of this type suitable for the mega-
rad dose range come in the form of colourless film pieces ( 1 X 1 cm) or larger 
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FIG.4. Absorption spectrum of FWT-60 film. 
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FIG. 5. Correction diagram for dose response of the FWT-60 films (Nylon) versus irradiation 
temperature. 
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sheets of 20 to 100 Mm thickness. They are produced by Far West Technology 
Inc., 330 S. Kellog, Goleta, California, USA. The basic carrier material is Nylon 
in which the substituted leucocyanide of aminotriphenyl methane dye is dissolved 
[2]. They are photosensitive and should be handled under incandescent or filtered 
neon light of not too high an intensity. They are not sensitive to normal air 
humidity, if it is not excessively high. Therefore the films should not be touched 
with the fingers, fine tweezers should be used. For irradiation they should be 
wrapped in the light-tight envelopes. After irradiation an intense blue colour is 
developed with a pronounced maximum suitable for measurement at 605 nm 
(Fig.4). For higher absorbed doses the wavelength of 510 nm is recommended 
since the absorbancy at 605 gets too high. The measured absorbancy should be 
corrected for the temperature of irradiation (Fig.5). 

The absorbancy of irradiated films is measured against air at the respective 
wavelength (605 or 510 nm), and at 720 nm where the absorption can come only 
due to some damage of the film (e.g. if it gets 'cloudy' or 'milky'). After this 
optical measurement the thickness of the film is measured with an accurate 
caliper, the precision of which should be ±1 Mm at least. The absorbancies of 
unirradiated films are then measured normally at 510, 605 and 620 nm in order 
to obtain the Aq and A" 0 . The absorbancy for the wavelength X per unit thick-
ness, AAj/mm is then obtained from the relation: 

. (A^ — A?20) — (Aq — AQ20) 
A A j V m i n = 

where is the thickness of the measured, i-th, film. The values of A0 can amount 
to more than 15% of A x . 

In the present work ten batches of films (FWT-60) and four sheets (FWT-65) 
of the Far West Technology production and two film sheets produced in AERE 
RIS0, Denmark, were tested and intercalibrated. It would be too much to 
present here all the calibration diagrams obtained (more than 30, each film was 
measured at two wave-lengths) since they are all alike. One of them, obtained for 
FWT-60 Batch E for A = 605 nm, is presented in Fig.6. The response curve is 
slightly bent (non-linear). This curve was obtained by measuring the films 
irradiated at three different places: National Bureau of Standards (USA), 
AERE RIS0 (Denmark) and Boris KidriC Institute - VinCa (Yugoslavia), and at 
different times. The absorbed dose has been taken as measured in the respective 
laboratory. As can be seen from the figure, and it was the same for all other 
batches, all these different values followed the same calibration line with a highly 
acceptable limit of precision (estimated to ±3%). The irradiated films did not 
show any considerable fading effect (see Fig.3). Moreover, the absorbancies of 
some of them were checked after being kept for 8 months in a drawer in the 
laboratory. 
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There is, however, an effect which has been found only recently and is 
under investigation now. By recalibration of three batches of films a lower 
calibration curve is found. Moreover, when films were exposed to the lower dose 
rates still lower values were obtained (see Fig.6). It is difficult to explain what 
happened to the unexposed films since they were kept in the same drawer with 
the irradiated ones, which still kept their old absorbancies. 

Conclusions 

Radiochromic dye films are suitable for absorbed dose dosimetry and 
recommended for sophisticated dose mapping studies. 

They are stable after irradiation, showing only initially a negligible fading 
effect. Therefore they are suitable as 'data keeping' for a 1-year period, if 
precautions are taken for storing the photosensitive materials. Because of this, 
they are suitable for intercomparisons. 

The precision limits of 2 to 3% can be achieved with careful work. The 
following should, however, be borne in mind: although not in principle, it is 
practically a differential method due to the fact that the unirradiated films have 
rather high absorbancies. This might increase the limits of error at the lower 
doses, which particularly holds for the measurement at 510 nm. 

For the most practical cases the films do not depend on irradiation tempe-
rature. Corrections of this kind should be made only if the temperature of the 
measured radiation field differed from the one at the calibration procedure by 
more than 5°C. 

Special care must be taken for the thickness measurement. The precision 
of the thickness gauge of ± 1 /im contributes ±2% to the experimental error if the 
film thickness amounts to 50 nm. It is also advisable to use the same thickness 
gauge for calibration measurement as for the measurement in the unknown radiation 
field. 

The calibration curve should be checked always before using the film in the 
radiation field to be measured. 

3.3. Oxalic acid 

An oxalic acid dose meter suitable for the dose range up to some tens of 
megarads is prepared by making a 50 mmol-ltr"1 oxalic acid solution in triply-
distilled water (once from alkaline permanganate, once from acidic dichromate 
and finally without additives) [3]. When this solution is exposed to ionizing 
radiation, oxalic acid decomposes gradually by following the relation: 

D = a Co log — 
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FIG.6. Calibration diagram for FWT-60 film (Batch E). Spectrophotometer readings made 
at 605 nm. 
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FIG. 7. Calibration diagram for 50 mmol• Itr'1 oxalic acid in water. 
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where Co and C are the concentration before and after irradiation, and a is a 
constant characteristic for a given kind of radiation. Both irradiated and 
unirradiated solutions are not photosensitive. The concentrations of oxalic acid 
can be determined by acidimetric titration with NaOH standardized solution. 

In order to obtain the calibration curve 5 ml ampoules, pretreated as 
described previously, were filled with the prepared oxalic acid solution and then 
sealed. After irradiation they were broken, 2 ml aliquots taken out and titrated. 
Figure 7 presents the values of log Co/C versus absorbed dose in water. Concentra-
tion C of the irradiated solution was the mean value of two titrated aliquots. From 
the slope can easily be calculated the a value which, calculated in electron volts 
per molecule (eV/molecule), amounts to 44. It is about 6% higher than the 
reported value of 41.5 eV/molecule [3], The standard deviation of the slope is 
rather high, about 8%. This might be due to the rather simple cleaning of 
ampoules, i.e. they were not treated in the way which is usual in radiation chemical 
studies. There is, however, another principal reason: this method is a differential 
one. Moreover, there is a logarithmic dependence^ It is easy to calculate that the 
difference in titration of the irradiated sample of 2 to 3% makes a nearly double 
error in the absorbed dose. 

Conclusions 

Oxalic acid aqueous solution is a robust doselmeter suitable for inter-
laboratory exchange of samples. 

It does not need precalibration. 
A larger number of samples should be applied in order to get more reliable 

results. The deviations of results can approach even 10% if the number of 
determinations is small. 

3.4. Ceric-cerous sulphate solution 

The eerie ion in 0.4 mol-ltr"1 H 2 S0 4 air-saturated solution when exposed 
to ionizing radiation undergoes reduction to the cerous form with a G(Ce 3 + ) of 
about 2.4 (depending on the concentration and, slightly, on the irradiation 
temperature). This dose meter is known as sensitive to impurities and to the 
action of light [1 ]. The difference in Ce 4 + ion concentration before and after 
irradiation is a linear function of the absorbed dose. It has also been found that 
the presence of Ce 3 + ions makes the solution less sensitive to the mentioned 
factors, which increases the stability and the shelfjlife of the prepared samples. 
The presence of Ce 3 + ion has practically no influence on the absorbancy of Ce 4 + 

which is measured at 320 nm with an absorptivity of 5600 ltr-mol -1 • cm - 1 . For 
different dose ranges different concentrations of cerium ions are recommended. 
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FIG.8. Concentration cell for direct potentiometric determination of the absorbed dose with 
ceric-cerous sulphate solution. 

For dose meter solutions in which [Ce4+ ] and [Ce3+ ] are equal the following has 
been published [1]: 

Initial concentration 

(mmol-ltr1) o.2 1.5 10 50 

Dose range (rad) 104-6X 104 6X 104-5X 10S 5X10 S -4X10 6 4X 106-2X 107 

Since the Ce4 + ion obeys Lambert-Beer's law in the concentration range between 
0.02 and 0.2 mmol-ltr -1 , the dose meter solutions have to be diluted with 
0.4 mol-l tr '1 H2S04 before measurement on a spectrophotometer. It makes 
this method to some extent elaborate if dealing with a larger number of samples. 

In order to avoid the dilution errors and to shorten the readout procedure, 
Matthews [4] measured the potential difference between the irradiated and 
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FIG.9. Spectrophotometric determination of GfCe3 j in ceric-cerous sulphate solution. 
(Ce4+j = 6.0 X yCT3 mol-ltr'\ (Ce3+) = 1.4 X 10~3 mol-ltr'\ Dilution 1:100. 

unirradiated Ce 4 + /Ce 3 + solution. He found a good agreement with the theoretical 
relation: 

D/Mrad = 
965 

p X G(Ce3+) 

(Ce4+)u + (Ce3^)u 
.4 + , (Ce )u 

3+1 

1 + (Ce3+/Ce4+)u X antilog 
AE 

59.16 

where the concentrations are presented by their initial values, p the density of 
the solution G(Ce3+) is given in number of ions per 100 eV, and AE in millivolts. 
Following this idea and its technical development [5] a concentration cell [6], 
shown in Fig.8, was constructed for such measurements. Potentiometric 
measurements with this cell of irradiated dose meters was the main objective in 
the present study. 

Cerous-ceric solution was prepared as recommended by Bjergbakke [ 1 ] by 
weighing a double weight of ceric salt and reducing one half with H202 . A 
solution of about 10 mmol-ltr - 1 with respect to both ions was prepared. The 
solution was kept in the dark for a week or more, then poured into the pre-baked 
ampoules, which were then sealed. Ampoules were stored in the dark before use. 



1 1 4 RADAK 

2.0 

10 2 0 3 0 4 0 5 0 6 0 70 8 0 

m V 

FIG.10. Potentiometric determination of the absorbed dose with the ceric-cerous sulphate 
solution from Fig.9. Solid line is the theoretical curve; o experimental values. 

The series of irradiated samples were measured in parallel at the spectrophotometer 
(by diluting the aliquots 1:100), and at the concentration cell. In both cases the 
measurements of irradiated samples were made by using the unirradiated samples 
as a blank. From spectrophotometry the G(Ce3+) was derived, as well as the initial 
concentration of Ce4 + ion (against 0.4 mol-ltr"1 H2S04). The initial Ce3+ con-
centration was derived from the difference between (Ce4+) and 0.02 moMtr - 1 . 
This was then applied to the equation cited previously in order to obtain the 
theoretical relation between the absorbed dose and potential difference. The 
potentiometric measurements were made with a digital voltmeter with a precision 
of ±0.1 mV. The results of measurements with two dose meter solutions are 
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FIG.11. Spectrophotometry determination of G(Ce3+) in ceric-cerous sulphate solution. 
(Ce**) = 9.7 X 10'3 mol-ltr'\(Ce3+) = 10.3 X 10'3 mol-ltr'1. Dilution 1:100. 

presented in Figs 9, 10, 11 and 12. It can be seen that the G(Ce3+) values agree 
very well with the ones reported by the other authors [1] for the respective con-
centrations of cerium ions. The potentiometric values follow the theoretical 
relation. It is interesting to note that the ampoules were stored for some months 
before use, moreover some samples were measured 4 months after irradiation. 

Conclusions 

The preparation of dose meter samples (solution and treatment of ampoules) 
described is acceptable for routine measurements. 

If the spectrophotometric method is applied, a high precision can be achieved. 
With this reading technique this system is adequate for setting the processing 
parameters of the radiation plant. 

The potentiometric measurements gave reasonably good results for routine 
measurements. For a higher precision some additional sophistication of the 
concentration cell is needed. 

3.5. Radiochromic dye solutions 

Liquid solutions of triamino triphenylmethane dye derivatives were reported 
as suitable for dosimetric determinations [ 1, 2, 7]. It has been found that the 
solution of pararosaniline cyanide (PCN) dye precursor in 2-methoxy ethanol 
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FIG.12. Potentiometric determination of the absorbed dose with the ceric-cerous sulphate 
solution from Fig.11. Solid line is the theoretical curve; o experimental values. 

can be applied for the doses up to several hundreds of kilorads; the upper limit 
depended on the initial concentration of the dye and the additives used [7]. 
The dose meter solution is colourless, whereas after irradiation the intense red 
coloration appears. It has also been proven that the G-values for the coloration 
did not depend on the dose rate within a very wide range (from 10a to 1014 rad- s ). 
The G-value, however, has to be checked for each production batch by calibration. 
The absorptivity of the dye formed is very high, amounting to 
1.4 X 10s mol-ltr -1 • cm - 1 at a wavelength of 550 nm. The coloration is reported 
as very stable with time. Similarly to the radiochromic films, the liquid solutions 
are sensitive to UV light and should be handled under incandescent light of lower 
intensity. 
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FIG.13. Calibration curve for 2 X 10'3 mol• Itr'1 of pararosaniline cyanide (PCN) in 
2-ethoxy ethanol, 02 saturated. Net absorbance values measured in 0.5 ml cell at 550 nm 
calculated for 1.0 cm optical length. 

The dose meter solution, 2 mmol-ltr - 1 of pararosaniline cyanide (molecular 
weight 314.4) (product of Far West Technology Inc., 330 S. Kellogg, Goleta, 
California, USA) in 2-methoxy ethanol slightly acidified with acetic acid 
(17 mmol-ltr"1) was prepared and then saturated with oxygen by bubbling the 
gas through the solution for 1 hour. The oxygenated solution was then poured 
into 5 ml ampoules treated as described before. The ampoules were then sealed. 
During the sealing of some of the ampoules a kind of explosion was heard, 
probably due to the higher vapour pressure of the solvent and an excessive amount 
of oxygen. The sealed ampoules were inserted in black-covered polyethylene 
capsules in which they were irradiated. Capsules were opened just before reading 
the irradiated samples. Because of the high absorptivity, except for rather low 
doses, it is advisable to use 0.5 cm spectrophotometer cells. The absorbance of 
the irradiated samples was read against the unirradiated solution. Results of the 
samples prepared as described are presented in Fig. 13. The absorbance at 550 nm 
versus dose was linear up to 2 X 10s rad, after which a sudden bleaching of the 
colour was registered. It was calculated that the G-value of coloration amounts to 
0.092 molecules/100 eV with a standard deviation of ±5%, while the standard 
error of the mean (SEOM) amounted to 1.6%. After a month five additional 
measurements were made from the same batch of ampoules, which slightly improved 
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only the SEOM (1.3%), while the mean G-value and standard deviation remained 
practically the same. It is interesting to note that the values found in the present 
calibration correspond to the air-saturated solution rather than to the 
oxygen-saturated solution. For the air-saturated solution the G-value of 
0.098 molecules/100 eV and linear response up to 1.3 X 10s rad has been 
reported [7], whereas for the oxygen-saturated solution the respective values 
amounted to 0.062 molecules/100 eV and 4 X 10s rad. 

Conclusions 

The 2 mmol-ltr -1 PCN solution in oxygen-saturated 2-methoxy ethanol, 
prepared as described, can be applied in the dose range up to 2 X 10s rad. Each 
batch of prepared samples must be calibrated against a suitable primary standard 
dose meter. 

If properly protected against daylight this dose meter is suitable for routine 
use and intercalibration. 

Further experiments for standardization of the preparation procedure and 
for improvement of the accuracy of this dose meter are needed. 

REFERENCES 

[ 1] Manual on Radiation Dosimetry (HOLM, N.W., BERRY, R.J., Eds), Marcel Dekker, 

New York (1970). 

[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Manual of Food Irradiation Dosimetry, 

Technical Reports Series No.178, IAEA, Vienna (1977). 

[3] MARKOVIC, V., DRAGANlfi, I., Rad. Res. 35 (1968) 587. 

[4] MATTHEWS, R.W., Potentiometric estimation of megarad dose with the ceric-cerous 

system, Int. J. Appl. Radiat. Isot. 23 (1972) 179. 

[5] WILLS, P.A., et al., Radiosterilization of Medical Products 1974 (Proc. Symp. Bombay, 

1974), IAEA, Vienna (1975) 101. 

[6] VIRIJEVIC, M.B., B. Sci. Diploma Work, University of Beograd, Faculty of Sciences 

(1977) (in Serbocroatian). 

[7] KOSANIC, M„ et al., Int. J. Appl. Radiat.Isot. 28(1977)313. 



EVALUATION OF RADIOCHROMIC DYE FILMS 
AND OTHER PLASTIC DOSE METERS 
UNDER RADIATION PROCESSING CONDITIONS* 

A. MILLER, W.L. McLAUGHLIN § 
Accelerator Department, 
Risvi National Laboratory, 
Roskilde, 
Denmark 

Abstract 

EVALUATION OF RADIOCHROMIC DYE FILMS AND OTHER PLASTIC DOSE METERS 

UNDER RADIATION PROCESSING CONDITIONS. 

Selection of dose meters for industrial irradiation purposes is mainly based on the specific 

dosimetry needs of the individual irradiation processes, weighed against knowledge of the well-

documented behaviour of the dose meters in question. These selection criteria are briefly 

discussed. A comprehensive study is made of radiochromic dye dose meters with respect to 

the data needed in making a meaningful evaluation of their merits and faults. Part of the 

programme has been carried out for several types of radiochromic dye films, as well as red, 

amber and clear Perspex dose meters, and the results of these measurements are given. 

1. INTRODUCTION 

Industrial irradiation processes are divided into two main activities: 
sterilization of medical devices and modification of plastics (polymerization, 
cross-linking, etc.). The dosimetry requirements are generally different for 
the two cases. 

For sterilization (and also for food processing), documentation of the 
administered absorbed dose is required by authorities to ensure that measured 
dose values are kept within specified limits. 

For product modification processes, on the other hand, the accurate 
measurement of absorbed dose is usually not so important, since the main 
concern is whether the irradiated product meets material specifications. In 
production lines, process control is therefore the keyword, and the delivered dose 
is usually controlled by the setting of source parameters (beam energy and 
current, product flow rate or dwell time, etc.). In some instances, however, it may 

* Work performed under a contract between RisgS National Laboratory and IAEA 

(Research Contract No. 2051/RB). 

^ Visiting Scientist. 
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be too complex and expensive and, in fact, impractical to make detailed quality 
assurance studies on the finished product. Alternatively, a suitable relation 
between dose and product parameters can be established so that routine dosimetry 
may serve as a trouble-shooting aid. The most important function of dosimetry 
is to establish this link between absorbed dose and product parameters, i.e. to 
calibrate the radiation process. In this case dose meters are used both to determine 
source parameters and to determine absorbed dose throughout the product. 

2. DOSE METER SELECTION CRITERIA 

The choice of dose meter should be made according to its intended use. 
Several authors [1 -3 ] have dealt with important factors to be considered: 

(1) The precision limits of dose interpretation should be determined by the needs 
of a given radiation process [2, 3], 

(2) The calibration of the dose meter should be related to a primary standard 
measurement. 

(3) The dose meter should be simple to use and cheap. Expensive or complicated 
read-out instruments can prevent the practical use of an otherwise acceptable 
dose meter. 

(4) The relationship between absorbed dose and response in most cases should be 
linear, in order to simplify the dose interpretation. 

(5) The radiation absorption properties of the dose meter should be approximately 
the same as those of the product of interest, in order to avoid large electron 
stopping power and photon absorption cross-section corrections. 

(6) The response should be independent of environmental conditions (light, 
humidity, temperature),.or the influence should be known so that 
corrections can be made. 

(7) The dose meter should have good storage stability before and after irradiation. 
(8) If the dose meter is used under different irradiation conditions, it should 

have a radiation response that is independent of dose rate. In an ideal case, 
it can then be calibrated with gamma-rays and used in an electron beam. 

(9) The response should be independent of radiation spectral energy. The 
energy spectrum varies widely with penetration depth in the product, both 
for photon and electron irradiation [2, 4]. 

(10) No treatment or development of the dose meter should be required after 
irradiation, particularly in cases where the dose reading should be made 
available as soon as possible. 

(11) If readings or intercomparisons are to be made at different installations and 
the dose meter is to be mailed, it should be rugged, stable and easily mailed. 
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3. INTERNATIONAL COMPARISON 

Although the list of criteria is not exhaustive, nor does it indicate the relative 
importance of each point, it may still serve as a guide for the appropriate choice 
of dose meters for industrial irradiation processes. It is felt similarly, that the 
selection process for dose meters suitable for international intercomparison and 
practical use in standard measurement systems should include these items. The 
most important factors are precision and accuracy, stability during storage and 
ruggedness. The influence of the environment during and after irradiation is also 
important. 

Having ready information about specific dose-meter characteristics is 
important for each dose meter in common use in radiation applications. Many 
criteria for correct dosimetry procedure are already available. In the case of some 
of the newer dose meter systems, however, it may be necessary for the user to 
set up a systematic calibration and testing programme in order to evaluate the 
merits of the system, and to establish all sources of error and imprecision, so that 
appropriate corrections can be made for its use under process conditions. 

4. DOSE METER EVALUATION 

As part of a research contract between Ris^ National Laboratory and IAEA 
[5], a programme has been set up to evaluate the radiochromic dye film dose meter 
consisting of hexakis (hydroxyethyl) pararosaniline cyanide (HPR-CN) in polyvinyl 
butyral (PVB). The title of the contract is: "Investigations of the radiochromic 
dye film dose meter under process conditions including stability, precision, 
accuracy, the influence of dose rate and the influence of the environment." 

The Accelerator Department at Ris<j> is well-equipped to perform these 
measurements, including the dose rate study, owing to its capability of delivering 
accurate doses at relatively low absorbed dose rates with cobalt-60 gamma ray 
sources 10 to 500 rad-s"1), higher dose rates with both a low-energy 
(400 keV) DC accelerator (~ 3 X 104 to 30 X 104 rad-s"1) and a 10-MeV pulsed 
linear accelerator (~ 5 X 104 rad-s"1 average dose rate or up to 2 X 1010 rad s"1 

in a single pulse), and extremely high dose rates with a single-pulse 2-MeV field-
emission accelerator (~ 3 X 1012 to 30 X 1012 rad s"1). The delivered dose from 
the cobalt-60 source is calibrated with Fricke (ferrous sulphate) dose meter 
solutions [6]. Electron-beam doses from the linear accelerator are calibrated with 
a water calorimeter [7], A thin-film calorimeter [8] has been specially designed 
for calibrating absorbed doses with the low-energy accelerator and the single-pulse 
accelerator. 

The readings of optical density and absorption spectra are made on a Cary 15 
scanning spectrophotometer or on a microspectrophotometer designed and 
constructed in the department at Ris$ [9]. 
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M r a d 

FIG.l. Response curves of radiochromic dye dose meters (HPR-CN in PVB) measured at 
600 nm wavelength. Change in optical density per unit thickness (AA/mm) determined 
immediately after irradiation. 

Temperature dependence studies were made previously at Ris$ [4, 10]. 
Temperature and humidity effects have also been studied recently at the National 
Bureau of Standards, where the measurements were extended to include other 
dose meter systems [11]. Here red, amber and clear Perspex [4] are included, 
along with certain radiochromic dye film dose meters [4, 10]: HPR-CN in PVB, 
HPR-CN in Nylon, malachite green methoxide (MG-OCH3) in poly-4-chlorostyrene. 

5. STABILITY 

Part of the stability study with the PVB dye dose meter has already been 
presented in a progress report to IAEA [5 ]. That work includes pre- and post-
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FIG.2. Post-irradiation change in the radiation-induced optical density (AA) with time for 
the radiochromic dye dose meter (HPR-CN in PVB). Broken line indicates stable level 
reached after dose meters were kept in vacuum at 40° C for about 24 h. The dose meters were 
irradiated to 1 Mrad with cobalt-60 gamma-rays. 

irradiation stability and the influence of light. The measurement of pre-irradiation 
stability revealed some problems with recent batches of HPR-CN in PVB, the 
sensitivity showing a decrease with age. Figure 1 shows the response curves of 
these batches of dose meter films, which were irradiated with cobalt-60 gamma-rays 
at intervals of about 1 month. For these films produced at Ris$ [ 10], an attempt 
has been made to correct this unwanted effect. The correction is made feasible 
by the addition of a low-volatility weak acid to the film formulation. 

Figure 2 shows the effect of post-irradiation development of the radiation-
induced image. This slow increase in optical density reaches a maximum of about 
10% over a couple of months, but the effect can be accelerated by placing the 
irradiated dose meter in vacuum at 40°C for about 24 hours. After reaching the 
maximum optical density, the colour has been stable for several months. The 
addition of a low-volatility weak acid should also eliminate this instability. The 
presence of excess H+ ions prevents back reactions to the colourless form of the 
dye [10]. 

Both pre- and post-irradiation stability were also checked on a commercially 
available dose meter based on the same type of dye, but in a Nylon matrix (Far 
West Technology type FWT-60, produced in May, 1976). This dose meter was 
found to have a stable response both before and after irradiation. 

Text continued on p. 134. 
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T i m e after irradiation (h) 

FIG. 3. Post-irradiation changes in the response (AA/mm) of the Nylon film dose meter 
(HPR-CN in Nylon). Absorbed dose 1 Mrad. 
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FIG.4. Post-irradiation changes in the response of thin polyvinyl butyral dose meter 
(HPR-CN in PVB). Absorbed dose 1 Mrad. 
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Wavelength (nm) 

FIG.5. Spectral sensitivity of three types of radiochromic dye film dose meters irradiated with 
ultraviolet light. 

FIG.6. Adiabatic temperature rise in low-density polyethylene (LD-PE) irradiated with 10-MeV 
electrons, as a function of absorbed dose. Time of irradiation 5 min per 10 Mrad. 
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FIG. 7. Temperature rise as a function of irradiation cycle fraction in the centre of a typical 
product box irradiated at a sterilization plant. 

Temperature dur ing irradiation C O 

FIG. 8. Effect of temperature during irradiation on the gamma-ray response of red Perspex 
type 4034, batch D, relative to that at 25°C (D = 2.0 Mrad). 
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Temperature during irradiation (°CI 

FIGS. Effect of temperature during irradiation on the gamma-ray response of amber Perspex 
type 3042, relative to that at 25°C (D = 2.0 Mrad). 

Temperature dur ing irradiation (°C) 

FIG.10. Effect of temperature during irradiation on the gamma-ray response of undyed 
polymethyl methacrylate (Perspex) relative to that at 25°C (D = 2.5 Mrad). 
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Temperature dur ing irradiation (°C) 

FIG.11. Variation of response of red Perspex type 4034, batch D, on temperature, during 
irradiation to different absorbed doses, using cobalt-60 gamma-rays [11]. 
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FIG. 12. Effect of temperature during irradiation on the gamma-ray response of radiochromic 
dye dose meter HPR-CN in PVB (D = 1.5 Mrad). Readings made at peak of absorption band 
(600 nmj and near lower wavelength edge (51 Onm). 
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FIG. 13. Effect of temperature during irradiation on the gamma-ray response of two batches 
of radiochromic dye dose meter HPR-CN in Nylon (D = 1.5 Mrad). 
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FIG. 14. Effect of temperature during irradiation on the gamma-ray response of three batches 
of radiochromic dye dose meter MG-OCH3 in poly-4-chlorostyrene (D = 1.5 Mrad). 

+ Batch 3 (1977 ) 

I I I I I I I I I I 
- 8 0 - 6 0 - 4 0 - 2 0 0 2 0 4 0 6 0 8 0 100 

Temperature dur ing irradiation (°C) 



1 3 0 MILLER and McLAUGHLIN 

0 2 0 4 0 6 0 8 0 100 
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FIG. 15. Effect of relative humidity during irradiation on the gamma-ray response of red 
Perspex type 4034, batch D, dose meter. The dose meters were removed from their sealed 
envelopes and irradiated to 3 Mrad. Relative humidity during storage ~ 50%. 
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FIG.16. Effect of relative humidity after irradiation on the gamma-ray response of red 
Perspex type 4034, batch D, dose meter. The dose meters were irradiated in their sealed 
envelopes to 3 Mrad, but stored at different relative humidities. 
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FIG.l 7. Effect of relative humidity during irradiation on gamma-ray response of undyed 
poly methyl methacrylate (PMMA). The dose meters were irradiated to 3 Mrad. Relative 
humidity during storage ~ 50%. 

Relative humid i t y after irradiation (%) 

FIG. 18. Effect of the relative humidity after irradiation on the gamma-ray response of undyed 
poly methyl methacrylate (PMMA). The dose meters were irradiated to 3 Mrad in relative 
humidity of~50%, but were stored at different relative humidities. 
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Relative humid i ty dur ing irradiation (%) 

FIG.19. Effect of the relative humidity during irradiation on the gamma-ray response of the 
radiochromic dye dose meter, HPR-CN in PVB. The dose meters were irradiated to 1 Mrad. 
Relative humidity during storage ~ 50%. 
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FIG.20. Effect of the relative humidity after irradiation on the gamma-ray response of the 
radiochromic dye dose meter, HPR-CN in PVB. The dose meters were irradiated to 1 Mrad 
in relative humidity of ~ 50%, but were stored at different relative humidities. 
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FIG.21. Effect of the relative humidity during irradiation on the gamma-ray response of the 
radiochromic dye dose meter HPR-CN in Nylon. The dose meters were irradiated to 2.5 Mrad. 
Relative humidity during storage ~ 50%. 
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FIG.22. Effect of the relative humidity after irradiation on the gamma-ray response of the 
radiochromic dye dose meter HPR-CN in Nylon. The dose meters were irradiated to 2.5 Mrad 
in relative humidity ~ 50%, but were stored at different relative humidities. 
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Measurements on different batches of both PVB and Nylon radiochromic 
dose meter films performed at National Bureau of Standards show the same 
trend as that described. Figures 3 and 4 show the changes in optical density at 
different wavelengths as a function of time after irradiation. For the Nylon dose 
meter, the measurements at 360 nm wavelength show a deviation of about 40% 
over a delay period of 500 hours. For the PVB dose meter (see Fig. 4), the 
deviations are also largest at 360 nm, although the deviations with time are 
slightly smaller than those of the Nylon dose meter. The curve for analysis at 
603 nm compares well with that in Fig. 2. 

6. AMBIENT LIGHT 

One of the environmental conditions likely to affect the dose interpretation 
by some dose meters is ambient light, in particular ultraviolet light. The radio-
chromic dye dose meters are among those known to be sensitive to UV light. In 
order to establish a 'safe' wavelength above which the dose meters could be 
handled without problems, measurements of the spectral sensitivity for PVB and 
Nylon dose meters were made. 

The spectral response curves of PVB (P 15) and Nylon (FWT-60) are shown 
in Fig. 5 along with those of another Nylon-base dose meter supplied by Far West 
Technology Inc. (type 2G3). There is a pronounced peak in response at about 
340 nm. The reason for the different sensitivities at shorter wavelengths is self-
absorption of optical energy in the plastic host material and in the dye precursor 
itself. The dose meters are not sensitive to light of wavelengths exceeding 370 nm. 

7. TEMPERATURE 

Dose meters used routinely in radiation processing are apt to undergo 
temperature variations both during and after irradiation. Irradiation with 
electrons from an accelerator produces an appreciable temperature rise in a 
radiation-processed product because of the high absorbed dose rate (see the 
example in Fig. 6). Here the temperature rise in a slab of polyethylene due to 
electron-beam irradiation was measured as a function of absorbed dose [12], 
For irradiation with cobalt-60 gamma rays, the temperature rise is apt to be less 
severe, since the absorbed dose rate is much smaller, but Fig. 7 shows that large 
temperature differences can also be observed under these conditions [13]. In this 
case the product was irradiated to 2.5 Mrad by a large cobalt-60 plaque source, 
and the temperature was monitored as a function of the fraction of the full 
irradiation cycle. 
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After irradiation but before read-out dose meters are subject to changing 
temperatures, particularly if they are mailed from one laboratory to another. 
Large temperature gradients can also occur in the individual laboratories. 

A study of the influence of temperature during irradiation on the gamma-ray 
response of several plastic dose meters has been carried out at the National Bureau 
of Standards [11]. Some of the results are presented here. Those dose meters 
tested include: clear, amber and red Perspex, HPR-CN in PVB and in Nylon, and 
MG-OCH3 in poly-4-chlorostyrene. The dose meters were temperature stabilized 
for about 1 h before irradiation and the temperature was kept nearly constant 
during irradiation. The dose meters were then irradiated to 3 Mrad with cobalt-60 
gamma rays at the various temperatures. 

Temperature dependence curves for the three types of Perspex dose meters 
are shown in Figs 8—10. The results show the 'same trend as was observed earlier 
[14]. The curves are fairly flat for temperatures between 20 and 40°C, but 
outside this temperature region response changes of 20 to 40% can be observed. 
Figure 11 shows that the temperature dependence characteristics may change as 
the absorbed dose level is changed. 

The temperature dependence curves for the radiochromic dye films are given 
in Figs 12 to 14. These data show that it may be insufficient to know the 
temperature dependence characteristics for a particular type of dose meter, since 
there may be batch-to-batch differences. For these dose meters, however, the 
effect may not be a severe problem as it is only at the higher temperatures that the 
batch differences become evident. 

The influence of temperature after irradiation has been tested only for the 
Nylon dose meter. In this study the dose meters were stored after irradiation for 
about 5 days at - 78°C, 20°C, and 40°C. There was no significant influence of 
the temperature on the dose interpretations over this time period. There is 
indication from work by others that temperature changes after irradiation and 
before read-out can markedly affect the response of both dyed and undyed 
Perspex dose meters [15, 16]. 

8. HUMIDITY 

The relative humidity variations that a dose-meter may experience both 
during and after irradiation, are mainly determined by the local climatic 
conditions. The 'micro-climate' in the irradiation room can also vary, e.g. because 
of the storage pool of a cobalt-60 irradiation facility or the treatment of high 
moisture-content materials. 
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Measurements have been conducted in order to determine the influence of 
different relative humidities both during and after irradiation on the gamma-ray 
response of several plastic dose meters [11]. Some of the results are given here. 
The relative humidity conditions were established by using glass enclosures with 
aqueous saturated salt solutions [17, 18], Various relative humidities between 
12% and 97% could be maintained at 25°C, which was the approximate temperature 
during irradiation. The dose meters were suspended in air above the solutions and 
conditioned overnight before irradiation. It has been determined that negligible 
amounts of the solutes intrude into the gaseous phase of the enclosed environ-
ment [17, 18], The relative humidity due to the presence of the saturated salt 
solutions varies little with the temperature between 0°C and 50°C. 

Figures 15 and 16 show the influence of the relative humidity during and 
after irradiation on the red Perspex dose meter type 4034, batch D. The 
conditions used in the measurements during irradiation consisted of only short-
term conditioning (16 to 18 h) before irradiation in order to match conditions 
happening in daily climatic changes or the presence of dry or moist conditions 
for the first hours before irradiation. Long-term conditioning for many days 
will probably cause these thicker plastic dose meters to show larger variations 
of response than these given here. In order to study the influence of humidity 
during irradiation, the dose meters were removed from their sealed envelopes. 
Both Figs 15 and 16 show very little effect of humidity changes, although at 97% 
relative humidity both during and after irradiation a decrease in response occurs. 
These results indicate that the instability normally found with the red Perspex 
dose meters [11 ] is nearly the same over all values of relative humidity. 

The effect of humidity during and after irradiation on clear Perspex (PMMA) 
dose meters is shown in Figs 17 and 18. There is a reduced response below 20% 
and above 80%, and a rather large build-up in response during the first 24 hours 
storage is observed in both cases. 

For the radiochromic dye dose meter HPR-CN in PVB (see Figs 19 and 20), 
there is about a 30% increase in response from the lowest to the highest relative 
humidity during irradiation, but there is good stability after irradiation regardless 
of the relative humidity (except under very dry conditions). 

For dose meters with the same dye (HPR-CN) in Nylon (see Figs 21 and 22), 
the response is decreased under damp conditions during irradiation, while the 
humidity after irradiation has very little effect. The stability after irradiation is 
good, but if the dose meters are irradiated at dry conditions the apparently 
reduced response is eliminated by a one-day storage period. 

Different batches of Nylon and PVB radiochromic dye dose meters were 
tested for relative humidity and temperature effects during irradiation and showed 
approximately the same effects. 

It should be mentioned that very extreme conditions of relative humidity 
(i.e. desiccation or thoroughly wet conditions) are apt to cause more severe 
problems in dose meter response than those reported here. 
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9. CONCLUSIONS 

Dose interpretations and response characteristics using certain widely used 
plastic and dyed plastic radiochromic dose meters have been studied as part of a 
programme to determine the effects of temperature, humidity and ambient light 
during irradiation and storage. Conclusions regarding their merits for general use in 
industrial radiation processing cannot be drawn on the basis only of these measure-
ments, but the results may serve as guide lines and provide correction factors for 
these sources of systematic error. One conclusion from these measurements, 
however, is that the environmental effects on dose meter response are likely to 
change from batch to batch. This means that appropriate measurements of a dose 
meter's sensitivity to changes in temperature, humidity, etc. as well as its calibration 
should be established whenever new batches are introduced. 
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Abstract 

A PRACTICAL HIGH-LEVEL DOSE METER BASED ON TISSUE-EQUIVALENT ALANINE. 

The use of the crystalline amino acid material alanine for high-level photon dosimetry 

is described. From experiments, data are reported on the basic dosimetric properties such 

as linearity and detection limits. Of particular concern are results on the batch homogeneity, 

sample mass distribution, long-term thermal stability and effect of irradiation temperature 

on the production rate of free radicals. Further details are given on the calibration procedure 

of the ESR spectrometer. Traceability to the primary standards is established by using 

secondary standard ionization chamber technique under defined cobalt-60 field conditions 

for doses up to 0.5 Mrad. Transfer of the dosimetry standard to a field irradiator for dose 

rates around 1 Mrad/h is shown applying Fricke dosimetry and, for comparison, discolouration 

dosimetry based on silver-activated phosphate glass. 

1. INTRODUCTION 

When organic solids are exposed to ionizing radiation, free radicals are 
induced and accumulated. By the electron spin resonance (ESR) technique 
the free radicals are detected qualitatively and quantitatively thus providing a 
potential dosimetry. For practical application, the radicals should be long-lived. 
This property was found in irradiated crystalline amino acids. The number of 
free radicals generated by irradiation is a function of the absorbed dose, which 
must not necessarily be linear. However, for alanine the number of free radicals 
normalized to dose was found to be constant over a wide dose range. This effect 
was proposed for dosimetry by Bradshaw et al. in 1962 [1]. 

The chemical composition of alanine is close to that of tissue, providing 
similarity to biological systems in absorbing radiation. In addition a-alanine 
shows a high free radical response to radiation. It was the scope of these 
investigations to optimize the alanine/ESR method to serve as a reference 
dose meter which could also be used as a transfer dose meter. Preliminary results 
available so far are given here. 

1 3 9 
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FIG. 1. View of 'GammacelV irradiation facility with temperature-controlled sample holder. 
Right, thermostat. Activity 20 kCi cobalt-60. 

2. EXPERIMENTAL PROCEDURES 

2.1. Detector material 

Alanine is an amino acid of the formula 

CH3 - CH - COOH 
I 
NH2 

For dosimetry measurements polycrystalline samples can be used. For practical 
reasons pellets were chosen, 4 mm diameter and 7.5 mm long, based on purified 
polycrystalline material mixed with paraffin [2]. Each sample contained about 
100 mg of alanine corresponding to 80% by weight. Paraffin was found to add 
negligible ESR signal after irradiation. 
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FIG.2. View of'Eldorado'therapy unit. Activity 7 kG cobalt-60. Source distance 120 cm. 
Field size 100 cm2. 

2.2. Irradiation facilities 

Most of the irradiations were performed with a 20 kCi cobalt-60 source 
of the 'Gammacell' type in the dose range between 30 krad and 20 Mrad (Fig.l). 
The dose rate was approximately 1 Mrad per hour. 

For precision irradiations under defined field conditions a 7 kCi cobalt-60 
therapy unit of the 'Eldorado' type was used, providing a dose rate of 6.6 krad per 
hour. The field size was 100 cm2 at 120 cm source distance (Fig.2). Both 
irradiation units were supplied by Atomic Energy of Canada Ltd. 

Calibration dosimetry in the 'Gammacell' turned out to be a major problem. 
For reasons of dose, dose rate and geometry, the ionization chamber dosimetry 
could not be applied. Instead, phosphate glass (used as a discolouration dose 
meter) was used, which, before use, was carefully calibrated against secondary 
standard level dose meters at the 'Eldorado' unit. The phosphate glass showed 
excellent dosimetric properties in the dose range under consideration, e.g. 
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FIG.3. Phosphate glass used as discolouration dose meter; evaluated versus actual exposure. 
Insert: Reproducibility for the mean signal of 10 samples. Absorbed dose 300 krad. 

X F e S 0 < (krad) 

FIG. 4. Correlation of evaluated exposure with phosphate glass (discolouration) and Fricke 
dosimetry, simultaneously irradiated. Insert: Exposure dependence of the glass dosimetry error. 
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FIG.5. View of Varian E9 ESR spectrometer. Right, magnetic coils. Left, control unit with 
oscilloscope display and XY recorder. 

linear dose response up to the megarad range (Fig.3) [3]. A cross-check with 
Fricke dosimetry in the 'GammaceH' revealed dose agreement within better 
than 5% (Fig. 4). 

2.3. Measuring instrument 

The ESR measurments were performed with a Varian E9 spectrometer 
operating in the X-band at constant microwave power level (2 mW) and at 
room temperature (Fig.5). For evaluation, the pellets were inserted into a 
fused quartz tube. The ESR spectra were obtained by scanning the magnetic 
field and registering them on an XY recorder. 

2.4. Signal evaluation 

Figure 6 shows the first derivative of the paramagnetic absorption spectrum 
of alanine at two dose levels, 20 krad and 1 Mrad, evaluated with different 
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FIG. 7. Calibration curve for alanine/ESR dosimetry. 

amplification factors. Each signal consists of several peaks due to the hyperfine 
interaction of the unpaired electron with the N- and H-atoms. The predominant 
free radical here is of the type CH3-CNH2-COOH and is caused by rupture 
of a C-H bond. 

Generally, the area under the paramagnetic absorption spectrum is 
proportional to the number of free radicals. However, if there are negligible 
secondary reactions and no changes in the hyperfine structure with dose it is 
possible to take the amplitude of the first derivative as a relative measure for the 
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FIG. 8. Response distribution of 60 solid alanine dose meters. Absorbed dose 450 krad. 

amount of free radicals. Since in Fig.6 the structure of both ESR spectra 
at 20 krad and 1 Mrad dose level are identical, the peak-to-peak value was taken 
as a representative reading value in arbitrary units such as millimetres, for the 
number of radiation-induced free radicals. For quantitative considerations the 
respective amplification factor of the spectrometer has been taken into account, 
for correction. 

2.5. Spectrometer calibration 

The spectrometer calibration was checked by alanine samples that had 
been irradiated with known doses (see sub-section 3.4). These 'standards' were 
stored at a constant temperature of +6°C. The ESR signal intensity remained 
constant within 1% for the same spectrometer amplification for more than 
1 year, which indicates that the free radicals in the samples, as well as the 
available ESR spectrometer sensitivity, have excellent long-term stability. 

3. DOSIMETRIC PROPERTIES OF ALANINE 

3.1. Response to photons 

The evaluated response of alanine is taken from the amplitude of the ESR 
signal under normalized conditions with respect to the reference dose and 
spectrometer sensitivity. The plot of ESR signal versus absorbed dose shows 
a useful dose range between at least 100 rad to 20 Mrad which is characterized 
by three sections (Fig.7): 
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FIG.9. Change of signal with sample mass. Absorbed dose 250 krad. 
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FIG. 10. Thermal fading after 4 weeks as a function of absorbed dose. 
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FIG.ll. Temperature changes in the available 20 kCi 'Gammacell' irradiation facility. 

Linearity: The ESR signal height is proportional to the absorbed dose 
up to about 1 Mrad. The linear dose relationship was found for all three peaks 
of the ESR spectrum, which differ only slightly in intensity. Since the structure 
of the spectrum does not change with dose, as mentioned previously, each 
peak may be used as a measure of dose. In the linear range a single reference 
dose meter reading serves for calibration. 

Upper detection limit: For doses above 1 Mrad, the response decreases, 
but up to 20 Mrad no saturation was found. Therefore, alanine may serve for 
dosimetry up to at least 20 Mrad. However, for signal-to-dose conversion a 
calibration curve is necessary above 1 Mrad. The tendency to saturation may 
be explained by an increasing number of recombinations of free radicals at high 
doses for reasons of an increasing concentration [4]. 

Lower detection limit: The lower detection limit has not yet been 
investigated intensively. Taking into account the amplification and modulation 
amplitude used so far with the available ESR spectrometer, 100 rad and even 
less seem to be detectable. For doses of this order of magnitude, the zero 
reading must be considered which is due to the presence of non-radiation 
induced free radicals and the noise of the ESR spectrometer. A significant 
extension of the low-dose detection limit seems to provide a more appropriate 
alanine in different physical form. 
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FIG.12. Change of ESR signal of alanine as a function of irradiation temperature, normalized 
to 22° C. Parameter absorbed dose. 

3.2. Batch homogeneity 

The reading values of 60 alanine samples simultaneously irradiated to 
450 krad at the 'Eldorado' unit were very close. Figure 8 shows the distribution 
of detector responses within the collective. For each of the three peaks of the 
ESR signal this distribution is very narrow with maximum deviations of ±4% 
related to the mean value. The coefficient of variation was found to be around 1.5%. 

The response distribution may be explained by different sample masses or 
differences in alanine concentration. The first explanation is not sufficient since, 
according to Fig.9, maximum response scatter is expected to be within 1.25% 
for the scatter in a mass of 133 ± 5 mg, found in the batch. A certain improvement 
is possible by using pellets extended in length. The second explanation should be 
overcome by individual calibration. Indeed, preliminary results promise 
improvement of accuracy. The influence of changes in axial or radial detector 
position in the ESR sample holder was found to be less than 1%. 

3.3. Free radical stability 

If an integrating dose meter cannot be read immediately after exposure, 
the amount of signal loss during storage or transport caused by thermal fading 
is of great practical importance. This is, for instance, the case for the alanine 
dose meter when used as a transfer dose meter. Relevant experiments are 
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FIG. 13. Correction curves for irradiation temperature as a function of absorbed dose, 
normalized to 22°C. 

being performed at present. As is shown in Fig. 10, the ESR signal of alanine is 
stable up to 50°C storage temperature and 4 weeks storage time, provided 
the ambient humidity is moderate. Even for 70% relative humidity at 50°C 
ambient temperature the signal loss is <10% for doses below 1 Mrad. Above 
this dose the fading increases with dose and this for equal storage conditions of 
temperature and time. The dose level above which the fading becomes 
dose-dependent is the same as that at which the dose curve (see sub-section 3.1) 
starts to become non-linear. Both effects may be interpreted by radical 
recombinations [5]. 

3.4. Irradiation temperature 

Radiation energy converted to thermal energy by absorption in the shielding 
of radioactive sources may cause an increase of temperature in the probe volume. 
In the case of the 'GammaceH' under consideration, the temperature rose to 
approximately 55°C after about half an hour, corresponding to about 0.5 Mrad 
(Fig. 11). For temperature measurement a thermocouple was used which was 
fixed at the sample holder. The effect of the sample temperature on the ESR 
signal was studied in steps of 10°C with the temperature controlled by 
thermostat between 0°C < 0 < 80°C to within ±1°C (see Fig. 1). Before 
irradiation, the samples were kept in the sample holder for 1 h to reach 
thermal equilibrium. 
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FIG.14. GSF high-level dose meter based on ESR of alanine, as used for the IAEA high-dose 
intercomparisons 1977 and 1978. 

Figure 12 shows that there is a signal increase with increasing sample 
temperature during irradiation. In addition, the slope of the increase is 
dependent on the applied dose. However, contrary to the findings for the dose 
curve (see sub-section 3.1) and fading (see sub-section 3.4) the number of free 
radicals produced per dose increases with dose. 

The increase is linear between - 2 0 ° C and +90°C, which can quantitatively 
be described by 

AS 
— = 0.18%/°C D < 0.5 Mrad 

— = 0.31%/°C 10 Mrad 
A 9 

In Fig. 13 these results are given for calibration under different representation, 
showing the dose effect to begin in the 1 Mrad range. 

These findings show that knowledge of the irradiation temperature is 
necessary for reference dosimetry. As an example, there is a difference of 
about 10% in signal for a sample exposed to 10 Mrad at room temperature or 
at 55°C, e.g. in the 'Gammacell' irradiator. 
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4. CONCLUSION 

Alanine dosimetry based on the radiation-induced ESR signal appears of 
great interest for all those medical, technical and research projects where 
high doses (up to more than 10 Mrad) are applied and must be measured or 
surveyed. Figure 14 shows the GSF high-level dose meter set as used in the 
second high-dose intercomparison organized by the IAEA in 1978. The 
polyethylene holder contains three alanine dose meters and, for protection 
purposes, is sealed into a plastic sachet. In a different capsulation, this dose 
meter has successfully served for other national research projects in the field of 
radio-sterilization and radio-hygienization, for more than 3 years [6, 7]. 

It should be mentioned that this method is suitable for relative dosimetry 
requiring a proper calibration and that the samples can normally not be re-used. 
However, the detector material is low-priced and can be handled without 
special precautions. The risk of affecting the measurement value by surface 
contamination is very small. If the sophisticated and expensive reading 
equipment is not easily accessible, this should cause no difficulty in the 
application of this dosimetry technique, since the detectors are suitable for 
transportation and centralized evaluation, i.e. transfer dosimetry. In this 
context the achievable accuracy of better than 5%, based on a long-lived signal 
moderately affected by ambient influence quantities, is worth mentioning. 
The present and planned studies performed at GSF within the scope of an 
IAEA Research Agreement will determine also the reliability of this dosimetry 
method for unusual conditions of irradiation, storage and transport. 
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Abstract 

DEVELOPMENT OF LYOLUMINESCENCE DOSIMETRY FOR HIGH DOSE RANGE. 

The application of lyoluminescence dosimetry to the range of doses encountered in the 

industrial processing of food and in the sterilization of medical products depends on the use 

of two phosphors: mannose and glutamine. Mannose dose meters cover the range from about 

10 Gy to circa 400 Gy. Glutamine is useful from about 100 Gy to about 50 kGy. Information 

is given on the characteristics of mannose and glutamine relevant to their use as dosimetric 

materials, with the dose response of glutamine up to 10 kGy. Particular attention is given to 

factors affecting the dose response, e.g. changes on storage, temperature effects and influence 

of the pH of the solvent. Lyoluminescent dose meters described are either in the form of free 

powder, or encapsulated in satchets and blisters. Blister packaging of phosphors is the most 

suitable technique of protecting the materials from exposure to moisture and makes handling 

of dose meters easy and convenient. Particular attention is paid to the development and design 

of read-out equipment suitable for routine use in the industrial range of doses. A simple 

lyoluminescence reader is described, intended for the mode of operation in which the phosphor 

is dropped into the solvent. The principles involved in the design of read-out apparatus for 

lyoluminescence are outlined. 

1. ON THE MECHANISM OF LYOLUMINESCENCE 

The emission of light (lyoluminescence) accompanying the dissolution in 
water or other solvents of gamma-irradiated carbohydrates and other organic 
solids has already been described [ 1 ] together with the potential of this phenome-
non for the development of a useful dosimetric technique. In these papers little 
attention was paid to the precise mechanism of the process or processes leading 
to the light emission, beyond suggesting that the free radicals trapped in the solids 
might form peroxy radicals on contact with oxygen dissolved in the solvent (or 
even in the solid matrix), which might then react to give singlet oxygen molecular 
pairs, the latter species being the emitter in a variety of chemi-luminescent 

1 5 3 
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reactions [2], Recent work by Baugh and co-workers [3, 4] has elucidated some 
of the details of the mechanism, in a general agreement with the results of the 
studies of the authors of this paper in this area. 

Baugh confirmed the involvement of dissolved oxygen and peroxy radicals 
in the process, since both purging of the solvent with inert gas and the presence 
of hydroquinone served to quench the emission. Rough examination of the 
spectrum of the emitted light revealed a maximum consistent with the 
('2g, 'Ag) ( 3 2g) 2 transition, but the luminescence (LL) could be ascribed 
unequivocally to singlet oxygen pairs. The addition of/J-carothene, an efficient 
quencher of singlet oxygen [5] did not affect the light yields and neither did the 
substitution of D 2 0 for H 20 as the solvent, although singlet oxygen ('Ag) has a 
longer lifetime in the former solvent [6]. From the study of the pH-dependence 
of the emission intensity, it was suggested that LL may arise from reactions of 
HOi (or O2 ) produced by elimination from the carbohydrate peroxy radicals. 

The authors' results, which were published in 1975 [7] and were based on 
experiments involving inert gas purging, peroxy radical scavengers (phenyl and 
allyl alcohol) and a singlet oxygen quencher (triethylamine at a concentration 
of up to 10"2 M), are in good agreement with those of Baugh. Recently, the 
emission spectra were recorded in greater detail using a specially-designed transient 
emission spectrometer. Glucose shows peaks at 570 and 645 nm, trehalose 
dihydrate at 520 and 622 nm, mannose at 530 and 670 nm, all of which correspond 
to bands in the emission spectrum of singlet oxygen in aqueous solution, as deter-
mined by Nakano et al. [8], The lactose peak at 564 nm is also consistent with 
the singlet oxygen source. Spectra of trehalose dihydrate, glucose and lactose 
show a dramatic shift of the emission to a shorter wavelength with an increase in 
the pH of the solvent. The spectral shift resulted in the equally dramatic increase 
in the sensitivity of (LL) using a reader with a blue-sensitive photocathode. 
There is, however, very little evidence that any actual increase in the LL yield 
takes place at alkaline pH. It is interesting to note that the phenomenon of 
'blue shift' in alkaline medium has been also observed in some amino acids. 

Some spectra of amino acids are also available now. Glutamine in a neutral 
medium shows peaks at 475 and 572 nm, again consistent with the nature of an 
oxygen singlet emitter. 

The emission spectra in solutions of chemi-luminescence indicators and 
fluorescent dyes show the characteristic emission spectra of these compounds, 
indicating a very efficient energy transfer. 

The spectral data which have been obtained lend considerable weight to the 
arguments in favour of singlet oxygen being the emitter in neutral solution, but 
the failure of known singlet oxygen quenchers (j3-carothene and triethylamine) to 
reduce the light yields remains to be accounted for. A possible explanation could 
simply be that in the viscous environment of the dissolving crystals the lifetime 
of the excited oxygen is so short, and the diffusion of the added quencher so slow, 
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that little or no interaction takes place. In other words, such is the rate of 
collisional deactivation by parent molecules and degradation products that the 
addition of relatively small amounts of even a highly-efficient quencher is of 
negligible importance. Such a scheme seems reasonable in view of the very low 
levels of emission observed, and can explain the greater light yields recorded both 
by Baugh and the authors in organic and aqueous-cum-organic solvents. In these 
systems the lower rate of dissolution leads to a less viscous environment for the 
excited oxygen molecules, with less chance of collisional deactivation by parent 
molecules. The ineffectiveness of substituting D 20 for H 2 0 as the solvent is also 
explicable in these terms. 

This leaves the problem of how the singlet oxygen is generated in the first 
place. It seems certain that alkyl radicals trapped in the solids form peroxy radicals 
on contact with oxygen dissolved in the solvent. A similar process has been studied 
in hydrocarbons and is in fact a chain reaction, described by the following 
equations: 

Initiator -»• 2R'' (1) 

R " + 0 - R ' 0 0 ' (2) 

R'OO* + RH R'OOH + R* (3) 

R' + 0 2 -»• ROO* (4) 

ROO' + RH -*• ROOH + R* (5) 

2R" R2 (6) 

R* + ROO' ROOR (7) 

2ROO' ROOR + 0 2 (8) 

The oxygen molecule formed in (8) may be in an excited state (singlet oxygen). 
It was suggested by Baugh and Mahjani [4] that hydroperoxy radicals H0 2 (or 0 7 " , 
depending on the pH) are formed by elimination from o-hydroperoxy radicals 
(Eq.(9)) and then disproportionate to give singlet oxygen, as described by 
Stauff [2]: 
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RCHO + HO; 

RCHOH 

RCHO + H+ + OV (9) 

o; 
The obvious objection to this scheme is the fact that amino acids [9] and 

other aliphatic solids [7] have lyoluminescent properties similar to those of the 
sugars, even though they lack the hydroxyl groups required in Eq.(9). The fact 
that different sugars give rise to different spectra in a neutral solution also argues 
against such a simple, general mechanism, while the change in the spectra on 
raising the pH are wholly inexplicable on such a basis. 

The equilibrium HOj ^ H+ + O^" lies almost entirely to the right at pH > 7 , 
and so no change in the emitting behaviour would be predicted in alkaline solution 
on the basis of Eq.(9). Furthermore, there are compounds which have a spectrum 
shifted too much to the short-wave region to be considered that of a singlet oxygen; 
this is, however, in the right range for a carbonyl compound [10]. A variety of 
fragmentation reactions which could lead to carbonyl products are possible for 
carbohydrate radicals in alkaline solution, but since compounds such as glutamine 
give spectra similar to those of the sugars at high pH a more general mechanism 
must be sought. 

One possibility is the disproportionation of secondary peroxy radicals as in 

The reaction is known to generate singlet oxygen [11] when R! and R2 are 
alkyl groups, and the spectrum of the resulting luminescence has been recorded 
in an aqueous solution [8], giving results very similar to the authors' own LL 
spectra in a neutral solution. Alternatively, the carbonyl product may be 
generated in an excited state, from which a bluish emission has been observed 
which correlates well with the LL spectra of compounds in alkaline solution. 

Equation (10) thus represents an attractive mechanism, since it can account 
for the LL of any compound capable of forming secondary peroxy radicals, and 
can accommodate the spectra recorded in both neutral and alkaline solution. 

Eq. (10): 

2 

OH 

(10) 
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2. PROPERTIES OF MANNOSE AND GLUT AMINE 

Mannose and glutamine are two LL phosphors, chosen for the high-dose 
intercomparisons because their dosimetric characteristics, as they were known in 
the spring of 1977, were showing promise in respect of possible applications to 
high-dose radiation dosimetry. In fact, it has been shown experimentally that 
with both these phosphors, or perhaps with only glutamine, the range of doses 
from about 20 rad to approximately 8 Mrad can be covered by the LL dosimetry.' 

A considerable amount of information on the LL properties of mannose can 
be found in the papers of the Wageningen group [12, 13], in the publications of 
this laboratory [14, 15] and in the works of the Harwell laboratory [16]. 

The formula for mannose is C 6 H 1 2 0 6 . It contains 40.0% carbon, 6.7% 
hydrogen, and 53.3% oxygen. It melts at about 133°C and dissolves extremely 
well in water: at room temperature 1 g dissolves in 0.4 ml of water. The density 
of mannose is 1.54 g/cm3. D-mannose can be obtained in two chemical forms, 
so-called antipodes. These two antipodes differ in the way of preparation [17, 18]. 
Puite (private communication) has noted already a fairly large variation in the 
sensitivity of mannose from various sources and the same fact has been mentioned 
in the Aberdeen report [14], Mannose is fairly hygroscopic and some amount of 
water is either strongly adsorbed on the microcrystalline structure or is chemically 
weakly linked to the sugar. 

Glutamine was first investigated as a LL phosphor by Thwaites and Ettinger 
[19]. Its use for high-level dosimetry was reported by Puite et al. [12]. The 
formula is C5H10N2O3. It contains 41.1% carbon, 6.9% hydrogen, 19.2% nitrogen 
and 32.8% oxygen. It is fairly soluble in water: at room temperature 1 g dissolves 
in 20 ml of water. Only L-form, which is easily available, is used in LL dosimetry. 

3. DOSE RESPONSE CURVES 

A typical dose response curve for mannose is shown in Fig. 1. This mannose 
is typical in its response for products of the Sigma Chemical Company. The 
response is almost linear in the dose range from about 20 rad to 2 krad. If the 
response curve is analysed in terms of a power function 

Y = a X D b 

where Y is the light yield, in arbitrary counts per milligram and D is the radiation 
dose, the exponent is higher than 1.0 until about 5 krad, reaching values of about 

1 1 rad= 10"2 Gy. 
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D O S E t r a d ) 

FIG.l. Typical dose response curve for mannose. 

MANNOSE 

FIG.2. Dose response curves for mannose and glutamine used in preliminary intercomparisons, 
kept at 21°C. (a) Glutamine 1 day after irradiation, (b) Glutamine 22 days after irradiation, 
(c) Mannose 2 days after irradiation, (d) Mannose 22 days after irradiation. 
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FIG.3. Dose response curve for glutamine up to 10 Mrad. 

1.5 in the region of a few hundred rad and gradually decreasing. This approxi-
mation by means of a power function is only a convenient calculational approach 
and there exists no theoretical backing for this particular formula. There should 
be an additional term, representing the intrinsic, non-radiative background of 
the phosphor, of the order of 3 to 30 rad, which can be safely ignored at higher 
doses. 

It requires three to four points per decade to be able to read the dose within 
1 to 2%. If the dose has to be determined within the strongly curvilinear range of 
the phosphor characteristics, more points may be needed, but it is best to avoid 
the saturation region entirely, because low slope dY/dD is a source of an increased 
error. 

The position of the maximum is not very accurately known because not 
enough experimental points were available in that region. There is, however, 
some evidence that the dose corresponding to the maximum of the curve varies 
from sample to sample, depending perhaps upon the granularity of the material 
and therefore on the amount of oxygen adsorbed on its surface. 

The experimental errors of data in Fig. 2 were small as far as solid-state 
dosimetry is concerned. The standard error of the mean for 8 to 10 samples was 
about 5% at 100 rad and about 1% from 1 krad upwards. In fact, the errors in the 
determination of yield were too small to be drawn on the multidecade graph. 

The family of curves in Fig.2 represent properties of the particular batches 
of mannose and glutamine chosen for use in the preliminary series of the high-
dose intercomparison programme sponsored by the IAEA. The curves were drawn 
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for various intervals following the irradiation. The standard error of the mean for 
ten samples measured for each value of the dose was 1 to 2% for mannose measured 
2 days after irradiation and 1 to 3% for other intervals. The same applies to the 
measurements with glutamine. The coefficient b in the power function approxi-
mation for glutamine is in the range 1.1 to 1.2 in the dose range from 10 krad 
upwards. Both materials were measured at a temperature of 19°C and kept in 
that temperature (±2°C) during storage. 

The dose response of another batch of glutamine is shown in Fig.3. These 
measurements were made with less accuracy, with the standard error of the mean 
in the range of 2 to 5%. Over 1.0 Mrad the dose was determined by means of the 
red Perspex method and the estimated uncertainty is about ± 10%. Particularly 
uncertain are values for doses in excess of 6 Mrad. The overall impression is that 
glutamine is a suitable dosimetric material in the dose range up to 7 Mrad,and 
perhaps even further. 

4. CHANGES IN THE LL YIELD ON STORAGE OF IRRADIATED MATERIAL 

It has been known for some time that irradiated LL phosphors change their 
properties in time. Atari [20] who first measured the fading of LL phosphors in 
his Ph.D. work, employed saccharides irradiated to, or perhaps even beyond, the 
saturation dose. As a result decay curves were produced which showed almost 
no fading. It was Puite who first pointed out in 1976 (private communication) 
that there is an actual decay for non-saturated values of dose. Later, measurements 
of Takavar [ 15 ] on the fading in amino acids revealed a complex picture of fading 
and growth in that category of materials. Recently, Bartlett [16] extended the 
measurements of change in yield on storage to the region past the maximum yield 
and obtained a picture which is in good agreement with the recent results of the 
Aberdeen laboratory. 

The present treatment of the problem of change in the LL yield on storage 
is purely empirical, limited to the observations of behaviour of irradiated samples 
kept in controlled conditions. Observations indicate that most LL phosphors 
irradiated at room temperature exhibit a change of light yield, easily noticeable 
within minutes or hours following irradiations. In mannose there is apparently 
a short period of growth, within tens of minutes or an hour after the irradiation, 
followed by gradual decay. This decay is not strictly monomolecular, i.e. it does 
not follow a linear law when log Y is plotted against elapsed time. It should be 
kept in mind that measurements of fading in lyoluminescent phosphors are at 
present rather difficult, particularly for intervals of days and weeks. The decay 
is in the range of a few or, say 10%, and the experimental errors are quite serious, 
being comparable in magnitude with the measured quantity. 
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DAYS A F T E R IRRADIATION 

FIG.4. Fading of LL of mannose irradiated to various doses and kept at 21°C. 

DAYS A F T E R I R R A D I A T I O N 

FIG.5. Growth of LL of glutamine irradiated to various doses and kept at 21° C. 
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FIG.6. Fading of mannose in logarithmic co-ordinates. 

There are few processes taking place in the solid during storage. A decay 
of free radicals must take place, most likely by the process of recombination. 
This process is thermally stimulated and therefore the decay should be expected 
to increase with temperature. Another process is conversion of radicals, from 
R'-form to peroxy radical ROj . This conversion was thought originally to take 
place in the solution, but a closer analysis indicates that it must happen in the 
solid as well, as long as there is a supply of oxygen. It is possible to imagine a 
model of a LL phosphor in which all R 0 2 radicals are formed in the solid, i.e. 
conversion takes place before the dissolution. In water the light yield will be 
quenched with an increased supply of oxygen. The other extreme, when all the 
radicals are converted during the dissolution, will be characterized by reduced 
quenching or even increased yield in the presence of increasing concentrations 
of oxygen. The latter solid will exhibit only decay on storage, whereas the first 
type can exhibit either decay or growth, depending whether the conversion from 
R' to R0 2 or decay of radicals predominates. This model can thus explain both 
decay and growth of LL yield and obviously is 'too flexible' to be of any predictive 
value, until quantitative data are obtained for the radical reaction and conversion 
rates. 

The results of observation of changes in LL yield of mannose and glutamine 
used in the IAEA intercomparisons are shown in Figs 4 and 5. They are plotted 
on a linear scale. For comparison the fading of another batch of mannose is 
shown in Fig. 6, using a logarithmic scale. The closer the dose is to the saturation 
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value, the lower is the rate of fading in the mannose. Similarly, growth in glutamine 
progresses at a rate decreasing with the dose. 

The rate of fading or growth depends upon the temperature at which the 
sample is stored. Mannose samples were stored in a cold room at +4°C for periods 
ranging from 22 to 35 days. The result of measurement of LL yields gives an 
average ratio of yields before and after storage as 0.998 ± 0.8%. For glutamine 
the ratio is 0.987 ± 1.2%. It can, therefore, be concluded that there are no detecta-
ble changes in these materials stored at +4°C. There is some evidence that a 
temperature of+10°C is insufficient to 'freeze' the fading of mannose, which 
continues to decay, however, at a slower rate. 

5. DESIGN OF AN LL READER 
The LL reader contains the following principal sub-units: 
(a) Optical head, which includes the photomultiplier tube and the apparatus 

for the dissolution of the sample, i.e. dissolution cell, feeder, optional 
stirrer, etc. 

(b) Electronic integrator and amplifier. 
(c) EHT power supply for the photomultiplier tube. 
Among laboratories studying applications of LL there appears to be no agree-

ment as to the best way of dissolving the sample. The practice of the Birmingham 
(and then Aberdeen) group was to drop powder into a vessel already filled with a 
solvent. Depending upon the rate of dissolution, an optional stirrer might have 
been used to assist the process. The powder was dropped from a glass hopper, 
shaped like a spoon, which was filled with a pre-weighed powder and emptied 
by rotation over the dissolution cell. A tap on the shaft carrying the hopper was 
necessary to ensure that all the powder was removed from it (Fig.7). This pro-
cedure was found satisfactory for powdered samples in the range of 5 to 40 mg. 

The Wageningen group used the opposite principle in their reader, by 
injecting a solvent into a cell in which the LL powder was already deposited 
(Fig. 8). 

Both methods were compared in Aberdeen in a series of trials and it was 
found that there was no significant difference between the reproducibility of 
results in both cases. It appears that both techniques are acceptable for a 
manually-operated reader. For the automated read-out, the technique of adding 
solvent to the powder is probably more suitable. Two reading heads were con-
structed for the manual reader, one with powder being dropped into a solvent, 
and one with solvent pumped in and out of the dissolution cell. 
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FIG. 7. Action of a reader in which powder is dropped into a solvent. 

FIGS. Action of a reader in which solvent is added to the LL phosphor. 
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6. CHOICE OF A PHOTOMULTIPLIER TUBE 
LL dosimetry involves the measurement of weak light intensities and at 

present there appears to be no alternative to a photomultiplier tube as the light 
detector. The choice between the measurement of an integrated photocurrent 
and photon counting has been made in favour of the first technique because of 
cost considerations and because in industrial applications there is a sufficient 
amount of light to use a more conventional technique. However, a very high 
stability of systems employing the photon counting technique may be a reason 
in their favour. It must be noted that photon-counting systems require a cooled 
photomultiplier tube. One such system, employing an EMI tube type D295A, 
has been described by Bartlett [16]. 

The 'best' photomultiplier tube for a general purpose reader until now has 
been the EMI 9635, which has a bialkali photocathode and very low dark current 
at room temperatures, corresponding to 8 X 10~14 lm at the peak wavelength of 
3800 A. 

Slightly better performance can be obtained from the EMI 9502S tube (or its 
silica equivalent 6256S), which has the dark current as low as 2.8 X 10"14 lm at 
3800 A. This tube has an effective diameter of the photocathode of only 10 mm 
and thus requires an optical system which will reduce the image of dissolving 
powder to fit into the 10 mm circle. The loss associated with the presence of a 
lens or mirror will reduce the gain due to the higher sensitivity of the tube. 

Among the low-cost tubes having large (50 mm) cathodes is the EMI 6097S 
with the unique 'S' type cathode, which is specially processed for low thermo-
emission. An advantage of the 6097S tube is a very fast recovery after exposure 
to light, which obviates the need for a very efficient light shutter, which is 
essential with EMI 9635. A photomultiplier tube 6097S has been used in the 
Mk2 reading head, described here. The Mkl reading head uses a 30 mm photo-
multiplier tube type EMI 9524S, with dark current corresponding to 7.3 X 10"14 1m 
at 3800 A. 

It is obvious that the chosen photomultiplier tubes will have a very low 
sensitivity in the red part of the spectrum and thus phosphors with an emission 
band in the shorter wavelength region, such as mannose or glutamine, are 
preferred. 

7. INTEGRATION TIME 
The integration time varies enormously, depending on the dissolution rate 

of a phosphor. For mannose, it was found sufficient to integrate for 10 s only, 
particularly for small samples. The value of 20-s integration adopted by the 
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TIME ( s e c o n d s I 

FIGS. Fast and slow components of LL signal (glow curve). 

TABLE I. LL YIELD IN IRRADIATED MANNOSE (10 krad) 
AS A FUNCTION OF TEMPERATURE, NORMALIZED TO 
1.00 AT 30°C 

Temperature Yield in a Yield in an 
(°C) .10-s interval 'infinite' interval 

20 " 0.992 1.16 

30 1 1 

40 0.957 0.88 

56 0.954 0.50 

laboratory, allows the recording at about 95% of all counts. There is no theo-
retical advantage in using a fixed integration time instead of continuing integration 
until a certain preset level is reached. It should be realized that there are two 
components of LL: the instant emission accompanying the process of dissolution 
and the second component, much weaker than the first, which may last even a 
few minutes after the last visible fragment of the solid has dissolved. An attempt 
to record the whole of both components results in an increased statistical error 
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FIG.10. Dependence of the LL light yield on the mass of the dissolved sample (mannose in 
water). (The errors on the graph are standard errors of the mean of the read-out, but do not 
take into account possible errors due to other factors, such as concentration of oxygen in water.) 
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FIG. 11. Dissolu tion cells. 
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because of the need to record intensities comparable with the noise, i.e. fluctuation 
of the dark current. The use of LL phosphors for dosimetry is based on the inte-
gration of the first component of emission (Fig. 9). 

The use of a fixed integration time has one stabilizing influence on the read-
out, it partially compensates for the temperature dependence of the LL yield 
(see Table I). 

8. SAMPLE SIZE 

The size of the sample has a small but perceptable influence on the light 
yield. The results obtained in various laboratories seem contradictory. There 
appear to be few factors at work,and in different conditions imposed by the 
design of the reader and by the method of operation, one or another factor 
predominates. 

The following factors can be identified: 

Change in the rate of solubility 
Variation of fluorescence yield with concentration 
Physical obstruction of emitted light 
Change in the viscosity [15] 
Availability of oxygen in the solution 

A typical result for the reader in which samples of powder are dropped into 
a small volume (5 to 10 cm3) of water is shown in Fig. 10. 

9. USE AND STANDARDIZATION OF DISSOLUTION CELLS 

Dissolution cells used in the Mkl and Mk2 reader heads are shown in Fig.l 1. 
They are made of borosilicate (Pyrex) glass. The bottom of the cell is flattened 
by the glass blower, but is not strictly optically flat. As a result the cells differ 
from each other in the amount of light reaching the photocathode. With the 
advantage of hindsight, it can be said that optically-flat bot toms for the dissolution 
cells would ensure a higher reproducibility of results, and also interchangeability. 
At present it is necessary to calibrate vessels in terms of transmitted light by filling 
them with a solution of scintillator to which a small amount of carbon-14 has been 
added. Such a calibration is troublesome and leads to potential contamination of 
the laboratory. When using a flat-bottomed vessel a simple optical density measure-
ment should suffice. 

A very serious problem is caused by the phosphorescence of glass after 
exposure to daylight or even to the incandescent light of the laboratory. This 
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FIG. 13. Electronic circuit of the integrator display. 

phosphorescence decays with a half-life of about 40 s and changes from one batch 
of glass to another. It is remarkably lower in silica, sometimes virtually absent. 
Use of silica vessels is thus recommended, even if they are much more expensive 
and more difficult to make. A very good solution is to use plastic vessels; poly-
propylene shows no phosphorescence whatsoever, even with the most sensitive 
instruments. 

Silvering of the cells is optional. There is evidence that silvering slightly 
reduces an error associated with the random positioning of the powder inside the 
vessel. Obviously, silvering should be done on the outside of the cell and sub-
sequently the deposited layer should be protected from abrasion by a layer of 
paint. 

The Mkl model employs the technique of dropping powder into the solvent; 
the Mk2 model relies on the opposite procedure. Both readers are based on the 
modified scintillation heads, using the Panax liquid scintillation counter and EKCO 
gamma counter respectively. 
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FIG. 14. LL reader Mk h 

10. ELECTRONIC INTEGRATOR 
The electronic integrator is based on the proven circuit of a current-to-voltage 

converter followed by a voltage-to-frequency converter. The first stage utilizes a 
Teledyne 1702 varactor diode bridge amplifier, which has the offset current in the 
femtoampere range. (An equivalent amplifier from Analog Devices is the 310.) 

The policy adopted in the present design was to operate the chain of con-
verters in such a way that full-scale deflection of the display meter corresponds to 
1 V on the output of the electrometric amplifier, and to 10 kHz of output frequency. 
Both devices can handle up to 10 X overload, which is a valuable feature, having in 
mind that the 'glow curve' of LL is characterized by a very sharp spike exponentially 
decaying. 

The electrometric amplifier covers ranges from 100 pA to 1 mA full scale 
deflection. In the present configuration the voltage-to-frequency converter is 
sensitive to positive signals only, which is the correct polarity, when the photo-
current is collected from the anode of the photomultiplier tube. The arrangement 



of the dynode chain follows the recommendations of the manufacturer. The 
detailed circuits of the integrator and built-in LED display scaler are shown in 
Figs 12 and 13. The general appearance of the Mkl and Mk2 reader heads is shown 
in Figs 14 and 15. A Brandenburg EHT supply model 476 R provides adequate 
voltage and current for the reader. 

It is advisable to have the EHT supply interlocked in order to prevent damage 
to the photomultiplier tube or a drastic change in its sensitivity, which may result 
from exposure to strong light with high voltage on. This is achieved by means of 
an EHT relay and a microswitch, which breaks the circuit when the lid is opened. 

11. PACKAGING FOR AUTOMATIC READ-OUT MACHINES 
It is desirable that LL phosphors should be packaged in such a way that they 

can be read by automatic machines of relatively simple design. From the earlier 
discussion it follows that the most suitable encapsulation is in metal or plastic 
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FIG.16. Blister packaging of LL phosphors. A bar code for identification of the dose meter 
can be placed on the back of the blister and read automatically. 

(or both) foils. There are two types of packaging used by the pharmaceutical 
industry which can be used for lyoluminescent phosphors: strip packs and blister 
packs. A typical strip packaging machine fills pockets formed by sealing two 
plastic or metal foils with powdered material. The material is pre-weighed and the 
seal can be made fairly impervious to moisture and atmospheric gases if desired [21 ]. 

With strip packaging of LL phosphor into the sachets it is doubtful if a simple 
and efficient mechanism can be designed, which will completely and reliably empty 
the contents of the package into the dissolution cell. 

A more promising system of packaging is based on the concept of the blister 
pack, identical to those used for packaging aspirin tablets and other drugs. The 
tablet is pressed between the blistered substrate, made of relatively stiff plastic 
(cellulose-based, PVC, polypropylene etc.),and the top foil, usually aluminium, 
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or aluminized plastic. Blister packs are as a rule used for tablets, but there is 
nothing to prevent them being filled with loose powder (Fig. 16). 

In a series of trials with blister packs each filled with 50 mg of dried mannose, 
the powder was pushed out from the blister by means of a metal punch which 
'inverted' the bubble. The amount of mannose remaining in the pack was not 
more than 0.5 mg in the worst case, usually less. The shape of a commercially-
available blister was not optimized for that type of emptying. A lenticular blister 
(Fig. 17) will be much more reliable and should operate with a 'bi-stable effect', 
changing under pressure of the punch from one equilibrium shape to another. 

Plastic packaging is adequately tissue-equivalent in the thickness range likely 
to be used for packing and the energy range down to about 25 kV. The aluminium 
foil, up to 30 fim thick, will be effectively water-equivalent at the energies used in 
industrial food processing and sterilization of pharmaceuticals. 

Blister-packed LL dose meters can be fed to an automatic reader. A bar-coded 
identification number placed on the reverse side of the dose meter can be read at 
the same time and included in the print-out. 

12. SOURCES OF UNCERTAINTIES IN LL DOSIMETRY 
Sources of uncertainties in LL dosimetry can be traced to equipment errors 

(readers, balances), materials (phosphors and solvents), and procedures. 
12.1 .Equipment errors 

The main sources of errors associated with the use of electronic integrators 
are stability of the gain and stability of the null (which are a source of quasi-
random errors),' and also non-linearity of the response (which introduces a system-
atic error), which in principle can be reduced or eliminated by careful calibration. 
A particular form of the latter is hysteresis or 'blacklash' error in the setting of 
the null. 

The stability of modern electrometric amplifiers is very high. A typical 
modern varactor diode amplifier (Burr Brown model 3430 J), has the bias current 
at 25°C within ±10 fA, which doubles at a temperature increase of 10°C. The 
usual working range of an electrometric amplifier employed in a lyoluminescence 
reader is not lower than 1 nA and thus the temperature drift of the amplifier is of 
no consequence. Similarly, it can be shown that the temperature coefficients of 
modern voltage-to-frequency converters are also small enough to have no effect 
on the stability of the system during measurements in laboratory conditions. 

The most temperature-sensitive element in the LL reader is the photomultiplier 
tube. A change of temperature causes a change in the dark current. This dark 
current and its changes depend upon the nature of the photocathode, and values 
can be found for the bialkali cathodes of the order of 3 to 8% per degree Celsius, 
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FIG. 17. A lenticular blister for automatic read-out. 

the working temperature being in the range 20 to 25°. In addition to the change 
in the dark current, there is also a sensitivity variation of the photomultiplier tube 
with temperature. This depends on the wavelength, which means that the response 
of a photomultiplier tube changes with temperature. The RCA 'Photomultiplier 
Manual' PT-61 provides the information that in the 'threshold' region of wavelength 
the temperature coefficient can be as high as 0.8% per degree Celsius. 

It is impossible at present to estimate the total temperature effect on the 
photomultiplier tube performance in a LL reader, because it will depend on the 
spectrum of LL of an individual phosphor. A sensible way of coping with the 
temperature effects in the electronic system is to use a stable light source and at 
every calibration restore the standard operating conditions, i.e. by adjusting the 
EHT. 

Using a scintillation light source as a standard it was possible to determine 
the degree of constancy of the electronic chain. The light source was based on 
a carbon-14 compound dissolved in a scintillator. The result indicated that during 
a 24-hour period, with the equipment never switched off, the readings were 
reproducible within 1 %, often much better. If the apparatus was switched off 
and then on again, a difference of 2% was sometimes found. These values are an 
indication of the stability of the electronic system. 

The balance used for weighing the phosphor was of the double pan type, 
with resolution of 0.1 mg, which could be read from the optical scale. Assuming 
errors in tare and in actual measure equal to 0.1 mg each, the total uncertainty 
of 0.8% could be reached for 25 mg of phosphor. 

The electronic timer gating the integrator could also be a source of error, 
unless it is quartz controlled. 
12.2. Materials 

At present there are no standardized phosphors for LL dosimetry available 
commercially and instead pure chemicals are purchased for this purpose. Neither 
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mannose nor glutamine are available in higher purity grades (Analar, Aristar or their 
equivalents in the United States of America). 

The material used in the experiments was kept in a cold, dry room. The 
contents of the jar of material were carefully mixed by stirring and turning before 
being dispensed into individual dose meters. Sieving to a more uniform grain size 
may be required sometimes. For each batch of material a separate calibration 
curve must be obtained. 

A difficulty was encountered in the estimation of the degree to which 
changes in the properties of the phosphor or in the content of the solvent were 
reflected in the fluctuations of the result of measurement. Water used in the 
experiments was taken from an all-glass still. Experiments with water from a 
deioniziing plant gave the same results. 

Even when everyday runs appeared to be consistent and the standard error 
of the mean of light yield measurement was sometimes as low as 0.1%, a group 
of results might deviate from the expected value by 10% or even more, still 
retaining the internal consistency, i.e. having a small spread between individual 
measurements on the same sample. It is doubtful if such a deviation can be 
attributed to the malfunctioning of the equipment, which can be checked inde-
pendently of the registered LL. Such checks were made routinely when the results 
were showing a deviation from the expected value and as a rule the electronic 
chain was in order. The occurrence of these discrepancies indicates that the control 
of the quality of LL phosphors and solvents is far from satisfactory. 

There was a very pronounced effect of the pH of the solvent on the light 
yield and on the reproducibility of measurements. The dose determinations were 
usually done with water which was in equilibrium with air for a long time, with a 
pH of 6.3 to 6.5. The dependence of the light yield on the pH is not simple and 
depends also on the nature of chemicals (acids, alkali, buffers) added to the solvent. 
Even with the pH controlled within 0.1 in water taken from the same all-glass still, 
fluctuations of the light yield of an order of 15% were sometimes observed. It is 
possible that the chain reactions in the solution were so sensitive to the variation 
in pH or to the presence of specific impurities that much better quality control of 
reagents is required. 
12.3. Procedures 

There appear to be no obvious faults in the procedures involved in LL dosi-
metry. As with all solid-state methods, LL dosimetry requires calibration of the 
dose meters and as long as suitable standardized materials are not available com-
mercially, this calibration must be repeated for every batch. 

The procedures used in the Aberdeen laboratory involved the generation of 
the calibration curve by means of a series of readings of LL on samples irradiated 
to known doses. The irradiations were carried out in the equilibrium block made 
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of specially-selected nylon with a density of 1.03 g/cm 3. The block was placed 
inside the lead cone of a therapy gamma source, described by Takavar [15]. 
Naturally, the absolute dose determination by means of LL dosimetry requires 
a high degree of accuracy in the measurement of the dose rate of the calibration 
source. 

13. CONCLUSIONS 
LL dosimetry is being developed into a system capable of the determination 

of doses from a few kilorad to almost 10 Mrad. The development includes a 
detailed study of the properties of phosphors (mannose and glutamine) as well as 
the design of read-out equipment for manual and automatic read-out. Further 
work is needed to increase the reproducibility of the light yield measurements. 
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4. A REVIEW OF THE RESULTS OF THE COMPREHENSIVE 
INTERCOMPARISON 1978 

4.1. Introduction 

In the summer of 1978 a comprehensive intercomparison was made of four 
promising dose meter systems. Three of the dose meter systems were given 
radiation doses in the 'medium' range, 1 to 10 kGy (0.1 to 1 Mrad) and in the 
'high' range, 5 to 100 kGy (0.5 to 10 Mrad). The fourth dose meter system was 
used in a limited portion of the 'high' range, namely 5 to 50 kGy (0.5 to 5 Mrad). 
The dose meter systems that were intercompared and the issuing laboratories that 
provided the dose meters and interpreted the absorbed doses were: 
A. D-alanine using electron spin resonance analysis, Gesellschaft fur Strahlen-

und Umweltforschung (GSF), Neuherberg, Federal Republic of Germany. 
B. Ethanol-chlorobenzene using high-frequency oscillometric analysis, Institute 

of Isotopes, Academy of Sciences (INISO), Budapest, Hungary. 
C. Radiochromic dye films using a commercial optical density reader for 

analysis, National Bureau of Standards (NBS), Washington, DC, United 
States of America. 

D. Ceric-cerous sulphate solution using electropotentiometric analysis, Atomic 
Energy of Canada Limited, Commercial Products (AECL), Ottawa, Canada. 
Ceric-cerous dose meters were used in the range from 5 to 50 kGy 
(0.5 to 5 Mrad). 
In addition to the four issuing laboratories, six other laboratories also acted 

as irradiating laboratories, namely: 
E. Bhabha Atomic Research Centre (BARC), Trombay, Bombay, India. 
F. Comision Nacional de Energia Atomica (CNEA), Buenos Aires, Argentina. 
G. Association Euratom - Institute for Atomic Sciences in Agriculture (ITAL), 

Wageningen, Netherlands. 
H. National Physical Laboratory (NPL), Teddington, Middlesex, United Kingdom. 
I. Ris0 National Laboratory (RISO), Roskilde, Denmark. 
J. Centre d'Etudes Nucleaires (CAPRI), Saclay, France. 
K. Boris Kidric Institute of Nuclear Sciences (VINCA), Vinca, Yugoslavia. 

The irradiating laboratories were asked to give five replicate doses at three 
different dose levels within each of the 'medium' and 'high' dose ranges for the 
GSF, INISO, and NBS dose meters and to give five replicate doses at three 
different dose levels in the range 5 to 50 kGy (0.5 to 5 Mrad) for the AECL 
dose meters. Dose meters were sent to the irradiating laboratories and returned 
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to the issuing laboratories through the regular postal service. The only irradiation 
details supplied to the issuing laboratories by the irradiating laboratories were 
the irradiation date and the mean temperature during irradiation. The nominal 
doses given by the irradiating laboratories and the estimated doses measured by 
the issuing laboratories were supplied directly to the IAEA for evaluation at the 
Advisory Group Meeting in September 1978. 
4.2. Results 

The raw data as presented at the Advisory Group Meeting is shown in 
graphical form in Figs 1 to 11. 

In Figs 1 to 7 the estimated dose as measured by the issuing laboratory is 
plotted against the nominal dose quoted by the irradiating laboratory. The best 
straight line through the origin which correlates the estimated dose to the nominal 
dose is given as a solid line. The slope of this line is the average ratio of the 
estimated dose to the nominal dose. The perfect correlation with a slope of 1 is 
shown on the same curves as a broken line. 

In Figs 8 to 11 the ratios of the estimated dose to the nominal dose are 
plotted against the nominal dose. The points shown are the average ratio for 
five dose meter readings. The error bars show the range from the maximum to 
the minimum ratio. 

No attempt can be made here to analyse extensively or to attribute profound 
significance to the results of the intercomparison. In general, however, the 
following qualitative statements may be made about the performance of each 
of the four dosimetry methods, with the assumption that all values of absorbed 
dose in water were correctly provided by the irradiating laboratory. It should 
be borne in mind that this assumption may introduce additional error in the 
intercomparison results. 
1. D-alanine using ESR analysis: This system appears to give approximately 

correct dose interpretations, with a tendency to be slightly high at the high 
doses (>40 kGy). 

2. Ethanol-chlorobenzene using high-frequency oscillometric analysis: The 
dose interpretation generally appears somewhat high especially at doses less 
than 10 kGy. There is a relatively high degree of scatter. 

3. Radiochromic dye films using a commercial optical density reader for 
analysis: There appears to be a trend in which the smallest doses (<5 kGy) 
are read somewhat too high and those in the middle of the high dose range 
(40 to 60 kGy) somewhat too low. 

4. Ceric-cerous sulphate solution using electropotentiometric analysis: Only 
the high dose range was interpreted with apparently best results at doses 
exceeding 10 kGy, although these have slightly high values. 

Text continued on p. 186. 
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FIG. 7. Correlation between dose estimated by the ceric-cerous system and nominal dose for 
the restricted dose range from 5 to 50 kGy. 

Even with these apparent discrepancies it may be stated that, with all four 
systems, a remarkable degree of reliability of dose evaluations emerged for such 
a large disparity of climates, irradiation conditions and wide geographic 
distributions. At this stage, however, it would be premature to judge the 
overall performance of any dose meter as a practical routine system for use 
in radiation processing plants. Within the Agency's co-ordinated research 
programmes further investigations of the influence of environmental factors on 
dose meter response should provide additional criteria for selection. 
4.3. Tabulation of results 

The results of the intercomparison are given in Table I (pages 191-212). 
4.4. Irradiation conditions and dose meter protocols 

The information given on pages 213-224 sets out the details of the 
conditions and geometry of irradiation at each of the irradiating laboratories. 
Also given are the protocols used by the issuing laboratories for each of the 
dose meter systems used in the comprehensive intercomparison (pages 225-228). 

Text continued on p.231. 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory A - GSF, Fed. Rep. Germany; medium range; 
temperature 20° C 

d-alanine 
(GSF) 

Ethanol-chlorobenzene 
(INISO) 

Radiochromic dye films 
(NBS) 

Ceric-cerous sulphate 
(AECL) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

1.50 

3.48 

6.62 

1414 1.7 1.133 
1422 1.7 1.133 
1236 1.7 1.133 
1309 1.6 1.067 
1571 1.7 1.133 
X 1.68 1.120 
a 0.04 0.030 

1328 4.0 1.149 
1425 4.0 1.149 
1267 4.0 1.149 
1576 4.0 1.149 
1424 4.0 1.149 
X 4.00 1.149 
a 0.0 0.0 

1432 7.4 1.118 
1585 7.4 1.118 
1330 7.5 1.133 
1270 7.5 1.133 
1440 7.5 1.133 
X 7.46 1.127 
a 0.05 0.008 

1.50 

3.48 

6.67 

231 
232 
233 
234 
235 
x 
a 

236 
237 
238 
239 
240 
x 

a 

246 
247 
248 
249 
250 
x 
a 

1.50 
1.55 
1.55 
1.56 
1.55 
1.542 
0.024 

3.33 
3.42 
3.42 
3.35 
3.42 
3.388 
0.044 

6.39 
6.33 
6.31 
6.39 
6.29 
6.342 
0.046 

1.000 

1.033 
1.033 
1.040 
1.033 
1.028 
0.016 
0.957 
0.983 
0.983 
0.963 
0.983 
0.974 

0.951 

< M 

o 
H 
H 
a 
M 
SB 
M 
CO 
e 
r 
H u> 

0.013 

0.958 
0.949 
0.946 
0.958 
0.943 

0.007 



TABLET. TABULATION OF RESULTS - Irradiating laboratory A - GSF, Fed. Rep. Germany; high range; 
(cont.) temperature 20°C 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Norn Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

10.64 1048 11.2 1.053 10.63 251 9.80 0.922 10.64 1 11.0 1.034 
1409 11.1 1.043 252 9.90 0.931 2 11.1 1.043 
1125 11.1 1.043 253 9.79 0.921 3 11.1 1.043 
1537 11.2 1.053 254 9.93 0.934 4 11.1 1.043 
1304 11.1 1.043 255 9.89 0.930 5 11.2 1.053 
X 11.14 lL°4ll X 9.862 |0.928 ] X 11.10 |l.043| 
a 0.05 0.005 a 0.063 0.006 a 0.07 0.007 

48.34 1371 49.1 1.016 48.33 256 41.2 0.852 25.06 6 25.1 1.002 
1441 49.1 i.016 257 39.8 0.824 7 24.5 0.978 
1446 49.6 1.026 258 39.7 0.821 8 24.4 0.974 
1363 50.0 1.034 259 40.3 0.834 9 24.6 0.982 
1286 49.1 1.016 260 40.1 0.830 10 25.0 0.998 
X 49.38 1.0221 X 40.22 (0.832| X 24.72 |0.9861 
a 0.41 0.008 a 0.60 0.012 0 0.31 0.012 

106.4 1376 109.7 1.031 106.3 261 101 0.950 48.38 11 47.4 0.980 
1475 109.7 1.031 262 101 0.950 12 47.3 0.978 
1484 109.7 1.031 263 102 0.960 13 47.8 0.988 
1587 108.6 1.021 264 102 0.960 14 47.7 0.986 
1365 108.0 1.015 265 102 0.960 16 47.4 0.980 
X 109.14 1.0261 X 101.6 |0.956| X 47.52 |0.982| 
a 0.80 0.007 a 0.5 0.005 a 0.22 0.004 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory B - INISO, Hungary; medium range; 
(cont.) temperature 23°C 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

2.17 4-1 2.20 1.014 2.17 I l l 2.31 1.065 
2 2.25 1.037 112 2.33 1.074 
3 2.30 1.060 113 2.29 1.055 
4 2.18 1.005 114 2.34 1.078 
5 2.21 1.018 115 2.34 1.078 
X 2.228 11.0271 X 2.322 [1.0701 
a 0.048 0.022 a 0.022 0.010 

4.17 5-1 4.10 0.983 4.17 116 4.32 1.036 
2 4.28 1.026 117 4.31 1.034 
3 4.20 1.007 118 4.26 1.022 
4 4.28 1.026 119 4.25 1.019 
5 4.24 1.017 120 4.26 1.022 
X 4.220 |l .0121 X 4.280 |l.026| 
a 0.075 0.018 a 0.032 0.008 

6.34 6-1 6.58 1.038 6.17 121 6.60 1.070 
2 6.60 1.041 122 6.47 1.049 
3 6.50 1.025 123 6.57 1.065 
4 6.44 1.016 124 6.64 1.076 
5 6.38 1.006 125 6.57 1.065 
X 6.500 Jl .0251 X 6.570 |l.065| 
a 0.093 0.015 a 0.063 0.010 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory C - INISO, Hungary; high range 
(cont.) 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose, meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

6.34 1 -1 6.40 1.009 Temperature 23°C 8.34 126 "8~73 1.047 
2 6.64 1.047 127 8.71 1.044 
3 6.44 1.016 128 8.61 1.032 
4 6.63 1.046 129 8.68 1.041 
5 6.40 1.009 130 8.80 1.055 
X 6.502 |l.0261 X 8.706 |l .0441 
a 0.123 0.019 a 0.069 0.008 

50.17 2-1 52.44 1.045 Temperature 28° C 50.17 131 50.2 1.001 
2 53.50 1.066 132 49.8 0.993 
3 53.86 1.074 133 49.9 0.995 
4 53.44 1.065 134 50.2 1.001 
5 54.00 1.076 135 50.2 1.001 
X 53.45 |l.065l X 50.06 [0.9981 
a 0.61 0.012 a 0.19 0.004 

80.34 3-1 82.67 1.029 Temperature 34° C 80.34 136 80.3 1.000 
2 83.09 1.034 137 79.3 0.987 
3 84.19 1.048 138 78.9 0.982 
4 80.86 1.006 139 . 80.8 1.006 
5 81.48 1.014 140 80.6 1.003 
X 82.46 ll.026| X 79.98 |0.996| 
a 1.32 0.016 a 0.83 0.010 
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TABLE I. TABULATION OF RESULTS, - Irradiating laboratory D - AECL, Canada; high range; 
(cont.) temperature 26°C 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

5.0 3-1 4.45 0.890 5.0 1411 5.7 1.140 5.0 97 4.75 0.950 
2 4.48 0.896 1451 5.7 1.140 100 4.89 0.978 
3 4.58 0.916 1487 5.8 1.160 104 4.87 0.974 
4 4.62 0.924 1494 5.7 1.140 105 4.75 0.950 
5 4.57 0.914 1491 5.8 1.160 108 4.98 0.996 
X 4.540 |0.908| X 5.74 |1.148| X 4.848 |0.970| 
a 0.072 0.014 O 0.05 0.011 a 0.098 0.020 

17.7 1-1 17.31 0.978 17.7 1423 18.0 1.017 17.7 96 16.4 0.927 
2 17.07 0.964 1461 17.8 1.006 101 17.8 1.006 
3 16.99 0.960 1468 17.8 1.006 103 16.9 0.955 
4 16.46 0.930 1495 17.8 1.006 107 17.3 0.977 
5 16.21 0.916 1560 18.2 1.028 109 17.5 0.989 
X 16.81 |0.950| X 17.92 |l.012| X 17.18 |0.97l| 
a 0.46 0.026 a 0.18 0.010 ff 0.54 0.031 

47.8 2-1 44.43 0.929 47.8 1554 48.7 1.019 47.8 98 45.0 0.941 
2 45.09 0.943 1555 48.7 1.019 99 42.0 0.879 
3 46.31 0.969 1561 49.2 1.029 102 40.9 0.856 
4 46.86 0.980 1564 49.2 1.029 106 43.7 0.914 
5 46.59 0.975 1568 48.3 1.010 110 40.8 0.854 
X 45.86 |0.959| X 48.82 [ 1.0211 X 42.48 | o .889 | 
a 1.05 0.022 a 0.38 0.008 a 1.83 0.038 
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TABLE I. TABULATION OF RESULTS 
(cont.) 

Irradiating laboratory D - AECL, Canada; medium range; 
temperature 26° C 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

2.2 6-1 2.34 1.064 2.2 1128 2.2 1.000 2.2 81 2.18 0.991 
2 2.34 1.064 1278 2.2 1.000 87 2.26 1.027 
3 2.35 1.068 1287 2.2 1.000 88 2.19 0.995 
4 2.31 1.050 1361 2.2 1.000 89 2.29 1.041 
5 2.27 1.032 1404 2.2 1.000 91 2.18 0.991 
X 2.322 |l .055 1 X 2.20 |1.000| X 2.220 11.009| 
a 0.033 0.015 a 0.0 0.0 a 0.051 0.023 

4.4 4-1 4.19 0.952 4.4 1140 4.4 1.000 4.4 82 4.39 0.998 
2 4.17 0.948 1212 4.4 1.000 83 4.18 0.950 
3 4.39 0.998 1214 4.4 1.000 84 4.43 1.007 
4 4.36 0.991 1296 4.4 1.000 90 4.74 1.077 
5 4.38 0.995 1313 4.5 1.023 95 4.46 1.014 
X 4.298 |0.977| X 4.42 Jl .0051 X 4.440 |l .0091 
a 0.108 0.025 a 0.04 0.010 a 0.200 0.046 

8.8 5-1 8.20 0.932 8.8 1231 9.0 1.023 8.8 85 7.99 0.908 
2 8.15 0.926 1233 9.0 1.023 86 7.82 0.889 
3 8.14 0.925 1257 8.9 1.011 92 7.95 0.903 
4 8.38 0.952 1282 9.0 1.023 93 8.35 0.949 
5 8.55 0.972 1288 8.9 1.011 94 8.83 1.003 
X 8.284 |0.9411 X 8.96 11.0181 X 8.188 |0.930| 
a 0.177 0.020 a 0.05 0.006 a 0.409 0.046 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory C - NBS, USA; high range; 
(cont.) temperature 25 to 26°C 

d-alanine Ethanol-chloro benzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

8.35 1 -1 7.92 0.949 5.46 2 6.3 1.154 
2 8.57 1.026 3 6.5 1.190 
3 8.07 0.966 8 6.2 1.136 
4 8.69 1.041 10 6.6 1.209 
5 8.16 0.977 *12 5.6 1.026 
X 8.282 |0.992| X 6.40 |l .l72| 
a 0.332 0.040 a 0.18 0.033 

34.6 2-1 34.87 1.008 8.14 l 9.9 1.216 
2 34.42 0.995 5 9.8 1.204 
3 33.94 0.981 7 10.0 1.229 
4 34.08 0.985 *11 8.9 1.093 
5 34.08 0.985 15 10.2 1.253 
X 34.28 |0.99l| X 9.98 [l .2251 
CT 0.38 0.011 a 0.17 0.021 

80.1 3 - 1 80.58 1.006 33.7 4 36.3 1.077 
2 81.23 1.014 6 36.7 1.089 
3 81.31 1.015 9 36.5 1.083 
4 79.59 0.994 *13 40.0 1.187 

5 81.69 1.020 14 37.2 1.104 
X 80.88 l i . o i o l X 36.68 |1.088] 
a 0.82 0.010 a 0.39 0.011 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory C - NBS, USA; medium range; 
(cont.) temperature 25 to 26°C 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

1.80 4-1 1.98 1.100 
2 1.89 1.050 
3 1.88 1.044 
4 1.91 1.061 
5 1.94 1.078 
X 1.920 |l.067| 
a 0.041 0.023 

3.98 5-1 4.11 1.033 
2 4.18 1.050 
3 4.09 1.028 
4 4.13 1.038 
5 3.99 1.003 
X 4.100 |l.030| 
a 0.070 0.018 

8.35 6-1 8.14 0.975 
2 8.57 1.026 
3 8.43 1.010 
4 8.48 1.016 
5 8.53 1.022 
X 8.430 |i.oio| 
0 0.170 0.020 
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x a u i ^ 
( c o n t . ) t e m p e r a t u r e 3 7 ° C 

d-alanine 
(GSF) 

Ethanol-chlorobenzene 
(INISO) 

Radiochromic dye films 
(NBS) 

Ceric-cerous sulphate 
(AECL) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

Nom. Dose Est. Est, 
dose meter dose Nom. 
(kGy) No. (kGy) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

Nom. Dose Est. Est. 
dose meter dose Nom. 
(kGy) No. (kGy) 

2.53 

4.65 

9.3 

4 - 1 2.63 1.040 

2 2.61 1.032 

3 2.44 0.964 

4 2.45 0.968 

5 2.68 1.059 
X 2562 |l.013| 

O 0.110 0.043 

5 - 1 
2 

3 
4 

5 
x 
a 

6 - 1 

2 
3 
4 
5 
x 

a 

4.73 
4.98 

4.99 
5.06 
4.93 
4.938 
0.125 

9.47 
9.34 

9.51 
9.32 
9.36 

9.400 

0.085 

1.017 
1.071 
1.073 
1.088 
1.060 
|l.062| 
0.027 

1.018 
1.004 
1.023 
1.002 
1.006 

[ n u l l 

0.009 

1.03 

4.13 

5.01 

271 1.10 1.068 
»272 1.13 1.097 

273 1.13 1.097 

274 1.12 1.087 

*275 1.18 1.146 
X 1.132 |l .099| 

a 0.029 0.029 

276 4.16 1.007 

277 4.13 1 . 0 0 0 

278 4.26 1.031 

279 4.11 0.995 
X 4.165 |l.0081 

a 0.067 0.016 

280 5.09 1.016 

•281 9.98 0.991 

282 9.90 0.983 
283 10.00 0.993 
284 9.92 0.985 

•285 10.10 1.003 
X 9.980 |0.99l| 

0.079 0.008 
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* Surface defect on film. 



TABLE I. TABULATION OF RESULTS 
(cont.) 

Irradiating laboratory E — BARC, India; high range; 
temperature 37°C 

N> 
o O 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

23.25 1 -1 24.34 1.047 21.7 286 20.8 0.959 
2 24.09 1.036 287 21.3 0.982 
3 23.51 1.011 288 21.4 0.986 
4 22.58 0.971 289 21.2 0.977 90 

Pi 

5 22.59 0.972 290 20.2 0.931 £ w 
X 23.42 |l-0071 X 20.98 lo.967| A 
a 0.82 0.035 a 0.49 0.023 Ml 

i-j 
49.6 2-1 49.45 0.997 49.6 291 48.1 0.970 a M 

2 52.85 1.066 292 47.5 0.958 90 tfl 
3 52.05 1.049 293 46.7 0.942 CO 

G M 
4 51.64 1.041 *294 47.8 0.964 H w 
5 50.10 1.010 295 47.7 0.962 
X 51.22 |l-0331 X 47.56 l0.959| 
a 1.41 0.028 a 0.53 0.011 

74.4 3-1 76.33 1.026 74.4 296 74.7 1.004 
2 78.13 1.050 297 74.7 1.004 
3 78.34 1.053 298 73.2 0.984 
4 78.90 1.060 299 72.5 0.974 
5 78.30 1.052 300 74.3 0.999 
X 78.00 |l.0481 X 73.88 |0.993j 
a 0.98 0.013 a 0.99 0.013 



T A B L E I. T A B U L A T I O N O F R E S U L T S - I r r a d i a t i n g l a b o r a t o r y F - C N E A , A r g e n t i n a ; m e d i u m r a n g e ; 

( c o n t . ) t e m p e r a t u r e n o t r e p o r t e d 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

1.51 6 - 1 1.61 1.066 1.51 1279 1.7 1.126 1.51 171 1.46 0.967 
2 1.57 1.040 1249 1.7 1.126 172 1.44 0.954 
3 1.61 1.066 1245 1.7 1.126 173 1.50 0.993 
4 1.60 1.060 1235 1.7 1.126 174 1.49 0.987 
5 1.61 1.066 1269 1.7 1.126 155 1.45 0.960 
X 1.600 |l.060| X 1.70 |1.126| X 1.468 |0.972| 
a 0.017 0.011 a 0.0 0.0 a 0.026 0.017 

3.62 5 -1 3.77 1.041 3.62 1341 4.0 1.105 3.62 *196 3.76 1.039 
2 3.92 1.083 1326 4.0 1.105 197 3.78 1.044 
3 3.75 1.036 1311 4.0 1.105 198 3.75 1.036 
4 3.69 1.019 1381 4.0 1.105 199 3.61 0.997 
5 3.57 0.986 1315 4.0 1.105 200 3.74 1.033 
X 3.740 [1.033) X 4.00 [1.1051 X 3.728 |l.030| 
a 0.127 0.035 a 0.0 0.0 a 0.068 0.019 

6.08 4-1 6.05 0.995 6.08 1580 7.3 1.201 6.08 191 6.01 0.988 
2 6.41 1.054 1390 7.6 1.250 192 6.06 0.997 
3 6.27 1.031 1293 7.2 1.184 193 6.05 0.995 
4 6.40 1.053 1294 7.3 1.201 *194 6.26 1.030 
5 6.21 1.021 1298 7.3 1.201 195 6.31 1.038 
X 6.268 |l. 0311 X 7.34 |l.207| X 6.138 I1.010I 

a 0.149 0.024 a 0.15 0.025 a 0.137 0.022 
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* Surface defect on film. 



TABLE I. TABULATION OF RESULTS - Irradiating laboratory F - CNEA, Argentina; high range; 
(cont.) temperature not reported 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

12.1 3-1 12.18 1.007 12.1 1485 14.6 1.207 12.1 *186 12.3 1.017 12.1 1 14.0 1.157 
2 12.25 1.012 1433 14.6 1.207 187 12.5 1.033 2 - -

3 12.15 1.004 1421 14.9 1.231 188 12.5 1.033 3 14.1 1.165 
4 11.97 0.989 1436 14.6 1.207 189 12.4 1.025 4 14.1 1.165 
5 12.16 1.005 1489 14.7 1.215 190 12.4 1.025 5 13.9 1.149 
X 12.14 [1.0031 X 14.68 |l.213| X 12.42 |l.026l X 14.02 |1.159| 
a 0.10 0.009 a 0.13 0.011 a 0.08 0.007 a 0.10 0.008 

34.4 2-1 33.83 0.983 34.4 1575 37.4 1.087 34.4 181 32.3 0.939 34.4 6 37.4 1.087 
2 33.66 0.978 1515 37.4 1.087 182 32.5 0.945 7 36.6 1.064 
3 31.83 0.925 1583 37.5 1.090 183 32.3 0.939 8 37.9 1.102 
4 34.29 0.997 1572 37.4 1.087 184 32.0 0.930 9 38.8 1.128 
5 33.62 0.977 1556 37.5 1.090 185 31.7 0.922 10 - -

X 33.45 |o.972| X 37.44 (l .0881 X 32.16 lo.935l X 37.68 ll.095| 
a 0.94 0.027 a 0.05 0.002 a 0.31 0.009 a 0.92 0.027 

44.6 1 -1 - - 44.6 1366 48.3 1.083 44.6 176 40.3 0.904 44.6 11 47.3 1.061 
2 45.57 1.022 1306 48.3 1.083 177 40.7 0.913 12 48.7 1.092 
3 46.19 1.036 1368 48.0 1.076 178 40.2 0.901 13 48.4 1.085 
4 44.02 0.987 1323 48.5 1.087 179 40.6 0.910 14 48.2 1.081 
5 44.15 0.990 1339 48.0 1.076 180 40.1 0.899 15 48.3 1.083 
X 44.98 |l.009| X 48.22 |l .08l| X 40.38 |0.9051 X 48.18 |l.080| 
a 1.07 0.024 a 0.22 0.005 0 0.26 0.006 0 0.53 0.012 



l A U L f c l . 1 A B U L A 1 1 U 1 N U r K H i U L l i — i r T a a i a u n g l a o o r a i o r y — l r N e u i e r i a i i u s , m c u i u m i < u i g t , 

(cont.) temperature 23°C 

d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

L61 6-1 1.67 1.037 1.61 1385 1.7 1.056 1.61 201 1.71 1.062 
2 1.69 1.050 1477 1.7 1.056 205 1.71 1.062 
3 1.66 1.031 1464 1.7 1.056 206 1.70 1.056 
4 1.69 1.050 1600 1.7 1.056 213 1.72 1.068 
5 1.69 1.050 1319 1.7 1.056 219 1.71 1.062 
X 1.680 |l.043| X 1.70 li.osel X 1.710 Ll.062N 
a 0.014 0.009 a 0.0 0.0 0 0.007 0.003 

6.21 4-1 6.67 1.074 6.21 1417 7.2 1.159 6.21 202 6.17 0.994 
2 6.46 1.040 1344 7.2 1.159 209 6.17 0.994 
3 6.21 1.000 1552 7.2 1.159 222 6.23 1.003 
4 6.34 1.021 1336 7.2 1.159 225 6.17 0.994 
5 6.33 1.019 1567 7.2 1.159 *230 6.28 1.011 
X 6.402 |l.0311 X 7.20 Il.l59l X 6.204 [0.999| 
a 0.174 0.028 a 0.0 0.0 a 0.050 0.008 

9.09 5-1 8.91 0.980 9.09 1292 10.6 1.166 9.09 208 8.63 0.949 
2 9.30 1.023 1515 9.1 1.001 211 8.95 0.985 
3 8.77 0.965 1472 10.1 1.111 214 8.97 0.987 
4 9.16 1.008 1314 10.1 1.111 226 8.95 0.985 
5 9.45 1.040 1284 10.1 1.111 229 8.87 0.976 
X 9.118 [1.003 | X 10.00 li.iool X 8.874 |o.9761 
a 0.278 0.031 a 0.55 0.060 a 0.142 0.016 
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* Surface defect on film. 



TABLE I. TABULATION OF RESULTS - Irradiating laboratory G - ITAL, Netherlands; high range; temperature 23°C 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

7.87 1-1 7.84 0.996 7.87 1272 8.7 1.105 7.87 207 8.20 1.042 7.87 1 8.6 1.093 
2 7.69 0.977 1529 8.8 1.118 210 8.14 1.034 2 8.6 1.093 
3 7.98 1.014 1437 8.9 1.131 215 8.32 1.057 3 8.7 1.105 
4 7.83 0.995 1297 8.9 1.131 217 8.34 1.060 4 8.6 1.093 
5 7.95_ 1.010 1492 8.9 1.131 *227 8.35 1.061 5 8.6 1.093 
X 7.858 (0.998| X 8.84 |l.l231 X 8.270 |l.05l| X 8.62 11.095* 
a 0.115 0.015 a 0.09 0.011 a 0.094 0.012 a 0.04 0.005 

28.1 2-1 28.70 1.021 28.1 1137 31.3 1.114 28.1 212 31.1 1.107 28.1 6 29.2 1.039 
2 28.40 1.011 1514 31.2 1.110 218 30.8 1.096 7 29.2 1.039 
3 27.68 0.985 1255 31.3 1.114 220 30.8 1.096 8 30.9 1.100 
4 28.09 1.000 1202 31.3 1.114 223 31.7 1.128 9 29.1 1.036 
5 27.79 0.989 1303 31.2 1.110 224 31.5 1.121 10 29.4 1.046 
X 28.13 |l .00l| X 31.26 I l . l l2 | X 31.18 I1.110I X 29.56 jl.0521 
a 0.42 0.015 0 0.05 0.002 a 0.41 0.015 0 0.76 0.027 

48.1 3-1 50.43 1.048 48.1 1268 52.6 1.094 48.1 203 55.5 1.154 48.1 11 50.9 1.058 
2 50.23 1.044 1346 52.6 1.094 204 55.7 1.158 12 50.6 1.052 
3 51.74 1.076 1291 52.6 1.094 216 56.7 1.179 13 50.6 1.052 

4 50.90 1.058 1536 53.0 1.102 221 55.6 1.156 14 50.6 1.052 

5 51.34 1.067 1266 53.0 1.102 228 55.0 1.143 15 50.7 1.054 

X 50.93 Jl .059 J X 52.76 |l.097] X 55.70 | l . 1 5 8 1 X 50.68 |l.0541 

a 0.63 0.013 a 0.22 0.005 a 0.62 0.013 a 0.13 0.003 
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* Surface defect on film. 



TABLE I. TABULATION OF RESULTS - Irradiating laboratory H - NPL, UK; medium range; temperature 26 to 32°C 
(cont.) 

d-alanine Ethanol- chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

1.0 4 - 1 1.05 1.050 1.0 1132 1.2 1.200 1.0 66 1.09 1.090 
2 1.07 1.070 1471 1.2 1.200 67 1.07 1.070 

- 3 1.09 1.090 1501 1.2 1.200 68 1.06 1.060 
4 1.08 1.080 1522 1.1 1.100 *69 1.16 1.160 
5 1.06 1.060 1553 1.2 1.200 70 1.10 1.100 
X 1.070 ll.070l X 1.18 |l,180| X 1.096 |l.096| 
a 0.016 0.016 a 0.04 0.044 a 0.039 0.039 

4.0 5 -1 4.06 1.015 4.0 1435 4.5 1.125 4.0 71 4.08 1.020 
2 4.21 1.052 1415 4.6 1.150 72 4.04 1.010 
3 4.18 1.045 1488 4.6 1.150 73 3.98 0.995 

4 4.36 1.090 1463 4.6 1.150 74 4.05 1.012 
5 4.18 1.045 1387 4.5 1.125 75 3.98 0.995 
X 4.198 11.0501 X 4.56 |l. 1401 X 4.026 ll.006| 
a 0.107 0.027 a 0.05 0.014 a 0.044 0.011 

8.0 6 -1 8.20 1.025 8.0 1301 10.0 1.250 8.0 76 7.71 0.964 
2 8.19 1.024 1322 9.8 1.225 77 7.46 0.932 
3 8.28 1.035 1570 10.0 1.250 78 7.71 0.964 
4 8.28 1.035 1139 10.0 1.250 79 7.66 0.958 
5 8.01 1.001 1362 10.0 1.250 80 7.61 0.951 
X 8.192 |l.024| X 9.96 il-245 J X 7.630 |0.9541 
a 0.110 0.014 a 0.09 0.011 a 0.104 0.013 
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* Surface defect on film. 



TABLE I. TABULATION OF RESULTS - Irradiating laboratory H - NPL, UK; high range; temperature 26 to 32°C (cont.) 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom, Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

10 1-1 9.87 0.987 10 1318 10.0 1.000 10 51 9.54 0.954 10 11 11.6 1.160 
2 9.45 0.945 1138 10.0 1.000 *52 9.45 0.945 12 11.6 1.160 
3 9.48 0.948 1289 10.5 1.050 53 9.38 0.938 13 11.5 1.150 
4 9.61 0.961 1372 10.5 1.050 54 9.54 0.954 14 11.5 1.150 
5 9.70 0.970 1418 10.0 1.000 55 9.41 0.941 15 11.6 1.160 
X 9.622 10.9621 X 10.20 | l .020| X 9.464 10.946 J X 11.56 | l . l56| 
a 0.171 0.017 a 0.27 0.027 a 0.074 0.007 a 0.05 0.005 

20 2-1 20.18 1.009 20 1430 21.0 1.050 20 56 20.8 1.040 20 6 22.3 1.115 
2 20.57 1.028 1327 21.0 1.050 57 20.0 1.000 7 22.1 1.105 
3 20.45 1.022 1579 21.0 1.050 58 20.2 1.010 8 22.1 1.105* 
4 19.62 0.981 1538 20.0 1.000 *59 20.2 1.010 9 21.8 1.090 
5 20.02 1.001 1481 21.0 1.050 60 20.4 1.020 10 22.1 1.105 
X 20.17 |l.0081 X 20.80 |l.040| X 20.32 [l.Ol 61 X 22.08 |l.l041 

-
a 0.38 0.019 a 0.47 0.022 a 0.30 0.015 a 0.18 0.009 

40 3-1 41.88 1.047 40 1382 42.9 1.072 40 61 39.0 0.975 40 1 43.1 1.078 
2 42.19 1.055 1407 42.9 1.072 62 39.1 0.978 2 43.6 1.090 
3 42.61 1.065 1335 42.9 1.072 63 38.9 0.972 3 43.5 1.088 
4 40.78 1.020 1206 42J9 1.072 64 39.9 0.998 4 43.5 1.088 
5 40.59 1.015 1563 42.9 1.072 65 39.0 0.975 5 42.9 1.072 
X 41.61 |l.040l X 42.90 |l.072l X 39.18 |0.980| X 43.32 |l.082| 
a 0.89 0.022 a 0.0 0.0 a 0.41 0.010 a 0.30 0.008 

* Surface defect on film. 



TABLE I. TABULATION OF RESULTS - Irradiating laboratory I - Ris£, Denmark; medium range; temperature 22 ±7°C (cont.) 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. (Jose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

2.2 4 - 1 2.11 0.959 2.2 1211 2.3 1.045 2.2 24,366 2.21 1.005 
2 2.09 0.950 1220 2.3 1.045 32,368 2.19 0.995 
3 2.18 0.991 1340 2.3 1.045 33,371 2.18 0.991 
4 2.10 0.955 1369 2.3 1.045 35,372 2.24 1.018 
5 2.17 0.986 1402 2.3 1.045 50,386 2.17 0.986 
X 2.130 |0.968| X 2.30 |l.045 | X 2.198 |o.999| 
a 0.042 0.019 a 0.0 0.0 a 0.028 0.013 

4.7 6 - 1 4.76 1.013 4.7 1325 4.7 1.000 4.7 29,365 4.48 0.953 

2 4.72 1.004 1329 4.9 1.043 36,376 4.55 0.968 

3 4.72 1.004 1410 4.8 1.021 41,377 4.53 0.964 

4 4.87 1.036 1444 4.9 1.043 45,384 4.68 0.996 

5 4.94 1.051 1505 4.8 1.021 47,388 4.58 0.974 

X 4.802 |l.022| X 4.82 |l.026| X 4.564 |0.97l | 

a 0.099 0.021 a 0.08 0.018 a 0.074 0.016 

8.2 5 - 1 7.90 0.963 8.2 1240 10.0 1.220 8.2 25,361 8.03 0.979 

2 7.67 0.935 1283 10.0 1.220 37,370 8.06 0.983 

3 7.70 0.939 1332 9.9 1.207 38,381 7.94 0.968 

4 7.95 0.970 1388 10.0 1.220 42,383 8.07 0.984 

5 8.08 0.985 1548 9.7 1.183 46,387 7.98 0.973 

X 7.860 |0.959| X 9.92 1 1 . 2 1 0 1 X 8.016 |o.9781 

a 0.173 0.021 0 0.13 0.016 a 0.055 0.007 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory I - Ristf, Denmark; high range; temperature 22 ± 7°C (cont.) 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 

(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

5.6 3-1 5.39 0.962 5.6 1280 5.8 1.036 5.6 21,374 5.45 0.973 5.6 3 6.3 1.125 
2 5.23 0.934 1312 5.7 1.018 23,375 5.37 0.959 6 6.3 1.125 
3 5.30 0.946 1342 5.8 1.036 30,379 5.50 0.982 8 6.3 1.125 
4 5.50 0.982 1347 5.8 1.036 34,385 5.38 0.961 9 6.2 1.107 
5 5.28 0.943 1500 5.7 1.018 40,389 5.56 0.993 16 6.3 1.125 
X 5.340 |0.9541 X 5.76 |l.029| X 5.452 |0.974| X 6.28 [1-1211 
a 0.107 0.019 a 0.05 0.010 a 0.080 0.014 a 0.04 0.008 

22 1-1 20.78 0.945 22 1263 23.2 1.055 22 27,362 21.5 0.977 22 4 22.3 1.014 
2 20.82 0.946 1300 23.3 1.059 *28,364 22.8 1.036 10 22.9 1.041 
3 20.78 0.945 1305 23.1 1.050 44,367 21.5 0.977 11 22.1 1.005 
4 20.28 0.922 1483 22.8 1.036 48,369 21.9 0.995 12 22.2 1.009* 
5 20.65 0.939 1578 23.3 1.059 49,382 21.5 0.977 18 23.9 1.086 
X 20.66 |0.939| X 23.14 | l . 0 5 2 1 X 21.84 [0.993] X 22.68 [1.0311 
a 0.22 0.010 a 0.21 0.009 a 0.56 0.026 a 0.75 0.034 

82 2-1 80.66 0.984 82 1205 85.8 1.046 82 22,363 80.9 0.987 82 1 >55 
2 83.06 1.013 1209 85.8 1.046 *26,373 83.0 1.012 5 >55 
3 82.18 1.002 1044 85.6 1.044 31,378 80.1 0.977 7 >55 
4 83.70 1.021 1337 85.0 1.037 39,380 79.5 0.970 19 >55 
5 82.65 1.008 1370 84.9 1.035 43,390 80.3 0.979 20 >55 
X 82.45 11.005| X 85.42 |l.0421 X 80.76 |0.9851 X 

a 1.15 0.014 a 0.44 0.005 a 1.35 0.016 a 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory J - CAPRI, France; medium rajige; temperature not reported (cont.) 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 

(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

1.821 4 - 1 1.77 0.972 1.828 1 2.09 1.143 

2 1.76 0.967 2 2.07 1.132 

3 1.83 1.005 3 2.07 1.132 

4 1.79 0.983 4 2.06 1.127 

5 1.81 0.994 5 2.08 1.138 
X 1.792 |0.984] X 2.074 |1.13S| 

a 0.029 0.016 a 0.011 0.006 

4.552 5 - 1 4.48 0.984 4.570 6 5.00 1.094 

2 4.44 0.975 7 4.96 1.085 

3 4.70 1.033 8 5.11 1.118 

4 4.28 0.940 9 4.95 1.083 

5 4.56 1.002 10 5.10 1.116 

X 4.492 |0.9871 X 5.024 | l .099| 

a 0.155 0.034 a 0.076 0.017 

9.105 6 - 1 8.94 0.982 9.142 301 8.87 0.970 

2 8.76 0.962 302 8.87 0.970 

3 9.24 1.015 303 9.01 0.986 

4 9.15 1.005 304 9.01 0.986 

5 9.18 1.008 305 8.95 0.979 

X 9.054 |0.994| X 8.942 |0.978| 

a 0.199 0.022 O 0.070 0.008 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory J - CAPRI, France; high range; temperature not reported (cont.) 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 
(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose jneter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

30.95 1 - 1 29.72 0.960 30.95 306 27.7 0.895 7.28 1 8.2 1.126 

2 29.38 0.949 307 28.9 0.934 2 8.3 1.140 

3 30.19 0.975 308 27.8 0.898 3 8.5 1.168 

4 29.59 0.956 309 29.0 0.937 4 8.4 1.154 

5 29.59 0.956 310 29.2 0.943 16 8.3 1.140 

X 29.69 |0.959| X 28.52 |0.921 j X 8.34 |l.l46 | 

a 0.30 0.010 0 0.71 0.023 0 0.11 0.016 

61.72 2 - 1 62.45 1.012 61.91 311 52.8 0.853 31.35 6 33.5 1.069 

2 62.86 1.018 312 55.1 0.890 33.8 1.078 

3 60.65 0.983 • 313 53.8 0.869 8 32.8 1.046 
4 60.71 0.984 314 53.8 0.869 9 33.8 1.078 

5 63.22 1.024 315 56.8 0.917 17 33.7 1.075 

X 61.98 |l.004| X 54.46 |0.880] X 33.52 |l.0691 

a 1.22 0.020 a 1.54 0.025 a 0.42 0.013 

92.68 3 - 1 90.29 0.974 93.24 316 98.6 1.057 44.30 11 46.8 1.056 

2 91.55 0.988 317 96.7 1.037 12 47.2 1.065 

3 89.21 0.963 . 318 95.3 1.022 13 45.6 1.029 

4 89.42 0.965 319 98.9 1.061 14 - -

5 91.07 0.983 320 96.3 1.033 15 47.9 1.081 

X 90.31 |0.9741 X 97.16 |l.042l X 46.88 (1.0581 

a 1.01 0.011 a 1.54 0.017 X 0.96 0.022 
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TABLE I. TABULATION OF RESULTS - Irradiating laboratory K - VINCA, Yugoslavia; medium range; temperature 20°C (cont.) 
d-alanine Ethanol- chlorobenzene Radiochromic dye films Ceric-cerous sulphate 

(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

1.74 6-1 1.75 1.006 1.74 1420 2.1 1.207 1.72 151 1.83 1.064 
2 1.72 0.989 *1426 2.7 1.552 152 1.83 1.064 
3 1.77 1.017 1428 1.9 1.092 153 1.79 1.041 
4 1.71 0.983 1543 1.9 1.092 154 1.87 1.087 
5 1.74 1.000 1447 1.9 1.092 155 1.82 1.058 
X 1.738 |0.9991 X 2.10 I l . l2l | X 1.828 |l.0631 
a 0.024 0.014 a 0.35 0.057 0 0.029 0.017 

5.13 5-1 5.09 0.992 5.13 1307 6.0 1.170 5.08 146 5.26 1.035 
2 5.30 1.033 *1324 9.2 1.793 147 5.28 1.039 
3 5.22 1.018 1345 5.6 1.092 148 5.26 1.035 
4 5.27 1.027 1348 5.8 1.131 149 5.44 1.071 
5 5.32 1.037 1350 5.9 1.150 150 5.18 1.020 
X 5.240 |l.021 [ X 6.50 [1.1351 X 5.284 |l.0401 
a 0.092 0.018 a 1.52 0.033 a 0.095 0.019 

7.50 4-1 7.62 1.016 7.50 1127 8.5 1.133 7.43 141 7.87 1.059 
2 7.68 1.024 *1218 10.9 1.453 142 7.91 1.065 
3 8.00 1.067 1261 8.9 1.187 143 7.89 1.062 
4 8.04 1.072 1244 9.2 1.227 144 7.94 1.069 
5 7.73 1.031 1248 9.2 1.227 145 7.81 1.051 
X 7.814 [1.0421 X 9.34 |1.193| x" 7.884 |l.06l| 
a 0.193 0.026 a 0.92 0.044 a 0.049 0.007 
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* Not included in average. 



TABLE I. TABULATION OF RESULTS - Irradiating laboratory K - VINCA, Yugoslavia; high range; temperature 20°C (cont.) 
d-alanine Ethanol-chlorobenzene Radiochromic dye films Ceric-cerous sulphate 

(GSF) (INISO) (NBS) (AECL) 

Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. Nom. Dose Est. Est. 
dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. dose meter dose Nom. 
(kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) (kGy) No. (kGy) 

14.1 3 - 1 13.30 0.943 14.0 1519 14.7 1.050 13.8 166 12.7 0.920 9.5 11 10.6 1.116 
2 13.94 0.989 1520 14.6 1.043 167 13.8 1.000 20 10.4 1.095 
3 13.50 0.957 1579 15.0 1.071 168 12.5 0.906 13 10.3 1.084 
4 13.18 0.935 1544 15.0 1.071 169 12.6 0.913 14 10.2 1.074 
5 13.48 0.956 1557 14.8 1.057 170 12.6 0.913 15 10.9 1.147 
X 13.48 10.956 1 X 14.82 |l.059 1 X 12.84 |0.930| X 10.48 | l . l03 I 
a 0.29 0.021 a 0.18 0.013 a 0.54 0.039 a 0.28 0.029 

41.6 2 - 1 42.66 1.025 41.0 1506 44.3 1.080 40.6 161 38.0 0.936 27.9 6 31.5 1.129 
2 41.33 0.994 1507 44.3 1.080 162 38.6 0.951 7 29.2 1.047 

3 43.08 1.036 1508 45.7 1.115 163 38.6 0.951 8 29.3 1.050 
4 42.87 1.031 1512 46.7 1.139 164 38.5 0.948 9 29.2 1.047 

5 43.46 1.045 1513 46.7 1.139 165 38.0 0.936 10 29.3 ' 1.050 
X 42.68 |l.0261 X 45.54 | l . l l l | X 38.34 |o.9441 X 29.70 [l .065 | 

a 0.81 0.019 a 1.20 0.029 a 0.31 0.007 a 1.01 0.036 

60.8 l - l 62.74 1.032 60.0 1453 70.3 1.172 59.4 156 56.3 0.948 40.8 1 42.9 1.051 

2 62.40 1.026 1459 68.9 1.148 157 57.3 0.965 2 43.7 1.071 

3 62.60 1.030 1462 69.8 1.163 158 56.0 0.943 3 43.4 1.064 

4 62.62 1.030 1497 69.3 1.155 159 56.0 0.943 4 43.2 1.059 

5 64.88 1.067 1503 69.3 1.155 160 57.4 0.966 5 43.7 1.071 

X 63.05 11.037| X 69.52 | l ,159| X 56.60 10.9531 X 43.38 |l.063] 

a 1.03 0.017 a 0.54 0.009 a 0.70 0.012 a 0.34 0.008 
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213 REVIEW OF THE RESULTS 

Irradiating Laboratory: GSF 
1. Source type: AECL "Gammacell", cobalt-60. 
2. Source activity: about 15 kCi. 
3. Description of source geometry: Radial field with exposure inside 

irradiator vessel. 
4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 

irradiations, etc.): Dose meter irradiation in group, single irradiation, dose 
meters in original capsule as received from the issuing laboratory, irradiation 
temperature stabilized to 22 ± 1°C. 

5. Diagram of irradiation geometry: 

6. Dose rates: D « 1 MradH 2o/h-
7. Calibration dose meters: Discolouration phosphate glass, alanine/ESR and 

Fricke dose meter. 
8. Traceability to standards: PTB and NPL. 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

The calibration dose meters were calibrated at the Eldorado therapy unit 
against secondary standard dose meters. 

10. Estimate of overall uncertainty: 6%. 



2 1 4 REVIEW OF THE RESULTS 

Irradiating Laboratory: GSF 
1. Source type: AECL "Eldorado" therapy unit, cobalt-60. 
2. Source activity: about 7 kCi. 
3. Description of source geometry: S.D. = 1.2 m, F.S. = 100 cm2, free-in-air 

irradiation. 
4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 

irradiations, etc.): Dose meter irradiation in group, originally capsuled as 
received from the issuing laboratory, irradiation temperature stabilized to 
22 ± 1°C. 

5. Diagram of irradiation geometry: 

6. Dose rates: D«s 6 krad^o/h. 
7. Calibration dose meters: PTW DU3 and NPL SSD. 
8. T r a c e a b i l i t y t o s t a n d a r d s : P T B a n d N P L . 
9. Calibration procedure (for Fricke G-values and extinction coefficients): —. 

10. Estimate of overall uncertainty: 4%. 



215 REVIEW OF THE RESULTS 

Irradiating Laboratory: INISO 
1. Source type: K-120 gamma irradiation laboratory. 
2. Source activity: 120 kCi cobalt-60, May 1978. 
3. Description of source geometry: 

Diameter of source geometry 280 mm 
Height of source geometry 490 mm 
Number of source elements 120 
(VII. Russian Type) 
Number of source rods 20 
(six source elements per rod) 

4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): Dose meters were irradiated in groups, irradiations were 
interrupted, partly fractionated irradiation took place. 

5. Diagram of irradiation geometry: 

D i m e n s i o n s in mi l l ime t res 

6. Dose rates: 3.97 Mrad/h, June 1978. 
7. Calibration dose meters: Fricke, ethanol-chlorobenzene dose meters. 
8. Traceability to standards: —. 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

G-value for Fricke: 15.5 + 0.3 
Extinction coefficient for Fricke: =2130 (1/ion-cm). 

10. Estimate of overall uncertainty: ±3%. 



2 1 6 REVIEW OF THE RESULTS 

Irradiating Laboratory: NBS 
1. Source type: Cobalt-60. 
2. Source activity: ~10kCi. 
3. Description of source geometry: Twelve long permanently-fixed cobalt-60 

source rods in a water pool arranged cylindrically around a watertight stain-
less steel chamber which is manually lowered into the irradiation position 
(T = I s). The rods are 20 cm long, with the inner diameter of the cylindrical 
array being 10.5 cm. 

4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): The dose rate is constant. Each irradiation is unfractionated. 
Cylindrical dose meters are irradiated singly in a cylindrical polystyrene holder 
having 4.75 mm wall thickness. Film dose meters are calibrated singly in a 
rectangular polystyrene holder having 4.75 mm wall thickness on both sides 
of dose meters. 

5. Diagram of irradiation geometry: 

6. Dose rates: 1.2 Mrad-h"1 in water. 
7. Calibration dose meters: Spherical graphite calorimeter and spherical graphite 

wall ionization chamber (periodic check with ferrous sulphate). 
8. Traceability to standards: Standard NBS absorbed dose measured in carbon 

and converted to absorbed dose in water by calculation, knowing approximate 
radiation spectrum (use of established decay factors between approximately 
annual source calibration or checks). 

9. Calibration procedure (for Fricke G-values and extinction coefficients): 
Use of carbon calorimeter in irradiation position. Differences in attenuation 
factors and carbon/water radiation energy absorption cross-section weighted 
over approximate 7-ray spectrum used for differences in different substances 
under consideration. 

10. Estimate of overall uncertainty: Administered dose in water for dose meters 
of the present sizes and shapes estimated to be accurate to within approxi-
mately ±2%. 



217 REVIEW OF THE RESULTS 

Irradiating Laboratory: AECL 
1. Source type: Cobalt-60. 
2. Source activity: 5 kCi. 
3. Description of source geometry: Gammacell 220. Sixteen 8-inch long source 

pencils arranged cylindrically within a steel-lined lead container. Samples 
irradiated in aluminium chamber lowered automatically inside the source 
annulus. 

4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): Dose meters from three issuing laboratories irradiated 
together as a group. 

5. Diagram of irradiation geometry: 

6. Dose rate: 4.86 X 10 s rad/h. 
7. Calibration dose meters: Fricke. 
8. Traceability to standards: ASTM (American Society for Testing and Materials) 

Standard D1671: Standard Method of Test for Absorbed Gamma Radiation 
Dose in the Fricke Dosimeter. 

9. Calibration procedure (for Fricke G-values and extinction coefficients); 
G ( F e 3 + ) = 15.5. Extinction coefficient = 2136 at 22°C. 

10. Estimate of overall uncertainty: Administered dose in water estimated to 
be accurate to within ±5%. 

NBS 

INISO 

T u f n o l holder w i t h t h r e e 
cavi t ies f o r d o s e m e t e r s 
(cavi t ies e m p t y ) 

INISO 



2 1 8 REVIEW OF THE RESULTS 

Irradiating Laboratory: BARC 
1. Source type: Gamma chamber: Laboratory Unit, cobalt-60. 
2. Source activity: 1.62 kCi. 
3. Description of source geometry: Squirrel cage, vertical cylinders as shown 

in 5, below. 
4. Irradiation details: (Dose meters irradiated singly, in groups, fractionated 

irradiations). 
5. Diagram of irradiation geometry: 

S O U R C E G E O M E T R Y 
G.C. 9 0 0 

6. Dose rates: 0.30 Mrad/h as on 6-7-1978. 
7. Calibration dose meters: Fricke dosimetry. 
8. Traceability to standards: - . 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

Standard procedure ASTM D-9 and D-20. 
10. Estimate of overall uncertainty: ±1.5% (with 90% confidence limit). 



219 REVIEW OF THE RESULTS 

Irradiating Laboratory: CNEA 
1. Source type: Cobalt-60 Gammacell. 
2. Source activity: 2.4 kCi, November 1978. 
3. Description of source geometry: Gammacell with a cylindrical shield 

container 15 cm diameter and 25 cm high. 
4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 

irradiations, etc.): Groups of five dose meters for each irradiation. 
5. Diagram of irradiation geometry: 

D o s e m e t e r 2 5 c m 

0 = 1 5 c m 

6. Dose rates: 190 krad/h. 
7. Calibration dose meters: Super Fricke (S0 4FeS0 4Cu) and N0 3K. 
8. Traceability to standards: By time extrapolation of Fricke dose meter 

measurements. 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

For Fricke G-values =15.5 and extinction coefficients = 2171. 
10. Estimate of overall uncertainty: 3%. 

>> 
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Irradiating Laboratory: CNEA 

1. Source type: Cobalt-60, industrial irradiation source. 
2. Source activity: 600 kCi, November 1978. 
3. Description of source geometry: Plane irradiator consisting of six single-

source devices of 40 X 50 cm, holding cobalt-60 pencils of 13 and 30 mm 
diameter and 340 mm length. These devices were mounted in a source rack 
1.20 X 1.05 m. The size of the irradiation room was 12 m long, 6 m wide, 
and 4 m high. 

4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): Groups of five dose meters for each irradiation. The 
transit dose was obtained first by consecutive movements of the source. 

5. Diagram of irradiation geometry: 

12 m 

Dose m e t e r s 

6 m 
I 
' 1 .50 m I 

J 

I r r ad ia t ion 
r o o m 

S o u r c e rack ( coba l t -60 ) 

6. Dose rates: 297 krad/h. 
7. Calibration dose meters: Super Fricke (S0 4FeS0 4Cu) and N0 3 K. 
8. Traceability to standards: By time extrapolation of Fricke dose meter 

measurements. 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

For Fricke G-values = 15.5 and extinction coefficients = 2171. 
10. Estimate of overall uncertainty: 3%. 



221 REVIEW OF THE RESULTS 

Irradiating Laboratory: ITAL 

1. Source type: Cobalt-60 commercial irradiator. 
2. Source activity: 223.542 kCi, 24th June 1977. 
3. Description of source geometry: Plaque source with horizontal source 

pencils (rods). Dose meters irradiated 0.65 m from centre of plaque. 
4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 

irradiations, etc.): All samples irradiated together in rotating holder. Higher 
doses given in two fractions at constant dose rate. 

5. Diagram of irradiation geometry: 

Dimensions in millimetres 

6. Dose rates: 1160 krad-h - 1. 
7. Calibration dose meters: Fricke ferrous sulphate. 
8. Traceability to standards: Only to own calorimetric determination of G 

using 1 MeV electrons (1966). 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

G value = 15.88 at e = 2097 at 25°C with ±0.8% per degree Celsius 
temperature correction to e. 

10. Estimate of overall uncertainty: ±3%. 
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Irradiating Laboratory: NPL 
1. Source type: AECL Gammacell 220, cobalt-60. 
2. Source activity: 6.77 kCi (2.51 X 10 1 4 Bq). 
3. Description of source geometry: Annular array of 48 pencils, 21.1 cm high 

on a PCD of 20.9 cm. Pencils differentially loaded to maximize uniform 
dose-rate volume. 

4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): Ampoules, maximum of four in a group; thin films, 
five in a group; alanine pellets, five in a group. 

5. Diagram of irradiation geometry: 

Dimens ions in mi l l imet res 

3 0 

V V ' ' 
/ \ / X i ii x 

\ / \ J ^ v 

O m 

50 

Plan view of polystyrene sample holder, 
mounted at the centre of the source array. 
Central block bored to take ampoules, 
removable to accommodate other types of 
dose meter. 

6. Dose rates: approximately 0.48 Mrad-h - 1. 
7. Calibration dose meters: See paper and below. 
8. Traceability to standards: To UK national standard of exposure, graphite 

cavity chambers. 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

Transfer using ionization chamber and Fricke dose meters as described 
in paper. 

10. Estimate of overall uncertainty: ±4.3%. 
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Irradiating Laboratory: Ris$ 
1. 
2. 

3. 
4. 

5. 

Source type: Cobalt-60. 
Source activity: 5.7 kCi. 
Description of source geometry: Eight sources 10 mm <p X 70 mm placed 
at both sides of irradiation tube. Tube diameter 60 mm. 
Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): Dose meters were irradiated together to full doses. 
Dose meters were rotated as they passed the sources. 
Diagram of irradiation geometry: 

S o u r c e s 

6. Dose rates: Continuous function, maximum 2 Mrad-h"1. 
7. Calibration dose-meters: Fricke dose meter. 
8. Traceability to standards: - . 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

G-value = 15.6, e = 2200 moLcm"1. 
10. Estimate of overall uncertainty: ±2%. 
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Irradiating Laboratory: VINCA 
1. Source type: Cobalt-60 industrial irradiation plant (sterilization). 
2. Source activity: Dose measurements made at 100 kCi (from Dec. 78 activity 

will be 200 kCi (max. capacity 1000 kCi)). 
3. Description of source geometry: Source plaque IX 1 m, 18 cobalt-60 

pencils, product boxes in carriers (four boxes each) dwelled and shuffled 
in three rows on each side of the source. Each box passes the irradiation 
run four times, each time on another level in the carrier. 

4. Irradiation details (e.g. dose meters irradiated singly, in groups, fractionated 
irradiations, etc.): Calibration of the plant: Dose meters positioned at D m i n 

and D m a x positions in the dummy product boxes. These boxes distributed 
randomly among the other dummy boxes forming the complete batch. 
Dosimetry performed with three different dwell times bracketing the 
doses expected in standard use. 

5. Diagram of irradiation geometry: 

Cross-sec t ions 

I S o u r c e 

6. Dose rates: Ranging: 70 krad/h max. 1st row; 23 krad/h min. 3rd row. 
7. Calibration dose meters: Ceric-cerous sulphate and red Perspex 4034E. 
8. Traceability to standards: Calibrated against Fricke solution in the 

cobalt-60 research facility of 10 kCi nominal (8 kCi actual) activity. 
9. Calibration procedure (for Fricke G-values and extinction coefficients): 

G ( F e 3 + ) = 5.6, e = 2195 mol'cm - 1 . 
10. Estimate of overall uncertainty: Standard deviation for calibration of D m i 

in the plant a < 4% for both red Perspex and ceric-cerous sulphate. 
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Issuing Laboratory: GSF 

1. Dosimetry system: Alanine/ESR. 
2. Dose meter form: Solid. 
3. Packaging: Black radiation-resistant plastic. 
4. Read-out instrumentation: Varian E9. 
5. Read-out procedure: The measurement value is taken as peak-to-peak scale-

reading from the double differentiated ESR signal and referred to radj^o 
by calibration. 

6. Dose calculation: 

D = a • C • Kj 

where D is the dose 
a is the measurement value 
C is the calibration factor 
Kj are the correction factors (e.g. thickness, mass, irradiation 

temperature, measurement temperature). 

Applied correction factors: 
K^ for mass 
K2 for irradiation temperature. 

7. Estimate of uncertainty: ±7% on a 95% confidence level for 0 < 50%, 
rh < 70%, and D < Mrad. 

8. General remarks: The evaluation procedure is fast; accuracy can be improved. 
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Issuing Laboratory: INISO 

1. Dosimetry system: Ethanol-chlorobenzene dose meter. 
2. Dose meter form: Liquid chemical solution. 
3. Packaging: Numbered sealed glass ampoules. 
4. Read-out instrumentation: Oscillometric conductivity and capacity read-

out instrument. 
5.— Read-out procedure; Dose calculation: Calibration of the instrument, 
6. adjustment of the sensitivity. 

Before using the instrument the sensitivity has to be checked with two dose 
meters, irradiated with 1.5 Mrad for the low range, and 4.5 Mrad for the 
high range. In this way with the appropriate adjustment of sensitivity, it 
can be arranged that the deflection will have a linear relationship with the 
dose in a given sensitivity range if the dose varies about within one order of 
magnitude. The dose values will be given by means of the calibration table. 
The read-out of a dose meter takes less than 1 minute. The use of this 
method is recommended between 0.5 and 5 Mrad dose. 

7. Estimate of uncertainty: ±5%. 
8. General remarks: The method can be calibrated also by titration of the 

hydrogen chloride concentration in the irradiated sample. 
(I. Dvornik method, Manual on Radiation Dosimetry, Marcel Dekker, Inc., 
New York, 1970.) The analytical precision is better than ±1% and the accuracy 
is better than ±3%. 



227 REVIEW OF THE RESULTS 

Issuing Laboratory: NBS 

1. Dosimetry system: Nylon radiochromic dye film type 60 from Far West 
Technology, Inc.,Goleta, California, USA (containing hexakis hydroxyethyl 
pararosaniline cyanide, which becomes blue upon irradiation). 

2. Dose meter form: Thin film 11 mm X 11 mm square, thickness 0.05 mm. 
3. Packaging: Dose meters held between two pieces of 3-mm thick red Perspex 

type 4034 and sealed tightly inside a thin polyethylene sleeve. 
4. Read-out instrumentation: Far West Technology densitometer containing 

two optical interference filters passing wavelengths 600 nm (peak of dye 
absorption band) and 510 nm (edge of absorption band). 

5. Read-out procedure: Films removed from packets and placed in densitometer 
holder for reading at the two wavelengths (600 nm for doses up to 3 Mrad, 
510 nm for higher doses). Thickness read on fine gauge block micrometer 
precise to ±0.5 nm. 

6. Dose calculation: 

D = a • D Kj 

where D is the dose 
a is the measurement value (optical density change per unit 

thickness) AOD/mm 
C is the calibration factor (response curve) 
Kj are the correction factors (e.g. thickness, mass, irradiation 

temperature, measurement temperature). 
7. Estimate of uncertainty: ±5% with 95% confidence limits under the 

condition of this study. (±3% under controlled single laboratory conditions.) 
8. General remarks: General improvement of results in comprehensive inter-

comparison over those in the preliminary intercomparison are attributed 
mainly to improved packaging of dose meters (sealed against moisture and 
surrounded by layers approximating electron equilibrium). Greater improve-
ment would be achieved by better temperature-during-irradiation information 
and by more precise spectrophotometry. 



2 2 8 REVIEW OF THE RESULTS 

Issuing Laboratory: AECL 

1. Dosimetry system: Ceric-cerous solution consisting of 0.015M eerie sulphate 
and 0.015M cerous sulphate in 0.8N H2S04 . 

2. Dose meter form: Dose meter solution in flame-sealed 2 ml neutraglass 
ampoules, approximately 1 cm diameter by 3 cm high. 

3. Packaging: Glass ampoules packed in 1 mm thick polystyrene tube. 
4. Read-out instrumentation: Megarad meter designed by the Australian Atomic 

Energy Commission reads electrochemical potential between irradiated 
solutions and unirradiated controls, and converts potential to output 
proportional to absorbed dose (if G-value constant). 

5. Read-out procedure: Irradiated solutions are drawn into outer half of 
electrochemical cell. 

6. Dose calculation: 

D = a • C • Kj 

where D is the dose 
a is the measurement value (Megarad meter reading in megarads) 
C is the calibration factor (Calibration curve used to account 

for non-linearity in G-value) 
Kjare the correction factors (e.g. thickness, N/A; mass, N/A; 

irradiation temperature, G-value varies as 2.55 to 5.2 X 10~3T(°C) 
measurement temperature, reader automatically compensates 
for changes in measurement temperature). 

7. Estimate of uncertainty: ±5% with 95% confidence limit. 
8. General remarks: Further calibration checks after advisory group meeting 

showed error in calibration curve. The AECL-CP measured doses should be 
multiplied by a factor of 0.962. 
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5. RECOMMENDATIONS 

5.1. Prospects of low-dose (10 Gy to 3 kGy) intercomparison 

The range of doses referred to here as 'low' (10 Gy to 3 kGy; 1 to 300 krad) 
is mainly of interest to radiation facility operators working in the field of food 
preservation. 

The advisory group has reviewed the current status of the applicable techniques 
and systems for the dose range 10 Gy to 3 kGy. 

At the previous consultants' meetings it was felt that no adequate technique 
had been sufficiently well developed for immediate application in an inter-
comparison programme in this dose range. The standard dosimetry system based 
on ferrous sulphate solution (Fricke), although sufficiently well developed, only 
covers a restricted portion of the dose range, namely 30 to 400 Gy. In the mean-
time, several other dosimetry methods have been developed for use in an 
intercomparison programme (see Table II). 

The group therefore proposes that the low-dose intercomparison study 
should take place in the course of the following two years. Timing schedules 
similar to those adopted for the medium- and high-dose intercomparison study 
should be suitable for the low-dose programme. 

The participating laboratories could be drawn from those already 
participating in the medium- and high-dose intercomparison programme. 

In Table II, several prospective dose meter systems are listed. Others may 
be added to the list at the time of the co-ordinated research meeting. Several 
appropriate systems should be chosen from this list by the consensus of the 
advisory group members, in a process of consultation with the Agency, a few 
months before the actual start of the low-dose intercomparison study. 

5.2. Recommendations for the establishment of the Pilot Study in intercomparison 
for high-dose radiation facilities 

The ultimate aim of the IAEA High-Dose Standardization and Intercomparison 
Programme is the provision, under the auspices of the Agency, of a dosimetry 
reference service1 to irradiation processing facilities in all the Member States. 

1 The dosimetry reference service which the Agency will provide will be based on a 

reference dose meter which will be sent to an operating radiation facility, will be irradiated in 

the product passing through the facility, and will be returned to the Agency for evaluation. In 

this way the facility operator will be able to obtain assurance of his own routine dosimetry. 

The use of dose meters with optimum available reliability under the environmental conditions 

which may exist in process irradiators provides the best means for transfer between a calibration 

radiation field and in-plant measurement. 

231 
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TABLE II. PROSPECTIVE LOW-DOSE SYSTEMS 

Dosimetry system Status 

i 
Issuing 

laboratory 

Remarks 

ESR (Alanine) 

TLD (Li2B407) 

ready 

ready 

GSF 

GSF 

Range extends to 

medium and 

high doses 

Lyoluminescence 

(Glutamine) 

advanced 

development 

Aberdeen; 

Wageningen 

Range extends to 

medium and 

high doses 

Radiochromic liquid dyes advanced 

development 

Boris Kidrit 

Institute Vinfca 

Doses <50 Gy 

may be difficult 

Fricke; Super Fricke ready (Fricke) 

advanced develop-

ment (Super Fricke) 

Ristf; 

NPL; INISO 

Doses >2 kGy 

may be difficult 

Thick radiochromic 

dye films (~1 mm) 

advanced 

development 

NBS Doses <50 Gy 

may be difficult 

In 1977 and 1978 the evaluation of candidate reference dose meters was 
carried out using laboratory irradiation facilities throughout the world. Taking 
into account the successful completion of the preliminary and comprehensive 
intercomparisons in the medium (1 to 10 kGy, 100 krad to 1 Mrad) and the high 
(5 to 100 kGy, 500 krad to 10 Mrad) dose range, the group felt able to recommend 
the extension of the programme to a Pilot Study in operational gamma-radiation 
processing plants. The Pilot Study should initially be restricted to the high-dose 
range but could be extended in the near future to the medium-dose range. 

The scope of the pilot study 

The Pilot Study should be carried out using ten different irradiation plants. 
These should be chosen to include both batch and continuous irradiators 
operating in different Member States. 

More than one type of reference dose meter should be irradiated simultane-
ously in the individual operating plants. The reference dose meters should be 
packed in a container specifically designed for the Pilot Study. This dose meter 
package should make provision for the inclusion of the routine dose meter in use 
at the plant. It should not be possible for the plant operator to interfere with 
the location of the reference dose meters in the dose meter package. 
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The Pilot Study should include the irradiation of the dose meter package 
under favourable geometric conditions, i.e. the geometric centre of a box of 
uniform product. An efficient means of distribution and retrieval of the dose 
meter package should be used. The Agency should be responsible for the central 
co-ordination of the distribution and retrieval of the dose meter package. The 
Agency should also co-ordinate the measurement, collation and assessment of 
the dose meters. The success of the Pilot Study will depend on a complete exchange 
of relevant information between the Agency and the plant operator and the 
necessary assurance of confidentiality should be given to achieve this. The plant 
operator should be invited to co-operate in the Pilot Study and be asked to provide 
information on: 

1. Date of irradiation 
2. Time and conditions of irradiation 
3. Operation mode (batch/continuous) 
4. Operator's estimated dose (Gy to water). 

The group believes it should be possible to design the dose meter package 
within a year, so that the Agency could then initiate the Pilot Study. 

It is recommended that the preparation of a self-consistent calibration 
curve for the different types of reference dose meters be made using one irradi-
ation facility at which the given doses are traceable to a primary standard. 

The Agency should select, from the dose meter systems which have been 
used successfully in the comprehensive intercomparison, the system they feel 
can be most conveniently applied in the pilot study and proposed dosimetry 
reference service. In making the selection the Agency should use its discretion, 
taking into account the reliability of the systems and the economic and administra-
tive problems which may be encountered. 

In the proposed dosimetry intercomparison service it is suggested that one 
chosen dose meter system could be used, complemented where necessary by an 
additional system. 

5.3. Specific problems for future intercomparison and radiation processing 
applications 

In view of the apparent success of the dose meter intercomparison in cobalt-60 
gamma-ray fields, the group recommends that this intercomparison be extended 
to electron beam facilities in order to establish in due course an international 
dosimetry intercomparison service for these facilities. 
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The main aim at present is to establish dose meter systems which could be 
used in this intercomparison service. The group therefore suggests limiting the 
energy range for electron irradiations to between 1 MeV and 10 MeV. In radiation 
processing applications it is not expected that energies of greater than 10 MeV 
will be used and it is also suggested that single-pulse, field-emission accelerators 
be excluded from consideration as these sources will also be rarely applied in 
radiation processing. 

The intercomparison should cover a somewhat wider dose range than was 
used for gamma-ray intercomparisons. The group suggests that the following 
three ranges be covered by the study: 

A: 1 to 10 kGy (100 krad to 1 Mrad) 
B: 5 to 100 kGy (500 krad to 10 Mrad) 
C: 50 kGy to 1 MGy (5 to 100 Mrad) 

The dose meter systems listed in Table III are candidates for the study. 
Some potential irradiating laboratories are: 

A. Ris</ National Laboratory, 
Roskilde, Denmark 

B. National Physical Laboratory, 
Teddington, United Kingdom 

C. CEN-Saclay (CAPRI), 
Gif-sur-Yvette, France 

D. Inst i tute o f Nuclear Research, 
Warsaw, Poland 

E. Mendeleev Institute (VNIIM), 
Leningrad, USSR 

F. Institute of Isotopes, 
Budapest, Hungary 

G. Japan Atomic Energy Research Institute, 
Tokai-mura, Japan 

H. US Army Natick R and D Command, 
Natick, MA, USA 

I. Gesellschaft fur Strahlen- und Umweltforschung mbH, 
Neuherberg, Federal Republic of Germany 

J. National Bureau of Standards, 
Washington, DC, USA 

The participating laboratories should provide information to the dose meter 
issuing laboratories on the irradiation conditions. The issued dose meter systems 
should be suitable for all operating conditions within the dose range specified. 
The issuing laboratories should investigate all possible sources of error which may 
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TABLE III. PROSPECTIVE ELECTRON DOSE METER SYSTEMS 

Dosimetry system Status Issuing 

laboratory 

Remarks 

LiF (colour centre) 

Cellulose triacetate 

ready 

Radiochromic dye films . ready 

ESR-alanine ready 

ready 

NBS 

NBS 

GSF 

CAPRI 

Individual calibra-

tion all three 

ranges 

Need new 

geometry 

Only high range 

(C) 

Note: Polyethylene may also be a candidate, but further investigations should be carried out. 

influence the dose meter evaluation, such as dependence on high dose rates and 
environmental factors (temperature, humidity, ozone, etc.). 

The group does not recommend that X-ray sources be included in this inter-
comparison study because of little interest in these sources at present. 

5.4. Co-ordinated research meeting 

The group recommended that a meeting be organized between all the 
contractors of the co-ordinated research programme for high-dose standardization 
and intercomparison to review the progress made to date and discuss the further 
development of the research programme. 

5.5. Training course 

The group felt that consideration should be given to the organization of a 
training course on dosimetry techniques in high-dose radiation facilities, the 
course to be held at a recognized centre equipped with suitable radiation facilities 
and having an established dosimetry capability. The participants attending the 
course should be suitably qualified scientists and technologists, with emphasis on 
participants from developing countries where a rapid expansion of radiation 
processing is anticipated. 
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5.6. Fellowships 

The group felt the need for individual fellowships to be made available 
to suitably qualified scientists and technologists who would be involved with the 
technical operation of high-dose radiation facilities. 

5.7. Standardization 

It will be necessary for the Agency to be able to demonstrate that its reference 
dosimetry system has been calibrated and can be traced to a primary standard of 
dose. In view of the fact that the national standards laboratories and the BIPM 
are only beginning to establish the systems which will eventually provide the 
primary standard for high doses, it is recommended that the Agency should 
stimulate the relevant organizations to establish internationally-accepted primary 
standards for high doses of electromagnetic and electron radiation. 

5.8. World inventory of high-dose radiation facilities / 

With regard to the data on the world-wide distribution of high-dose radiation 
facilities, which is at present being compiled by the Project Officer with a view 
to the eventual implementation of the high-dose standardization and inter-
comparison programme, the group were of the opinion that publication of this 
information would form a most useful collection of important and relative 
scientific and technological data for everyone who is involved in the application 
of high doses of radiation. 
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