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FOREWORD 

The preservation of food with ionizing radiation is one of the most pro-
mising techniques to have been developed for improving the keeping qualities 
of food since the invention of canning over 150 years ago. Radiation preserva-
tion gives hope of bringing a major reduction in food spoilage, even of those 
staples which are stored as bulk commodities, for example grain, potatoes and 
rice. Thus the technique could contribute materially to solving the problems 
of the world's hungry. 

The feasibility of food irradiation has been demonstrated in research in 
over fifty nations, and in practice in nearly twenty. Apart from the questions 
of regulatory legislation and clearance for wholesomeness, in each particular 
case there are economic, engineering and psychological problems to be solved 
before a plant can be operated successfully on a commercial scale. 

It should be realized that, unlike refrigeration, food irradiation will have 
different end points, depending on the nature of the food product and the 
extension of storage life envisaged. The typical end points are the inhibition 
of sprouting, ripening delay or stimulation, disinfestation of grain and similar 
products, radurization, radicidation or radappertization. In addition to the 
staples mentioned above, the range of foods that can be treated encompasses 
fresh and cooked fish and meats, raw fruits, vegetables, processed foods and 
beverages. 

Food processing with radiation could have its greatest impact in the deve-
loping countries of the world, where the problem of food deficiency is most 
acute and where other methods are not generally available or are too costly 
to introduce, e.g. large-scale cold storage. 

During recent years the number of irradiated food items approved for 
consumption has increased considerably. It is envisaged that, in the near future, 
more development programmes will be initiated and food irradiation will become 
a regular commercial process as more countries come to recognize the economic 
importance of this technology. Accurate and reliable dosimetry is, however, a 
prerequisite for correct, safe and legally acceptable plant operation. 

To process food properly using irradiation, it is necessary that personnel 
responsible for the operation of the plants have an understanding of the radiation 
engineering and dosimetry problems involved. This Manual presents and discusses 
the basic problems relevant to the dosimetry of food irradiation, while the 



dosimetry is treated in sufficient practical and theoretical detail to enable the 
reader to make any necessary dosimetric measurements. 

The Manual contains an extensive list of references for which an author 
index is included. The glossary contains explanations or definitions of many 
food irradiation terms, while numerous additional terms are listed to help make 
the book 'self-contained' — a particular advantage in developing countries or 
'in the field', when the user may not have easy access to reference works. The 
detailed contents list and glossary serve as a simple subject index. 
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Editor's Note 

This manual has been prepared taking into account the radiation units that 
were approved in 1976 as Derived Units of the Systeme International d'Unites (SI). 
Both the special (i.e. traditional) and the new units are given to enable the reader 
to become acquainted with the latter and to obtain a feel for their relative 
magnitudes. For details of the units and the conversion factors, the reader is 
referred to the Glossary. 

Use of the special units is to be phased out over the period to 1986, until 
which time both systems will co-exist. 
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Chapter I 

FUNDAMENTALS OF DOSIMETRY 

I - l . INTRODUCTION 

Successful radiation processing of food depends greatly upon the ability of 
the processor: (a) to measure the absorbed dose delivered to the food product; 
(b) to determine the dose-distribution patterns in the product package; and (c) to 
control the radiation process once production begins. It is necessary that personnel 
responsible for the operation of the plants have basic understanding of radiation 
engineering and dosimetry problems involved [1, 2]. 

The methods and procedures needed to accomplish these tasks must be 
accurate, practical, easy to use, inexpensive and, above all, acceptable to the 
numerous national regulatory agencies concerned with the wholesomeness of 
processed foodstuffs. These various and sometimes conflicting requirements 
are not easily satisfied. However, in practice, when aiming at a specific radiation 
effect in food processing, the spectral energies of the radiation and the various 
source-to-product geometries likely to be employed fall within a certain definable 
range. The purpose of this manual is to set out the procedures by which the 
dosimetry requirements in food irradiation processing can be met in routine plant 
operation. 

The approximate limits of total radiation dose used in food processing are, 
in the main, from 2 krad to 6 Mrad [3, 4]. 

The radiation spectral energy limits are approximately 0.1 and 10.0 MeV. 
In general, intense radiation sources are used, which may be electron accelerators, 
X-ray machines or radionuclide-powered irradiators usually containing either 
cobalt-60, caesium-137 or strontium-90 sources. 

Source geometries are related to the method of generating the radiation, 
that is monodirectional and scanned beams for X-ray and electron irradiators, 
and isotropic rectangular plaque or cylindrical sources for radionuclide-source 
irradiators. 

Product geometries are confined to those conventional shapes and sizes 
usually used in the commercial packaging of foods (rectangular cartons containing 
cylindrical, spherical or rectangular unit packages such as food cans, bulk potatoes 
or boxes of vegetables, cereals or grain). 

Since absorbed dose is the quantity used to relate the desired effect in the 
product (radappertization, radurization, radicidation, sprout inhibition etc.)1 to 

1 Definitions of many terms met with in food irradiation and dosimetry are to be found 
in the Glossary. (Bold print is an indication that the reader is referred to the Glossary for 
more detailed information.) 

1 



2 Ch.I. FUNDAMENTALS OF DOSIMETRY 

the irradiator parameters (geometry, source strength, beam power, throughput), 
the need for suitable arid accurate dose measurement techniques must not be 
underestimated. This is best realized in terms of the consequences of using 
inadequate techniques, causing under or overdosing of the product and the 
resulting failure to administer an effective treatment. The consequences to the 
processor can be both legal and economic, while the consumer may suffer an 
economic loss by having to discard a damaged product. 

Emphasis is given in this manual to the dosimetry techniques most commonly 
used in food irradiation. The techniques can be adapted to improved food 
irradiation systems as such systems become available and have been proven successful 
in large-scale use. 

Except for allowances for differences in dose level and package size, the 
dosimetry and control methods presented here are similar to those used in other 
radiation research and processing applications [5 -11] , such as polymer irradiation 
[5, 10, 11], sterilization of medical products [6, 10, 11], and in agriculture [7 -11] . 

1 - 2 . ABSORBED DOSE 

In the radiation processing of foodstuffs, reliance is put upon the radiation 
quantity absorbed dose to obtain accurate and meaningful information about 
relevant radiation effects throughout a given package. Certain parameters, such 
as source type, source strength, conveyor speed or dwell time, multipass mode, 
beam geometry, bulk densities, effective atomic weights, sizes and complexities 
of the constituents of the materials being irradiated, affect this quantity as it 
applies to the product. 

The regulatory body or other group responsible for foodstuff acceptance 
wants, first of all, to know whether the package has been treated in its entirety 
within the range of acceptable dose limits. The ultimate commissioning of an 
irradiation plant will depend on its operator being able to demonstrate conclusively 
that this can be accomplished faithfully for all systems and products. 

The degree to which the product has been irradiated is generally expressed 
in terms of the absorbed dose in the product or in some similar substance (in some 
cases this might be water). 

The absorbed dose (sometimes referred to simply as dose), D, is the amount 
of energy absorbed per unit mass of irradiated matter at a point in the region of 
interest. It is defined by the International Commission on Radiation Units and 
Measurements [12] as the mean energy, d£, imparted by ionizing radiation to the 
matter in a volume element divided by the mass of the matter, dm, in that volume 
element. 

d£, 
D = — CI —1) 

dm 
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The absorbed dose rate, D, is defined as the rate of change of the absorbed dose: 

b = i 5 ( I _ 2 ) 
dt 

The SI derived unit of absorbed dose is the gray (Gy), which in the period 
to 1986 will phase out the existing special unit of absorbed dose, the rad: 

1 rad = 0.01 G y = 0.01 J/kg 1 Gy = 1 J/kg 
= 10"5 W s / g = 1 W s / k g 
= 100 erg/g = 1 0 0 rad 
= 6.24 X 101 3eV/g = 6.24 X 1018 eV/kg 

For any given irradiation conditions, it is necessary to specify the absorbed dose 
in the particular material of interest, because different materials have different 
radiation absorption properties. 

In practical situations, D and D are measurable only as average values in a 
larger volume than is specified in the definition, since it is generally not possible 
to measure these quantities exactly in a very small volume or at a precise reference 
point in the material. In this document, for convenience, the absorbed dose will 
be considered to be an average value either as measured in the sensitive volume 
of the dose meter used, if it is of appreciable size, or existing in its immediate 
surroundings if the dose meter is very small or thin [13], when cavity theory is 
applicable. The quantity to be measured may be the average absorbed dose in the 
surrounding materials, in which case appropriate corrections have to be made for 
differences in the radiation interactions and absorption characteristics of the two 
materials, the dose meter and its host (see §1—3 for a discussion of this conversion). 

There is another radiation quantity that should be mentioned here, even 
though it is rarely used in food processing dosimetry, and may eventually become 
redundant. This quantity is exposure (used only for ionizing photon irradiations 
with energies up to a few megaelectronvolts), which is the absolute value of the 
total charge of ions of one sign, dQ, produced in air by gamma or X-rays per mass, 
dm, of air. This quantity is defined by the ICRU [12, 14] specifically only when 
all secondary electrons produced by photon interactions in air are stopped in the 
air, i.e. secondary-electron equilibrium exists. Thus the exposure, X, is defined as: 

dQ 
X = - ^ (1-3) 

dm 

and, accordingly, exposure rate is defined as: 

dX /T .. 
X = — (1-4) 

dt 
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FIG.I-1. Typical linear and non-linear dose meter response curves. Linear curve: response, f , 
is constant and equal to the slope, i.e. the difference between meter readings (irradiated minus 
unirradiated) representing the radiation effect divided by absorbed dose values. Non-linear curve: 
f is variable with dose and must be determined at any given absorbed dose value. 

The special unit of exposure is the roentgen (abbreviation R), and it is defined 
as the amount of radiation resulting in one electrostatic unit of charge per cubic 
centimetre of air, i.e.: 

1 R = 2.58 X 10 - 4 C/kg air 

The numerical correspondence between exposure and absorbed dose in air is: 

1 R — 0.87 rad 

It is possible to use the quantity exposure to determine absorbed dose in 
certain materials, that is, to use ionization chambers as reference absorbed dose 
meters (ICRU [14]) if appropriate corrections are applied. Nevertheless, this 
method is usually not very practicable in food processing, because ionization 
chambers are subject to saturation effects at the high dose rates found with 
scanned or pulsed beams. Therefore, ionization chambers will not be considered 
in this manual. Most texts on dosimetry have extensive information about the use 
of such instruments for those who are interested. 
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1 - 3 . MEASUREMENT OF ABSORBED DOSE 

The instrument that gives a reading of absorbed dose directly is the 
calorimeter. It measures the total energy dissipated or the rate of energy dissipation 
in a material in terms of the thermal properties of the absorbing body. This 
instrument, therefore, may be considered to be an absolute reference dose meter 
that can be used for calibrating other dose meters. The calorimeter is especially 
useful for measuring the high doses that are encountered in food processing. 
The only other reference dose-meter system that is at present acceptable for these 
high-dose applications is the ferrous sulphate (Fricke) dose meter. These reference 
dose-meter systems will be discussed in more detail in §1—5 and in Chapter V. 

1—3.1. Dose meter response 

Any radiation-induced effect which is reproducible and can be quantified 
can, in principle, be used for dosimetry. The change in value of the effect with 
different radiation doses defines the dose-effect response relationship (Fig. I—1). 
If the dose-effect response relationship is linear, the response, f, of a calibrated 
dose meter can be defined as being proportional to the magnitude of the radiation 
effect that is measured (usually a reading on a meter, A, or the difference between 
the reading for the irradiated system and the unirradiated system, A - A0), and 
inversely proportional to dose, D: 

, (A - A0) 
f = D d - 5 ) 

The reciprocal of the response can be used as a calibration factor to convert 
a given reading on a calibrated dose meter to a value of absorbed dose: 

D = ^ ( A - A 0 ) (1-6) 

The response is proportional to, for example, the G-value of chemical dose 
meters (to be defined later). If there is a non-linear response between absorbed 
dose and effect, a response curve of (A — A0) versus D may be plotted and used 
as a dose meter calibration curve. Figure I—1 gives examples of typical linear 
and non-linear response functions. 

1—3.2. Conversion of absorbed dose value in one medium to that in another 

In practical food processing dosimetry there are specific requirements, 
objectives and approaches, as outlined below, that must be considered first 
before attempting such conversions. 
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1—3.2.1. Requirements 

A. To select a reference dose meter (calorimeter, chemical system, etc.) in 
which the absorbed dose does not vary greatly with the radiation spectrum 
(or radiation geometry) in question. Corrections of absorbed dose measured 
in the dose-meter material to those in the material of interest must be simple. 

B. To select routine dose meters that are fairly free of random and systematic 
errors (i.e. those due to dose-rate variation, instability, dose-range limitations,, 
environmental parameters, etc.). 

1—3.2.2. Objectives 

A. To establish conditions for the calibration of routine dose meters: 
(i) cross-checking in the different radiation fields that might be used; 
(ii) calibration under conditions of electronic equilibrium (see §1—4.2). 

B. To develop expertise in using simple primary calibration systems (graphite, 
water or aluminium calorimeters; the Fricke dose meter); 
(i) for determining beam-energy deposition in reference materials; 
(ii) for calibrating routine dose meters. 

C. To develop reproducible utilization of simple but effective routine dose 
meters (thin film, glass, TLD or other systems). 

1—3.2.3. Approaches 

The approach to dosimetry in routine operations requires that the following 
five tasks are attended to initially: 
(i) Calibrate the routine dose meter to obtain its response curve or response 

functions; 
(ii) Calibrate the routine dose meter under all radiation conditions that might 

be encountered by the routine dosimetry system (if possible); 
(iii) At an appropriate dose level, use the calibrated routine dose meter to 

measure dose in the product under given reference conditions; 
(iv) Determine the lateral dose profiles and depth-dose data in the product under 

given reference conditions; 
(v) Characterize the different parameters of the radiation fields (depth-dose 

data, dose rate, beam size) for different types of product (e.g. effect of 
bulk density, and different product shapes and sizes). 

Considering that we limit ourselves to X-ray, 7-ray and electron beam irradi-
ations in food processing, normally with radiation energies lying between 0.1 and 
10 MeV, the conversion f rom the dose in the reference dose-meter material 
(or routine dose-meter material) to the dose in a biological system of interest 
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(water, tissue, etc.) is fairly easily made in most situations. It is generally 
accomplished by applying corrections, as shown in the following. 

For ionizing photon irradiations, the spectrum, including the degraded 
spectrum at some depth in the absorber (see discussion in §1-4), can be approxi-
mated as consisting mainly of energies between 0.1 MeV and the maximum 
energy (for food irradiation sources). The absorber materials are, for the most 
part, of low atomic number. In the case where the dose-meter material is sur-
rounded by a similar material, such that cavity-theory corrections need not be 
applied [13] (see also §1—4), the absorbed dose, D i ; in some substance of interest 
is given approximately by: 

where Dd is the absorbed dose in the dose-meter material and (Men//°)i/(^en/P)d 
is the ratio of mass energy absorption coefficients averaged over the energy 
spectrum of the two materials. 

Values of (/ i e n /p)wKn e n lp); and (juen/p)w/(Men/p)d> where w refers to water, are 
tabulated in Table 1 - 1 for different photon energies and different substances 
and dose-meter materials relative to water. The data are taken from Hubbell [15,16]. 
It is seen that the ratio varies somewhat with the photon energy, particularly at the 
lower energies. This means that it may not always be sufficient to know only the 
incident X-ray or 7-ray spectrum when making the calculation for absorbed doses 
deep within an absorber package. It may be necessary to make an approximation 
for the average photon spectrum inside the absorber, particularly when there is a 
large difference between the atomic constituents of the dose-meter material and 
those of the other material of interest. 

In the case where the ionizing photon interactions occur mainly in a 
surrounding material similar to the material of interest but different from the 
dose-meter material, or in the case of primary electron beam irradiation, the 
absorbed dose in the material of interest is determined approximately by: 

(1-7) 

D i = s u Dd 

where Sj d is the ratio of electron mass collision stopping powers: 

d - 8 ) 

d - 9 ) 

averaged over the approximate electron spectrum for the two materials, Scoi being 



T A B L E 1 - 1 . R A T I O O F P H O T O N M A S S E N E R G Y A B S O R P T I O N C O E F F I C I E N T S * O F W A T E R (w) T O T H O S E IN 
D I F F E R E N T S U B S T A N C E S ( i ) , INCLUDING C E R T A I N D O S E - M E T E R M A T E R I A L S (d) [ 1 5 , 1 6 ] 

Photon energy 
(MeV) 

H N O A1 Fe Cu Pb 

0.05 1.53 1.76 1.31 0.958 0.225 0.0253 0.0186 0.00633 
0.1 0.624 1.18 1.14 1.08 0.658 0.116 0.0871 0.0111 
0.15 0.574 1.13 1.12 1.10 0.966 0.328 0.260 0.Q240 
0.2 0.565 1.12 1.11 1.11 1.08 0.600 0.497 0.0472 
0.3 0.560 1.11 1.11 1.11 1.13 0.952 0.862 0.123 
0.4 0.560 1.11 1.11 1.11 1.14 1.06 1.02 0.229 
0.5 0.556 1.11 1.11 1.11 1.15 1.12 1.10 0.347 
0.6 0.560 1.12 1.12 1.11 1.15 1.15 1.15 0.463 

0.05—0.66a 0.575 1.13 1.12 1.11 1.12 1.02 1.00 0.392 
0.66b 0.561 1.12 1.12 1.11 1.16 1.16 1.16 0.525 

0.8 0.560 1.11 1.11 1.11 1.16 1.18 1.18 0.667 
1.0 0.557 1.11 1.11 1.11 1.15 1.18 1.20 0.820 

0.05-1.25° 0.573 1.13 1.12 1.11 1.11 1.07 1.07 0.762 
1.25d 0.557 1.11 1.11 1.11 1.15 1.18 1.20 0.950 

1.5 0.556 1.11 1.11 1.11 1.15 1.19 1.21 1.04 
2.0 0.560 1.11 1.11 1.11 1.15 1.18 .1.20 1.08 
3.0 0.570 1.11 1.11 1.10 1.12 1.11 . 1.12 0.970 
4.0 0.585 1.11 1.11 1.10 1.10 1.04 1.03 0.841 
5.0 0.602 1.12 1.10 1.09 1.07 0.965 0.955 0.737 
6.0 0.621 1.12 1.10 1.08 1.05 0.904 0.891 0.662 
8.0 0.659 1.13 1.10 1.07 0.988 0.814 0.794 0.565 

10.0 0.697 1.14 1.09 1.06 0.952 0.751 0.730 0.506 
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Photon energy 
(MeV) 

Muscle Compact 
bone 

Fricke 
dose meter 

Polystyrene 
(C8H8)n 

Perspex 
(C sH802)n 

Polyethylene 
(C2H4)n 

LiF Glass6 PVC 
(C2H3Cl)n 

0.05 0.961 0.258 0.908 1.74 1.38 1.72 0.925 0.340 0.169 
0.1 0.992 0.657 0.981 1.11 1.07 1.05 1.13 0.782 0.549 
0.15 1.01 0.905 1.00 1.05 1.04 0.991 1.18 1.01 0.873 
0.2 1.01 0.986 1.00 1.04 1.03 0.980 1.19 1.08 1.00 
0.3 1.01 1.03 1.00 1.03 1.03 0.975 1.20 1.10 1.06 
0.4 1.01 1.04 1.00 1.03 1.03 0.974 1.20 1.11 1.08 
0.5 1.01 1.04 1.00 1.03 1.02 0.973 1.20 1.11 1.08 
0.6 1.01 1.05 1.00 1.03 1.03 0.973 1.20 1.12 1.09 

0.05-0.66 a 1.01 1.02 1.00 1.04 1.04 0.985 1.19 1.09 1.04 
0.66b 1.01 1.05 1.00 1.03 1.03 0.973 1.20 1.12 1.09 

0.8 1.01 1.05 1.00 1.04 1.03 0.973 1.20 1.12 1.09 
1.0 1.01 1.05 1.00 1.03 1.03 0.972 1.20 1.12 1.0'8 

0.05-1.25° 1.01 1.02 1.00 1.04 1.04 0.983 1.19 1.09 1.04 
1.25 d 1.01 1.05 1.00 1.03 L03 0.972 1.20 .1.12 1.08 

1.5 1.01 1.04 1.00 1.03 1.03 0.973 1.19 1.12 1.08 
2.0 1.01 1.04 1.00 1.03 1.03 0.973 1.20 1.12 1.07 
3.0 1.01 1.03 1.00 1.04 1.03 0.980 1.19 1.10 1.07 
4.0 1.01 1.03 1.00 1.04 1.04 0.988 1.19 1.08 1.05 
5.0 1.01 1.02 1.00 1.05 1.04 0.998 1.19 1.07 1.03 
6 :0 1.01 1.01 1.00 1.05 1.04 1.01 1.18 1.05 1.00 
8.0 1.01 0.994 1.00 1.07 1.05 1.02 1.18 1.02 0.971 

10.0 1.01 0.987 1.00 1.08 1.06 1.04 1.17 1.00 0.940 
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Strictly the functions are (juen/p); however, for the energies considered here and for the purposes of food irradiation the difference between 
/Uen and ptr is, for practical purposes, negligible (see the Glossary, energy absorption coefficient). 
Typical degraded caesium-137 7-ray spectrum in water. 
Primary caesium-137 7-ray energy. 
Typical degraded cobalt-60 7-ray spectrum in water. 
Primary average cobalt-60 7-ray energy. 
Typical Pyrex glass: 80.7% Si20, 12.9% B 2 0 3 , 3.8% Na20, 2.2% A1203) 0.4% K 2 0 [16]. 



TABLE 1—2. RATIO OF MASS COLLISION STOPPING POWER FOR ELECTRONS IN WATER (w) RELATIVE TO 
THAT IN DIFFERENT SUBSTANCES (i) AND DOSE-METER MATERIALS (d) [17, 18] 

_ (}_dE\ \ / f - — ) 

p dx / col,w/ \p dx / col,i w ' d \ P dx / col,w j \ p dx / col,d 

Electron 
energy 
(MeV) 

H C N O A1 Fe Cu Pb 

0.05 0.472 1.14 1.16 1.16 1.34 1.53 1.59 2.25 
0.1 0.479 1.14 1.15 1.16 1.33 1.50 1.55 2.13 
0.15 0.483 1.14 1.15 1.16 1.32 1.49 1.54 2.08 
0.2 0.485 1.14 1.15 1.15 1.31 1.48 1.52 2.05 
0.3 0.487 1.14 1.15 1.15 1.31 1.47 1.51 2.00 
0.4 0.489 1.15 1.14 1.15 1.30 1.46 1.51 1.97 
0.5 0.490 1.15 1.14 1.15 1.30 1.46 1.50 1.95 
0.6 0.491 1.15 1.14 1.15 1.30 1.45 1.50 1.93 
0.7 0.491 1.15 1.14 1.14 1.29 1.45 1.49 1.92 
0.8 0.491 1.15 1.13 1.14 1.29 1.44 1.49 1.90 
0.9 0.491 1.16 1.13 1.14 1.29 1.44 1.49 1.89 
1.0 0.489 1.16 1.12 1.13 1.28 1.43 1.48 1.88 
2.0 0.483 1.16 1.10 1.10 1.26 1.41 1.45 1.80 
3.0 0.478 1.16 1.08 1.08 1.25 1.39 1.44 1.77 
4.0 0.475 1.16 1.07 1.07 1.24 1.38 1.43 1.74 
5.0 0.472 1.16 1.06 1.06 1.24 1.38 1.42 1.73 
6.0 0.469 1.16 1.05 1.05 1.24 1.37 1.42 1.71 
7.0 0.467 1.16 1.04 1.04 1.24 1.37 1.41 1.70 
8.0 0.465 1.16 1.03 1.04 1.24 1.37 1.41 1.70 
9.0 0.464 1.16 1.03 1.03 1.24 1.37 1.41 1.70 
10.0 0.461 1.16 1.02 1.03 1.24 1.37 1.41 1.69 
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Electron energy Muscle Compact Fricke Polystyrene Perspex Polyethylene LiF Glass a PVC 
(MeV) bone dose meter (CsH8)n (C5Hg02)n (C2H4)n (C2H3Cl)n 

0.05 1.01 1.09 1.01 1.03 1.03 0.948 1.26 1.26 1.24 
0.1 1.01 1.09 1.01 1.03 1.03 0.951 1.25 1.24 1.23 
0.15 1.02 1.08 1.01 1.03 1.03 0.952 1.25 1.24 1.22 
0.2 1.02 1.08 1.01 1.03 1.03 0.953 1.25 1.24 1.22 
0.3 1.02 1.08 1.01 1.03 1.03 0.956 1.25 1.23 1.21 
0.4 1.03 1.08 1.00 1.03 1.04 0.960 1.25 1.23 1.21 
0.5 1.03 1.08 1.00 1.04 1.04 0.963 1.25 1.23 1.21 
0.6 1.03 1.08 1.00 1.04 1.04 0.965 1.25 1.23 1.21 
0.7 1.03 1.08 1.00 1.04 1.04 0.967 1.25 1.22 1.21 
0.8 1.03 1.08 1.00 1.04 1.05 0.969 1.25 1.22 1.20 
0.9 1.03 1.08 1.00 1.04 1.05 0.970 1.25 1.22 1.20 
1.0 1.03 1.08 1.00 1.04 1.05 0.971 1.25 1.21 1.20 
2.0 1.03 1.08 1.00 1.05 1.05 0.977 1.25 1.19 1.17 
3.0 1.02 1.08 1.00 1.05 1.06 0.981 1.26 1.18 1.16 
4.0 1.02 1.08 1.00 1.05 1.06 0.982 1.26 1.17 1.15 
5.0 1.02 1.08 1.00 1.05 1.06 0.983 1.26 1.16 1.14 
6.0 1.02 1.08 1,00 1.05 1.06 0.984 1.26 1.16 1.13 
7.0 1.02 1.08 1.00 1.05 1.06 0.985 1.27 1.15 1.13 
8.0 1.02 1.08 1.00 1.05 1.06 0.986 1.27 1.14 1.13 
9.0 1.02 1.08 1.00 1.05 1.06 0.987 1.27 1.14 1.12 

10.0 1.02 1.08 1.00 1.06 1.06 0.988 1.27 1.14 1.12 

3 Typical Pyrex glass: 80.7% Si20, 12.9% B 2 0 3 , 3.8% Na20, 2.2% A1203) 0.4% K 2 0 [16]. 
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the electron linear collision stopping power. This ratio, Sj d , is also slightly 
energy dependent over the spectral ranges of interest in radiation food processing, 
as shown in Table 1 - 2 , in which s w j and s w d , where w refers to water, are 
tabulated for water relative to different substances and dose-meter materials as 
a function of electron energy [17, 18]. 

When there are composite materials or compounds of interest for which one 
must know photon mass energy absorption coefficients or electron mass stopping 
powers, it is considered sufficiently accurate for the photon spectra and electron 
spectra that are used in food processing (0.1 to 10 MeV) to sum according to the 
weight fraction of the constituents: 

where kj is the weight fraction of constituent i, and (juen/p); is the mass energy 
absorption coefficient of the constituent i. Similarly: 

is the mass collision stopping power of the constituent i. 

An example of how this works is as follows. Even for materials as similar 
in atomic weight fractions as polyethylene (CH2)n and water (H20), there are 
differences in photon absorption cross-sections and in electron absorption 
characteristics of the two materials. 

The atomic weights of hydrogen and carbon may be taken as 1.01 and 12.0, 
respectively, and the atomic weight of oxygen is 16.0. Therefore, the weight 
fractions, k ;, are: k H = 0.144 and k c = 0.856 for polyethylene and k H = 0.112 
and k Q = 0.888 for water. From Refs [15, 16, 18], it may be determined that: 

d - 1 0 ) 

ci—11 > 

where 
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1.25 MeV photons 1.0 MeV electrons 

0 / / p ) H = 0.0531 cm2/g 

(nip)c= 0.0267 cm2/g 

(ju/p)0 = 0.0266 cm2 /g 

Using formula (I—10) for photons: 

(*V/°)(CH2)n = (0-856 X 0.0267) 

+ (0.144 X 0.0531) 

= 0.0305 cm2/g 

(Men/p)H20 = (0.112 x 0.0531) 

+ (0.888 X 0.0266) 

= 0.0296 cm2/g 

The absorbed dose correction factor for 
photons in formula (1—7) would then be: 

(Men/P)(CH2)N\ _ 0.0305 

O e n /P )H 2 0 0.0296 
= 1.030 — 1.03 

d E \ 

P DX/COI H 

']_ d E \ 

P d x 4 o i , c 

1_ dE\ 

= 3.82 cm2/g 

= 1.62 cm2/g 

. = 1.66 cm2/g 
P d x / c o l , 0 

Using formula (I—11) for electrons: 

1 dE\ 

P d x / c o l , (CH2)N 

= (0.856 X 1.62) 

+ (0.144 X 3.82) 

= 1.94 cm2/g 

1 d E \ 

P DX/C col, H 20 
= CO. 112 X 3.82) 

+ (0.888 X 1.66) 

; 1.90 cm2/g 

The absorbed dose correction factor for 
electrons in formula (1—9) would then be: 

( S co l /p ) (CH 2 ) n \ _ L94^ _ 

(Sc oI/P)H2O / 1-90 
1.021 ^ 1.02 

If, in our example, we were using the Fricke dose meter (essentially equivalent to 
water) to measure absorbed dose in polyethylene, the measured doses would have 
to be multiplied by the correction factors calculated above for the 1.25 MeV 
photons or the 1.0 MeV electrons. It should also be borne in mind, however, that 
when essentially monoenergetic photons (60Co 7-rays, 137Cs 7-rays, etc.) are 
incident on a product, the photon spectrum within the product is broadened and 
degraded somewhat (see §1-4) . 

For photons and electrons between 1 and 10 MeV, the energy absorption coef-
ficients and stopping powers of water and the Fricke dose meter solution (see §1—5.1.2) 
are essentially the same [ 19]. There may be differences between their absorption 
characteristics for low-energy degraded photons [20] due to small variations in 
the G-values of the Fricke dose meter with spectral energy [21 ]. These differences 
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400 600 800 1000 1200 1400 
PHOTON ENERGY (keV) 

FIG.1-2. Calculated photon spectrum of60Co y-rays at a 10 cm depth in water, 
including single and multiple scattering, in terms of the photon energy flux density, ip fin units 
of keV photons/cm2 per keV interval), as a function of photon energy (keVj for an infinite 
plaque source and a semi-infinite target. The area under the vertical bar (650 keV/cm2) 
represents how much of the primary energy (average 1250 keV, see footnote 2) remains at 
this depth for a 1250 keV photon incident per square centimetre of area. The degraded photon 
spectrum at this depth is given by the curve from 50 to 1250 keV. The area under this curve 
(425 keV/cm2) represents the photon energy occurring as scattered radiation (see Table I-4j [22], 

in response due to spectral differences will be even larger in dose-meter systems 
containing greater concentrations of higher atomic number materials (eerie sulphate, 
polyvinylchloride, etc.) if the radiation quantity is expressed as absorbed dose in 
water. This is clear from the trend shown in Table I—1. 

If the absorbed dose were measured in a material essentially equivalent to 
the dose-meter material itself, the effect of variations in radiation spectrum on 
the response would be negligible. When the dose-meter material differs from the 
surrounding material, however, the calculation of absorbed dose in the material 
of interest from that determined for the dose-meter material, using Eqs (I—1, 2, 
7, 8) requires some knowledge of the approximate radiation spectrum in the 
absorber. This is because there are appreciable differences in the effects of inter-
actions on the dose with differences in spectrum. Accordingly, absorption 
coefficients and stopping powers may have to be weighted over the radiation 
spectrum being approximated, as indicated earlier. 
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TABLE 1 - 3 . FRACTION OF PRIMARY MEAN PHOTON ENERGY (1250 keV) 
AND OF SCATTERED DEGRADED PHOTON ENERGY (1250 to 50 keV) AT 
DIFFERENT DEPTHS IN SEMI-INFINITE WATER TARGET, IRRADIATED 
WITH AN INFINITE AREA 60Co 7-ray PLAQUE a 

Bruce and Johns [22] 

Depth Fraction of primary Fraction of energy 
energy remaining degraded (1250 to 

(cm) (1250 keV) 50 keV) 

0 0.93 0.07 

2 0.88 0.17 

5 0.73 0.27 

10 0.53 0.47 

20 0.28 0.72 

30 0.15 0.85 

3 Mean 6 0Co 7-ray energy taken as 1250 keV (see text). 

Let us give an example of this. The incident 60Co 7-ray spectrum on a 
package, because of degradation due to scattering from the source and its 
surroundings, is already broadened slightly. It is further degraded inside the 
product package due to scattering processes, as illustrated in Fig. 1—2. 
Furthermore, it is degraded to different degrees at different depths, as indicated 
in Table 1—3. In this table are listed, for different depths in water and for an 
incident 60Co 7-ray spectrum (average primary energy 1250 keV)2, the fractions 
of the photon energy flux density that remain at this average primary energy. 
The rest consists of a degraded spectrum similar in shape to that shown in Fig. 1—2 
[22]. Electron spectra are also degraded within the package [23, 24] as shown in 
Fig. 1—3. The area under the curve represents the energy deposited at the given 
depth in the product, i.e. the dose. Accordingly, Fig. 1—3 gives, at the same time, 
a representation of the depth-dose distribution. It is not always possible or 
necessary to know precisely what the degraded spectra are at different depths, 
but — as a rule of thumb - an approximation might be mentioned here that 
serves the purpose of calculating absorption cross-sections for any practical 

2 99% of the energy emitted by 60Co decay is equally divided between 7-rays at 1.17 
and 1.33 MeV. For food irradiation purposes, an average primary energy value of 1.25 MeV 
can be assumed. 
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E L E C T R O N E N E R G Y ( M e V ) 

FIG.1-3. The various degraded electron spectra to be found at different depths (as indicated) 
in a thick water-equivalent package (monoenergetic 10 MeV electrons incident perpendicularly) 
[23, 24], 

situation. The suggestion is that the spectral approximations given in Table 1—4 
be used in calculations, such approximations providing more realistic absorbed 
dose values than when nominal incident spectra data are taken. 

Such rough approximations may be justified in food processing dosimetry 
for calculating the dose in one system from that in another, since apparent 
differences in degraded spectra at different depths exert a relatively small influence 
on the absorbed dose values. Table I—1 has rows for the two model degraded 
photon spectra (taken from Table 1—4) in which photon mass energy absorption 
coefficient ratios for water to a given material are listed. The values for incident 
undegraded spectra for 137Cs 7-rays (0.66 MeV) and 60Co 7-rays (1.25 MeV) are 
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TABLE 1 - 4 . ESTIMATED EQUIVALENT PERCENTAGE CONTRIBUTIONS 
TO DOSE OF t-SPECTRA DEGRADED IN A TYPICAL WATER-EQUIVALENT 
TARGET 

Bruce and Johns [22] 

60Co 7-rays 137Cs 7-rays Percentage 
photon energy photon energy 
(keV) (keV) 

1250 660 60% 

2 0 0 - 1 2 5 0 2 0 0 - 6 6 0 30% 

200 200 3% 

150 150 3% 

100 100 3% 

50 50 1% 

ESTIMATED AVERAGE ELECTRON ENERGY AS A FUNCTION OF DEPTH IN A 
TYPICAL WATER-EQUIVALENT TARGET 

Harder [23] 

where E x is the mean energy of electron spectrum at depth x (keV); 
E0 is the energy of incident electrons (keV); 
x is the depth in absorber (g/cm2 or kg/m2); 
R p is the practical (or extrapolated) electron range (g/cm2 or kg/m2) in mass per unit area 

units (see Section 1—4.1., footnote 2, and Ref.[17]). 

also shown. It can be seen that there are differences in the absorption characteristics, 
especially in the cases of the higher atomic number materials as compared with water. 

If the degree of photon attenuation by various thicknesses of material must 
be calculated using mass attenuation coefficients [15, 16], the same approximate 
photon spectrum can be used at the depths of interest in food packages. The 
attenuation factor to be applied at greater depths can be estimated from: 

a exp H W ^ i i x} (1-12) 
uo 

where x is the increased attenuating layer thickness, Dx is the dose in the material 
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after reaching that depth, D 0 is the dose in front of the additional layer, (/u/p); 
is the total mass attenuation coefficient [15] for the material, averaged over the 
degraded photon spectrum. 

A convenient method of determining the absorbed dose experimentally in 
a given medium with a dose meter inserted into that medium, is to use a routine 
dose meter such as a calibrated dosimetric film [13]. It should be thin enough 
to ensure that the continuity of the photon or electron spectrum at a given depth 
is not disturbed appreciably by the presence of the probe material. Accuracy of 
the dose measurement is improved by using a dose meter similar in effective atomic 
number to that of the host material. For example, if one wants to know the 
absorbed dose in polystyrene (CH)n , a polymethylmethacrylate (Perspex) or thin, 
dyed, low-atomic-number plastic film dose meter will be useful as a dose meter 
probe when tightly incorporated in the target material. This is because the effective 
atomic numbers and hydrogen concentrations of these different plastics are about 
the same, and thus both their photon absorption coefficients and their electron 
stopping powers are very similar over wide spectral ranges. 

1 - 4 . BUILD-UP, ATTENUATION AND ELECTRON EQUILIBRIUM 

1—4.1. Physical aspects of radiation absorption 

When high-energy primary X-rays, Y-rays or electron beams are incident on 
a substance, multiple interactions occur that give rise to secondary particles; the 
interactions consist almost entirely of ionizations that produce secondary electrons 
and photons of lower energies. These particles go on to produce further inter-
actions, the so-called cascading effect. 

In the case of photons of 137Cs 7-rays, 60Co 7-rays and X-ray beams used in 
food irradiation, the main interactions are due to the Compton effect — the 
elastic scattering of the incoming photons by atomic electrons. The photons are 
scattered, and secondary electrons are knocked off the atom. Both the scattered 
photon and electron emerge at various angles, each with a lower kinetic energy 
than that of the incident photon. This process predominates at photon energies 
between 0.05 and 10 MeV in low atomic number media. If the secondary photons 
have sufficient energy, they can go on to produce further Compton scattering. 

Lower energy photons, those near the binding energy of a given orbital 
electron, undergo photoelectric absorption, which results in the emission of 
photoelectrons owing to excitation of the bound orbital electrons. The 
kinetic energy of an ejected photoelectron is equal to the difference between the 
energy of the incident photon and the atomic binding energy of the electron. 
Accompanying the photoelectron ejection is an emission of characteristic photons, 
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FIG.1-4. Calculated central-axis depth-dose curves in a semi-infinite water target, irradiated 
by a rectangular 60Co y-ray plaque source (two sizes) at two different distances from the target. 
The depth-dose curves are given in terms of absorbed dose rate (DH 0J per Ci/cm2 as a 
function of depth: (1) 150 cm X 610 cm plaque source at 2.5 cm distance; (2) the same 
plaque source at 18 cm distance; (3) 50 X 76 cm plaque source at 2.5 cm distance; (4) the 
latter plaque source at 18 cm distance [25]. 

an effect known as atomic fluorescence. In competition with this effect, 
especially for low atomic number atoms, is the so-called Auger effect, that is, the 
ejection of other orbital electrons during the readjustment of the atomic electron 
orbits. The photoelectric effect is favoured in a discrete sense at specific energy 
levels for different atoms, according to the binding energy of the K, L, M, etc. 
orbital shells. For food irradiation by ionizing photons, the photoelectric effect 
is" appreciable only in the presence of higher atomic number constituents. 

At high incident photon energies, greater than the sum of the rest masses 
of electron and positron together (>1 .02 MeV), pair production may occur. 
This portion of the photon energy is converted to mass in the form of an electron 
and a positron. The probability of such pair production increases with the , 
incident photon energy and with the square of the atomic number of the 
absorbing atoms. The positron may slow down and recombine with an electron, 
resulting in annihilation radiation, that is, the simultaneous emission of two 
7-ray photons each of 0.51 MeV energy. 
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FIG.1-5. Experimental central-axis depth-dose curves for broad-beam monodire.ctional 
2 Me V electrons incident on a semi-infinite polystyrene target (using meausrements by radio-
chromic dye film dose meter), at perpendicular incidence (0°) and at 30° and 60° angular 
incidence [26]. 

Thus we see that incident X-ray and 7-ray photons of energies used in food 
irradiation can cause multiple interactions and cascades of secondary photons 
and electrons. If the incident radiation spectrum is essentially monoenergetic and 
the angle of incidence at a target is approximately perpendicular and mono-
directional, there is a marked increase (build-up) of energy deposition up to depths 
of penetration corresponding to the average range of the first interaction secondary 
electrons. These depths, given in units3 of mass per unit area, are approximately as 

3 Electron ranges are dependent on the type of material, but as expressed in mass per 
unit area units, they are nearly the same. Units in the traditional system are g/cm2, while in SI 
they are kg/m2 . To reconvert f rom range in mass per unit area to linear range in a given material, 
multiply by the density of that material. (Mass per unit area is variously called thickness, area 
density, surface density, density thickness, etc.) 
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LEAD 
BLOCK 

DEPTH (cm) or (10 m! 

FIG.I-6. Experimental central-axis depth-dose curves for broad-beam scanned 10 MeV 
electrons incident on a semi-infinite water target: (lj unmodified depth-dose curve; (2) depth-
dose modification due to presence of a thick lead block at ~4.5 cm depth; (3) depth-dose 
modification due to scattering by a thin copper sheet in front of water target [27-29] . 

follows for different photon energies (SI units in brackets): 137Cs 7-rays, 0.66 MeV 
0.3 g/cm2 (0.03 kg/m2); 60Co 7-rays, ~ 1.25 MeV (see footnote 2) 0.5 g/cm2 

(0.05 kg/m2); 4 MeV X-rays 1.0 g/cm2 (0.10 kg/m2); 6 MeV X-rays 1.6 g/cm2 

(0.16 kg/m2); 10 MeV X-rays 3.0 g/cm2 (0.30 kg/m2). If the incident photon 
spectrum is fairly broad and the angles of incidence are widely varying (for 
example, with an isotope plaque source close to a package, or a broad spectrum 
X-ray beam with a thin scattering medium in front of the package), there is no 
build-up; there is, instead, an essentially exponential decrease in dose with depth 
due to attenuation. The shape of the depth-dose distribution curve in a target 
material depends on a number of factors; the most important are source geometry, 
source-to-product distance, and package geometry. Figure 1—4 shows, for 60Co 
7-ray plaque sources of two sizes (150 cm X 610 cm and 50 cm X 76 cm), central 
axis depth-dose curves in semi-infinite water targets at two distances from the 
source (2.5 cm and 18 cm) [25]. No build-up effect is seen for such diffuse broad-
beam incidence of photons and their secondary radiations. 
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TABLE 1—5. DEPTHS OF PEAK DOSE AND DOSE EQUAL TO ENTRANCE 
DOSE AND RATIO OF PEAK-TO-ENTRANCE DOSE, FOR SINGLE ONE-
SIDED SCAN OF 10 MeV ELECTRONS (CENTRE OF SCAN) INCIDENT ON 
SEMI-INFINITE ABSORBERS 

Humphreys et al. [30, 32] 

Absorber Density 

(g /cm 3 or l0 3 kg/m3) 

Depth of 
peak dose 

(cm) 

Depth of dose 
equal to 
entrance dose 
(cm) 

Ratio 

peak-to-entrance dose 

Experiment Theory a 

Carbon 
(graphite) 

1.73 1.7 2.3 1.39 1.38 

Aluminium 2.67 1.0 1.4 1.51 1.53 

Polyethylene 0.956 3.1 3.9 1.27 -
Polystyrene 1.05 3.2 4.0 1.35 1.33 

Water (Berger) 1.00 3.1 3.9 1.30 1.32 

a The theoretical values are from calculations by the inertial moments method (without 
bremsstrahlung or range straggling corrections), for broad-beam, parallel and perpendicular 
incidence of 10 MeV electrons (see Spencer [31]). 

In the case of incident electron beams that might be used in food processing 
(1 to 10 MeV), there is more apt to be a build-up region due to the progressive 
cascading of secondary electrons by collisional energy losses, up to a depth of 
approximately one-third to two-thirds of the electron range in low atomic number 
materials, except when the angle of incidence is greatly increased or when a 
scattering layer is placed between the source and the target. Figure 1—5 shows, 
for 2 MeV electron penetration in polystyrene, that the depth of maximum build-
up of energy deposition by electrons and their secondary particles is decreased 
as the angle of incidence is increased [26]. It can also be noticed that dose 
gradients appear to be more marked as the angle of incidence increases. On the 
other hand, as shown in Fig. 1—6 for 10 MeV electron penetration in water, 
the build-up region is flattened by the presence of a higher atomic number layer 
in front of the target (curve 3), and the attenuation region is also flattened 
somewhat by the positioning of a high atomic number backscattering medium 
at greater depths in the target (curve 2) [27—29]. 

There are experimental and theoretical data for broad-beam 10 MeV electron 
depth doses in several absorbing materials [30—32]. Table 1—5 lists for semi-
infinite carbon (graphite), aluminium, polyethylene, polystyrene and water, 
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DEPTH (cm) or (10"2m) 

FIG.1-7. Experimental central-axis depth-dose curves for broad-beam scanned 10 MeV 
electrons incident on semi-infinite polyethylene and polystyrene targets [30]. 

the density of the material, the depth of the peak dose, the depth at which the 
dose on the descending portion of the depth-dose curve equals the dose at zero 
depth, and both experimental (Humphreys et al. [30, 32]) and theoretical 
(Spencer [31 ]) values of the ratio of peak-to-entrance dose, for 10 MeV scanned 
electron beams at the centre position of the scan. Figure 1—7 shows experimental 
depth-dose data for broad-beam 10 MeV scanned electron-beam incidence on 
semi-infinite slab targets of polyethylene (CH2)n and polystyrene (CH)n . Note 
that, although polyethylene is less dense than polystyrene, its depth-dose curve 
peaks at a slightly shallower depth than the curve of polystyrene because of the 
shorter electron range in, i.e. greater stopping power of, the more hydrogenous 
material (Spencer [31 ]). 

The main secondary particles due to the incident electron beam interactions 
are lower energy electrons, mostly going forward at various angles to the primary 
beam direction. These arise from degradation of the primary energy by energy 
absorption processes and by the production of multiple secondary electrons by 
inelastic scattering processes (see Glossary). These secondary electrons go on 
to produce further ionizing electrons along their tracks until the energy is finally 
dissipated by molecular excitation and thermal processes at very low energies. 
The higher energy electrons, particularly those at energies above several million 
electronvolts, can produce bremsstrahlung, which consists of secondary photons 
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emitted simultaneously with the interaction due to the loss of energy of the 
fast electrons as they are slowed in their passage through the electric fields of 
absorbing atoms. 

The sum of the amount of energy loss due to this radiation process, 
(dE/dx) r a d , and the energy loss due to inelastic collisional processes resulting in 
secondary electrons, (dE/dx) c o l , is the total electron stopping power of the 
material, for the given electron energy incident on a given material. The ratio of 
(dE/dx) r a d to (dE /dx )^ ] is approximately proportional to the energy of the 
incoming electron and the atomic number of the absorber. In food irradiation 
by electrons, bremsstrahlung production is essentially negligible (except perhaps 
at electron energies approaching 10 MeV incident on materials containing higher 
atomic number constituents, as in the case of metallic containers). In most cases, 
energy deposition build-up as a result of irradiation with electron beams is mainly 
due to secondary electron production and the result of absorption of that energy 
through secondary processes. 

As in the case of ionizing photon irradiation, electron beam build-up is 
diffused by the presence of a scattering medium between the source and the 
product, as shown in Fig. 1—6. Thus the shape of the first part of the build-up 
curve is determined somewhat by the degree of diffusion or the size of the 
average angle of incidence of the incident electrons. The shape of the electron 
dose-distribution curve at greater depths is made more uniform by the presence 
of a higher atomic number backscattering medium [33, 34]. 

1—4.2. Electron equilibrium 

The distribution of energy deposited in a medium close to the entrance surface 
for monoenergetic, monodirectional photon beams is apt to be non-uniform due 
to build-up. In fact, in the calibration of dose meters irradiated with collimated 
X-ray and 7-ray beams, it may be difficult to determine exactly the shape of this 
part of the dose-distribution curve in terms of the absorbed dose in a given medium 
as a function of depth. It is easier to ascertain the value of absorbed dose at 
depths where the secondary electron spectra in thin layers are fairly uniform and 
continuous, and the number and energy of electrons entering this layer are approxi-
mately equal to the number and energy leaving it. This will be the case only at 
depths equal to or greater than the penetration thickness at which ionization 
density has reached a maximum. This depth is the thickness sufficient for 
electron equilibrium, corresponding approximately to the range of the highest 
energy electrons produced by primary interactions in the medium [35]. 

Figure I—8 is a qualitative illustration of monoenergetic photon energy 
deposition as a function of depth in a medium [36, 37], The position of the 
depth corresponding to electron equilibrium is indicated by the vertical broken 
line. The portions of the curve at this depth and at greater depths are considered 
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FIG.1-8. Radiation energy deposition as a function of thickness (expressed in multiples of 
thickness at maximum dose), showing build-up region, the thickness to achieve electron 
equilibrium (dashed vertical line), and the useful region for dose meter calibration [36, 37]. 

the most useful regions for dose meter calibration, because the shape of this part 
of the curve is more predictable than the portion in the build-up region, particularly 
in the case of complex spectra, beam geometries and mixed radiation fields. In the 
case of dose distributions in absorbers irradiated with extended plaque sources or 
diffused beams (see Fig. I—4), electron equilibrium conditions prevail essentially up 
to the surface. 

The shape of the useful portion of the depth-dose curve shown in Fig. 1—8 
is determined by attenuation factors established by the average stopping power 
of the material, the range and degree of range straggling of secondary particles, 
and whether or not the absorbing material has a finite depth with respect to the 
maximum range of incident particles or has a backing material of a different type. 
Dose distributions in irradiated products are treated in greater detail later, 
including lateral non-uniformities. This introductory discussion on dose dis-
tribution has been given primarily for the purpose of pointing out the importance 
of calibrating dose-meter systems at depths in the materials of interest at which 
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electron equilibrium conditions can approximately be met. The reasons for 
this are manifold: 

(a) The dose and spectrum are fairly uniform in the region where the build-up 
reaches a maximum. 

(b) The absorbed dose can be expressed more accurately by its definition in 
terms of energy deposited per unit mass of a particular medium, because 
most particles encountered result from interactions in the material. 

(c) The dose (or dose rate) is more predictable and accurately measurable when 
electron equilibrium conditions exist than when the dose meter is used 
bare at the surface of an irradiated absorber or near the interface of two 
widely differing absorbers. This arises because of anomalies that are apt 
to appear in the shape of the build-up part of the depth-dose curve, due 
to variations in incident spectra, beam characteristics and absorber geometry. 

When the dose response of a thin dose meter is being calibrated in a given 
medium, it is relatively easy to position the dose meter between layers of the 
material of interest (e.g. low atomic number plastic) thick enough to obtain 
electron equilibrium. Figure 1—9 gives, for different maximum incident photon 
energies over those ranges of importance in food irradiation, the approximate 
electron equilibrium thickness in water [36, 37]. A thick dose-meter system, 
such as an ampoule containing a chemical dose meter, with a relatively small 
surface-to-volume ratio, is more difficult to position in this way. This is partly 
because of self-absorption by the sensing material and its container, giving a non-
uniform dose distribution. The problem is greater when the dose-meter material 
is considerably different from its surroundings. 

1 - 5 . DOSIMETRY SYSTEMS 

1—5.1. Reference dose meters 

For dose measurements in food irradiation, two different methods of 
calibrating the response of routine monitors or dose meters are widely used: 

(i) Calorimetry 
(ii) Ferrous sulphate (Fricke) dosimetry 

These techniques have generally been accepted as standard methods for arriving 
at absorbed dose determinations in low atomic number materials irradiated with 
intense ionizing photon beams [14]. Calorimetry has been used successfully in 
industrial radiation processing as a calibration method for accelerator electron 
beam doses [4, 28, 38]. 
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T H I C K N E S S ( c m ) o r ( 1 0 " 2 m ) 

FIG.I-9. Electron equilibrium thickness in water for different photon energy values [36,37]. 

1—5.1.1. Calorimetric systems 

The principles of calorimetry in applied radiation technology are relatively 
simple and well covered in the literature [13, 39—49]. The practice of using 
calorimetry in a routine fashion, however, is usually not simple, and has not been 
used as widely for calibration purposes as the Fricke ferrous sulphate dose meter. 
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Nevertheless, there may be some merit in using the former technique, because 
it is the most direct method of measuring the radiation quantities of interest, 
namely, absorbed dose or absorbed dose rate, in different materials. 

There are, in general, four approaches to beam calorimetry for use with 
intense radiation fields: (i) Measurement of total radiation energy output per 
time interval for a given radiation source 4 ; (ii) Measurement of beam energy 
incident during a certain time period on a given target per area element of the 
target (energy fluence)4; (iii) Measurement of radiation energy incident on a 
surface area per area element and time element (energy flux density)4; 
(iv) Measurement of local absorbed dose or absorbed dose rate in a material in 
which only a small fraction of the beam energy is absorbed in the heat sensing 
material, and in which the dose rate is relatively uniform in the sensor. It is the 
fourth of these, usually with a quasi-adiabatic or non-adiabatic system, that can be 
used for determining the energy deposition by a beam in a product and thus 
for calibration purposes [13]. An advantage of this method is that the dose 
meter response can be calibrated at different depths in different materials. 
A disadvantage is that accurate corrections are needed for heat losses that occur 
from a non-adiabatic or quasi-adiabatic system. 

The most useful materials for the heat-sensing calorimetric body for food 
irradiation dose calibrations are water, graphite, aluminium, or water- or tissue-
equivalent plastics. In the last of these, consisting mainly of polyethylene and 
graphite, small corrections may also be necessary for the portion of the energy 
absorbed that goes into chemical endothermic reactions and not into direct 
heat production [50]. The thermal changes are determined by the presence 
of small calibrated thermocouples or thermistors embedded in the calorimetric 
body. Small heating wires may be included for calibrating temperature rise 
before irradiation. Twin differential systems can be used together, one either 
being shielded from the beam or used as a monitor in the beam, while the other 
is replaced by the routine dose meter to be calibrated. 

Calorimeters are calibrated by the temperature rise, which is essentially 
equivalent to measuring the amount of energy deposited in the calorimetric 
body. The calibrating energy is supplied most directly to the calorimeter in the 
form of Joule heating resulting from the passage of an electric current through 
a resistor embedded in or surrounding the calorimeter. The observed temperature 
rise, AT, is then proportional to the energy supplied, E: 

E = mcAT (1-13) 

where m is the mass of the calorimeter (absorber) and c is the specific heat 

4 For highly penetrating radiations corrections may be necessary, as total absorption 
cannot always be achieved. 
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capacity of the absorber material.5 Then to convert to absorbed dose in the 
absorber material, the number of joules per kilogram can be converted to 
absorbed dose by using: 

1 Gy = 1 J/kg or 1 rad = 10"2 J/kg 

To convert the absorbed dose or dose rate in the calorimetric body to that 
in some other material, the use of formulas (1-7) and (1-8) is recommended. 
A fairly simple correction for heat loss is possible, since most of these heat losses 
prove to be exponential with time [41]. Other corrections may be necessary, 
for example if the dose rate varies during irradiation, for different sizes and 
shapes of the dose meter, or because of interference by the presence of extraneous 
materials (glass containers, metal wires, etc.). 

1—5.1.2. Ferrous sulphate systems 

For food irradiation dosimetry, the ferrous sulphate dose meter (Fricke 
dose meter) is most frequently used as a reference measurement system for 
calibrating radiation fields and routine dose meter response (effect versus dose). 
Since §V—2.1 gives details of the precise formulation and handling of this dose-
meter system for food irradiation applications, it suffices here to give, for the 
particular radiation spectra, a simple statement and definition of quantities used 
in determining absorbed dose from a reproducible chemical effect in an essentially 
water-equivalent system [14, 20, 5 1 - 5 4 ] . 

The measurement consists of registering the change in the optical absorbance 
(optical density) of the aqueous iron sulphate solution at the absorption peak 
near 305 nm, due to increased absorption by ferric ions that have been oxidized 
from ferrous ions by ionizing irradiation. The system is useful f rom 4 to 
40 krad, having a linear response up to the upper dose limit. At the absorption 
maximum, as measured on a spectrophotometer, with the solution held in 
silica-window cuvettes, the optical molar extinction coefficient, eFe(III)> has been 
determined by careful quantitative chemical analysis to be 2195 m o l ^ ' c n T 1 

(sometimes listed as 2195M~1-cm~1)- In SI units, this value is 219.5 m ^ m o P 1 . 
This value is determined at 25°C, with a thermal coefficient applicable during 
spectrophotometry of +0.7% per degree Celsius rise [53]. 

The G-value gives an index of the linear response of the dose meter. It is 
defined as the number of ferric ions produced per 100 eV radiation energy 
absorbed by the dose meter solution. For 60Co 7-rays and electrons from 
1 to 10 MeV, the G-value for ferric ion yield is 15.6 Fe + + + ions per 100 eV 
[53], In SI units, this G-value is 9.74 X 1017 ions per joule.6 Because there is a slight 

5 To convert heat capacity values f rom old tables using the antiquated unit, calorie, 
convert to joules by using the relation: 1 cal = 4.184 J. 

6 For electron irradiation at high dose rates ( ~ 104 rads ( ~ 102 Gy) per microsecond pulse) 
occurring in pulsed beams, the G-value may be as low as 13 ions per 100 eV, i.e. 8.11 X 1017 10ns 
per joule [54]. 
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decrease in G-value with decreasing photon energy, the G-value for 137Cs 7-rays 
is about 1% lower than for 60Co 7-rays. A slightly lower value still might have 
to be used for greatly degraded X-ray and 7-ray spectra. The absorbed dose in 
the dosimetry solution is given by: 

/ A A - N A \ b 
D= n 7 d-14) 

V p G e d / k 
where: 

Traditional system SI units 

D is the absorbed dose: 

Obtained in rads Obtained in grays 

AA is the change in absorbance at 305 nm and 25°C, and is dimensionless. 

N a is Avogadro's number: 

N a = 6.022 X 1023 mol"1 N A = 6.022 X 10" moP1 

p is the density of the dose meter solution: 

PFricke= 1 024g cm~3 PFricke = ' 024 X 103 kg m"3 

G is the G-value (radiation yield of chemical substance): 
(usually quoted per 100 eV, i.e. 10~2 eV"1) (quoted per joule) 

GF r i c k e = 1 5.6 X 10"2 eV-' GF l i c k e = 9.74 X 10" J -

e is the molar extinction coefficient (at 305 nm and 25°C): 

eFe(IIlf 2 1 9 5 C m o r ' cm"1 eF e ( I I I )= 219.5 m 2 m o P ' 

d is the optical path length (usually 1 cm): 

d = 1 cm d = 0.01 m 

k is the volume conversion factor: 

k = 103 cm 3 8 _ 1 k = l 

b is the energy conversion factor: 

b = 1.602 X 10"14rad g eV -1 b(= 1 Gykg- J " 1 ) 
= 1 

The advantage of the SI system in eliminating unnecessary factors is seen clearly 
in the above comparsion, since k and b are both unity numerically and 
dimensionless if SI units are used throughout. 
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Various precautions in the use of this dose meter are given in the recom-
mended procedure (§V—2.1). The solution when properly handled can be used 
in plastic irradiation holders (polyethylene, polystyrene, etc.) rather than glass [55], 
without the presence of organic material causing unwanted chain reactions — 
leading to erroneously high G-values. 

The main words of caution in the use of this reference dose-meter system are: 

(a) Follow the procedural guidelines (§V—2.1) precisely. 
(b) Make fairly frequent checks of equipment and solution to avoid variations 

that may occur unexpectedly with long-term use of the system without the 
user realizing. 

1—5.2. Routine dose meters 

A fairly large number of radiation sensors (plastic films, chemical solutions, 
dye systems, phosphors, glasses, and even biological indicators) may be used as 
dose meters [13, 56—58], Some of these are discussed in §V—2 with respect to 
their proper use as routine dose meters in food irradiation absorbed dose 
determinations. Others might also be included in such a list if their response were 
reproducible enough to give a reasonably faithful dose interpretation in an 
appropriate material of interest. 

The functions of routine dose meters are different from those of reference 
dose meters. The routine systems must be relatively easy to handle and must 
have a response that is readily analysed. They generally are used in much greater 
number and frequency than are the reference systems, once the response has 
been correctly calibrated against a reference system in terms of measurable 
radiation effect as a function of absorbed dose in a material of interest. Routine 
dose meters can be employed, preferably as thin dose-meter systems [13], to 
measure absorbed dose distributions in packages [30]. They can be used to 
monitor package-to-package or day-to-day variations, radiation field profiles, 
or can serve as go-no go monitors. In other words, although they may not be as 
accurate or reproducible in their radiation response as reference dose meters, 
they are generally much more practicable and versatile for everyday use. 

Among the complications that might interfere with effective utilization of 
a routine dosimetry system are variations in response with (i) dose rate, 
(ii) radiation spectrum, (iii) environmental conditions (temperature, atmosphere, 
humidity, light, etc.), or due to (iv) instability before or after irradiation, 
(v) geometrical anomalies, (vi) impurity or chemical effects, (vii) batch-to-batch 
variations, (viii) size variations, (ix) non-linearities in the response characteristics, 
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TABLE 1 - 6 . CHECK LIST FOR DOSIMETRY PROCEDURES 

1. PRODUCT FLOW RATE AND PROCESS CONTROL SYSTEM; CONVEYOR SPEED; 
DWELL TIME; NUMBER OF PASSES; SCANNING INFORMATION 
(IF APPROPRIATE) 

2. SOURCE PARAMETERS: SOURCE STRENGTH (7-RAYS); CONVERSION 
EFFICIENCY (X-RAYS); EFFECTIVE BEAM POWER (ELECTRONS) 

3. APPROXIMATE INCIDENT SPECTRUM 

4. EFFECTIVE BEAM SIZE, SHAPE, AND DIRECTION 

5. PRODUCT DIMENSIONS 

6. CALIBRATED DOSE METERS AS REQUIRED, INCLUDING ROUTINE MONITORS 
AND BIOLOGICAL AND CHEMICAL TEST SYSTEMS (IF APPROPRIATE) 

7. DOSE-DISTRIBUTION PROFILE INFORMATION THROUGHOUT PRODUCT 

8. SAMPLING FREQUENCY (MONITORS, BIOLOGICAL INDICATORS, CHEMICAL 
CHECKS, ETC.) 

9. MAXIMUM AND MINIMUM DOSES REQUIRED 

10. ENVIRONMENTAL CONDITIONS (TEMPERATURE, OXYGEN, ETC.) 

11. RADIATION SAFETY PROCEDURES 

12. STATISTICAL REQUIREMENTS (PRECISION LIMITS, ETC.) 

and (x) read-out error and imprecision. It is suggested that the extent of these 
effects should be determined as precisely as possible before using a given routine 
system, and that corrections or compensation be used as necessary. 

The effective radiation absorption characteristics (photon energy absorption 
coefficient, electron stopping powers, densities and atomic weights of constituents) 
should be known. Using appropriate values for these variables, one may calculate 
with some accuracy absorbed dose conversions from one system to another. 

Finally, it is rather important to know approximately the spectrum of the 
radiation that is actually used in the irradiation of a food product (see Table 1 -4 ) . 
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1 - 6 . DOSIMETRY GUIDELINES 

A very important requirement is that the radiation facility operators can 
demonstrate their ability to carry out dosimetry. This requires: 

(a) Measurement of absorbed dose in a given material of interest in an accurate 
and precise manner. 

(b) Rendering the measurement meaningful — by means of calibration techniques 
and appropriate correction factors, being able to convert the dose in a routine 
system to the dose in the product or an equivalent substance. 

(c) Determining useful information about the dose distribution in target 
assemblies. 

(d) Maintaining or having ready access to accurate reference dose meters to 
calibrate the response of routine measuring or monitoring devices for use 
in the specific radiation fields encountered in the facility. 

(e) Abiding by prescribed dose meter selection criteria (see §1—7), in order to 
provide precise, relevant and efficient dosimetry or monitoring. 

( f ) Keeping accurate dosimetry records and using check lists at all stages in the 
dosimetry procedures. A dosimetry check list might include the items 
shown in Table 1—6. 

1 - 7 . GENERAL DOSE-METER SELECTION CRITERIA 

In selecting a routine dose-meter system for use in the radiation processing 
of food, the following criteria must be fulfilled to ensure suitable dosimetry. 
The dose-meter system should have: 

(a) A calibrated response (measurable effect for a given dose) over a specified 
dose range at a given radiation energy. 

(b) Good reproducibility of dose effect and its measurement at all specified 
dose levels. 

(c) Limited variation in response when used with different radiation spectra 
(limited energy dependence of response). 

(d) No variation of response within the expected dose-rate ranges. 
(e) Product-equivalence characteristics (approximately equivalent to water).7 

7 It should be noted that most foods have a density in general between 0.8 and 
1.1 g/cm3. They are usually almost water equivalent and have an effective atomic weight of 
about 7.5. 
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( f ) Limited variation of response with environmental conditions (effect of 
light, temperature, gases, humidity, impurities, storage). 

(g) A well-developed and proven standard measurement procedure. 
(h) An extended stable read-out period (from one hour to three or four days). 
(i) Permanent reading or ultimately stable indication of dose. 
0) A specified size giving a defined spatial resolution of the dose reading, 
(k) Low cost and simple handling and read-out procedures. 
(1) Long pre-irradiation shelf-life and ruggedness. 

1 -8 . THE PROPER USE OF DOSE METERS 

For food irradiation applications it is worth while to consider water as a 
reference material in which radiation absorbed can be measured by a reference 
dose-meter system, a water calorimeter — or the more frequently used Fricke 
dose meter, or by a calibrated routine dose-meter system that is also nearly water 
equivalent (e.g. ferrous-cupric systems, acrylic (e.g. Perspex) or similar plastics, 
dyestuffs, other organic systems). The correct calibration and use of a dose 
meter depend chiefly on the following observations. 

If the absorbed dose is measured in a material whose radiation absorption 
characteristics (photon mass energy absorption cross-sections or electron mass 
stopping powers) differ appreciably from those of water, appropriate corrections 
have to be made in order to convert the dose in one material to that in the other. 

If the dose distribution is taken into account properly, that is, if the 
calibration of a dose meter is carried out under electron equilibrium conditions, 
the dose-meter system may be used at any given depth or position in an absorber 
in order to get a measurement of absorbed dose at that position, as long as the 
dimensions of the dose meter are sufficiently small relative to spatial changes of 
dose. Difficulties in this situation may arise in trying to determine absorbed 
dose near an interface of two substances with a dose meter that is too thick. 
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DESCRIPTION OF IRRADIATORS 

I I - 1 . INTRODUCTION 

The design and construction of a food irradiator is an important factor in 
the treatment of the product, especially since it affects the dose distribution in 
the product and the dose range attainable. To help understand the importance 
of knowing the dose distributions in a given product, examples of typical irradia-
tors are given in this chapter. These irradiators have been designed primarily for 
food irradiation or for products of similar complexity and dimensions. Many 
of the concepts in this manual also apply to designs of radiation sources for other 
processing applications, for example radiation sterilization, waste treatment and 
processing of various materials. Descriptions of such irradiators can be found 
elsewhere [4, 5, 10, 59 -66] . 

A major consideration in the design of an irradiation facility is the uniformity 
of the distribution of absorbed dose in the given product. Moreover, the facility 
should be operated with optimum efficiency for the utilization of radiation 
energy. In the case of food irradiation, generalization is difficult, since some 
facilities will be designed to handle only one food item, whereas other facilities 
will be multipurpose and designed to handle many different food items. The 
physical nature and quantity of the product to be treated, and the desired pre-
servation effect determine the different, but specified magnitudes of minimum 
and maximum doses to the product and, consequently, the resulting uniformity 
ratio.8 The ranges of dose and effects of interest commonly used in food irradiation 
can be classified as follows: 

Applications at the lower dose levels (1 to 100 krad, i.e. 10 to 1000 Gy) 

Sprout inhibition of potatoes, onions, garlic, etc. can be achieved by irradiation 
in the dose range of 2 to 15 krad (20 to 150 Gy). Radiation affects the biological 
properties of the product in such a way that sprouting is appreciably delayed 
or completely prevented. 

8 These quantities are defined elsewhere in the manual and a summary explanation is 
given in the Glossary. In general, specifications for all food treatment are set by an official 
national or international body concerned with the health and welfare of the consumer. This 
will also be the case for the radiation processing of food, and the specifications will be intended 
to compel the food processor to irradiate the product efficiently and ensure that it is whole-
some. At the time of writing this manual, decisions are being taken by the Joint FAO/WHO 
Food Standards Programme on recommendations for the values of minimum and maximum 
dose for various food products (Codex Alimentarius). 

35 
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Ripening delay and ripening stimulation can be effected in the dose range of 
10 to 100 krad (0.1 to 1 kGy). They are a consequence of enzymatic changes in 
the plant tissue. 

Applications at the medium dose levels (10 to 1000 krad, i.e. 0.1 to 10 kGy) 

Radurization, by the application of ionizing radiation to foods, enhances the 
keeping quality of certain foods by causing a substantial reduction in the number 
of viable, spoilage-specific microorganisms. Fresh meat and seafood, as well as 
vegetables and fruits, may be exposed to such a treatment, with doses ranging 
from about 40 krad to 1 Mrad (0.4 to 10 kGy), depending upon the product. 
The product will usually continue to be refrigerated after radiation treatment. 

Radicidation is the practical elimination of pathogenic organisms and micro-
organisms other than viruses by means of irradiation. It is achieved: (i) by the 
destruction of organisms like tape worm and trichina in meat, for which doses 
range between 10 and 100 krad (0.1 to 1 kGy); and (ii) by the reduction of the 
number of viable specific non-spore-forming pathogenic organisms, such that none 
is detectable in the treated food by any standard method, for which doses range 
between 200 and 800 krad (2 to 8 kGy). 

Disinfestation controls the proliferation of insect and other pests in grains, 
cereal products, dried fruits, spices, etc. by application of a dose of about 30 
to 100 krad (0.3 to 1 kGy). In most cases the irradiation kills these pests in all 
life-cycle stages. 

Applications at the higher dose levels (1 to 5 Mrad, i.e. 10 to 50 kGy) 

Radappertization, by application of large doses of ionizing radiation (2 to 5 Mrad, 
i.e. 10 to 50 kGy), extends the shelf-life of a food product almost indefinitely. 
This effect is achieved by the reduction of the number and/or the activity of 
viable microorganisms to such an extent that very few, if any, are detectable in 
the treated food by any recognized method, viruses excepted. This is the case 
no matter how long or under what conditions the product is subsequently stored 
(recontamination excepted). 

Much has been published on food irradiation. It is not the aim of this manual 
to provide a full bibliography on the subject; however, more detailed information 
on food irradiation and effects achieved may be found in Refs [3, 4, 61, 67—77] 
and by reference to food irradiation bibliographies.9 

9 For example, Irradiation of Foods, Serial Number ZAED-BIBL.05 (published at 
irregular intervals, No. 19 in 1977), part of Bibliographies in Nuclear Science and Technology; 
Bundesforschungsanstalt fur Ernahrung, Karlsruhe and Zentralstelle fur Atomkernenergie-
Dokumentation, Federal Republic of Germany. 
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II—2. CRITERIA OF IRRADIATOR DESIGN 

Radiation sources must be designed to meet the criteria of a minimum 
absorbed dose in the product for accomplishing the process of interest and a 
maximum dose that does not exceed the highest legally acceptable dose. The 
actual minimum ( D m i n ) and maximum ( D m a x ) absorbed doses as measured in 
the product must be within these limits. For economic and practical reasons, 
various techniques are used to minimize the ratio D m a x / D m j n , t e r m e d the uniformity 
ratio, U (see Chapter III). Examples of irradiator design concepts for dose distribution 
flattening in practical situations are illustrated in the following sections, for both 
radionuclide and accelerator sources. The methods used to achieve this aim may, 
for example, include source activity augmentation, conveyor speed or dwell-time 
adjustments, source overlap, multipass or multi-sided irradiation, depending on 
the irradiator design [10, 59]. 

The following factors govern the selection of irradiator design: 

Mode of transportation of food products. It is essential to consider whether the 
product is to be handled in bulk or in packaged form during collection, transporta-
tion and distribution. This determines the mechanical design of the irradiation 
and transport systems, as well as the source-to-product geometry in a given process. 

The magnitudes ofDmax and Dmin, f rom which D.m a x and D m i n , and hence the 
uniformity ratio, U, can be determined. 

Throughput, i.e. the amount of product to be treated with a given dose within a 
defined period of time. 

Economics, which requires the balancing of capital costs against operational costs 
(e.g. complex transport system with high source utilization efficiency or simple 
transport system with reduced source utilization efficiency). 

Reliability. Food is a perishable item, and reliability in system operation is 
important . 

Compromises must usually be made in selecting the most effective irradiator 
design. As an example, certain agricultural products which are susceptible to injury 
or damage during transport require a conveyor system that is relatively simple. 
The movement of the product f rom loading before irradiation to unloading for 
storage and distribution should give minimal squeezing, abrasion and collision 
among the products. Except perhaps in the case of grain in bulk, a rule of thumb 
is to use during irradiation containers that have been traditionally adopted for 
shipment or marketing. Exceptions might be made where dose uniformity or 
radiation efficiency are adversely affected by radiation at tenuation or scattering 
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FIG.II-1. Depth-dose curves in a package irradiated bilaterally with radionuclide plaque sources 
a and b. Curve a is depth dose for plaque source a only, curve b is that for plaque source b only, 
and curve a + b is the combined depth-dose curve. 

FIG. II -2. Typical shape of the photon spectrum from a bremsstrahlung source of several 
megaelectronvolts maximum energy, where Emax is the highest photon energy, equal to the 
maximum electron energy. 
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in the packaging. For grain in bulk shipment, a gravitational flow irradiator (to 
be discussed in §11 — 5.3) may be used for disinfestation treatment. 

There is an economic advantage in designing a single facility for irradiation 
of different agricultural crops to match different harvest periods or for purposes 
other than food irradiation (i.e. sterilization of medical products and treatment 
of industrial material) [78]. It may also be advantageous to incorporate various 
modes of transport [79], and the practical situation will, therefore, call for versatility 
in the conveyor design to accept products and containers of varying configurations. 

II—3. SELECTION OF RADIATION SOURCE 

Three principal types of radiation source have been used in food irradiation: 
(i) Essentially mono-energetic gamma radiation from radionuclides such as 

cobalt-60 or caesium-137 (1.25 (av.) and 0.66 MeV, respectively). 
(ii) Bremsstrahlung or X-radiation from accelerators 0.2 to 10 MeV). 
(iii) Electron beams from accelerators ( ~ 3 to 10 MeV). 

Only the first two of these types of radiation may be used for irradiation of 
relatively thick products (thicker than 7 cm) because of their greater penetrating 
power. For shallow penetrations and rapid conveyor speeds (as with grain 
irradiation), on the other hand, electron beams may provide a more uniform 
dose distribution at lower cost per unit mass of product when large amounts of 
product are involved. 

II—3.1. Mono-energetic 7-rays 

Mono-energetic 7-rays for use in food processing are usually obtained from 
large radionuclide sources containing either cobalt-60 or caesium-137. Using as 
a basis for analytical techniques the simple fact that narrow beams of 7-rays are 
attenuated exponentially in absorbing media, it is possible to compute the dose 
distribution in food samples irradiated even when very complicated source geo-
metries, such as obtain with extended plaque sources, are used. The resulting 
depth-dose distribution in the food products closely resembles an exponential 
curve. A two-sided (bilateral) irradiation, obtained either by turning the sample 
or by having simultaneous irradiation from two opposite sides, would flatten the 
dose distribution, having the effect of reducing the ratio of maximum to minimum 
dose within the product (Fig.II—1). 

II—3.2. Bremsstrahlung and X-rays 

In contrast to radionuclide sources, bremsstrahlung and X-ray irradiators 
emit a broad-band spectrum consisting of photons of numerous energies (Fig.II-2) . 
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Since the attenuation of photons is dependent upon their energy, i.e. the lower-
energy photons being more rapidly attenuated, the composite depth-dose curve 
can be considered as a superposition of individual depth-dose curves of equally-
spaced incremental energy intervals over the entire spectrum. 

II—3.3. Electrons 

Electrons emitted by accelerators (LINAC, Van de Graaff) have fairly narrow 
spectral energy limits. The range of an electron in an absorbing medium is limited 
and is closely related to its energy. 10 MeV electrons can be used to perform one-
sided irradiations of 3.9 cm thick targets (water equivalent) with (dose) uniformity 
ratios, U(= Dmax/Dmin)> approaching 1.3 (see Table 1-5), whereas electrons of 
3 MeV can only be used for thin-layer treatment, since they penetrate to a depth 
of only 1.5 cm in water. 

If the product package to be treated is much thicker than the range of the 
irradiating electrons, only a surface treatment is possible. Two-sided through 
irradiations to reduce the uniformity ratio can be undertaken when the electron 
range is greater than the thickness of the product package. 

II—3.4. Dose distributions in the product 

Although irradiators are often designed to yield a low (dose) uniformity 
ratio, U, many food product treatments can tolerate (§IV—4) high uniformity 
ratios. It is not very often a requirement of food irradiation technology that the 
lowest attainable uniformity ratio be used [28, 38]. 

Dose uniformity is a composite state depending upon the distribution of 
dose both through the depth of and laterally in the product. The depth-dose 
is the distribution along the centre-line of the product, perpendicular to the plane 
of the source in the case of radionuclide plaque sources or parallel to the direction 
of the beam axis in accelerator irradiation. The lateral dose distribution is the 
distribution of dose within the product in a plane taken parallel to the plane of 
the radionuclide plaque source and in a plane taken perpendicular to the direction 
of the beam in accelerator irradiation. 

The depth-dose uniformity is limited by product density, product thickness 
and radiation energy and type; it can be improved by irradiating the product from 
two or more sides and/or by using multipass irradiator systems. 

Lateral dose distribution depends mainly upon the source-to-product geo-
metry. Lateral dose distribution can be improved in the following ways: 
(a) By introducing additional source material in the vicinity of the low-dose 

product regions (referred to as source activity augmentation or enhancement). 
In electron accelerators a similar effect is achieved by using scatter plates in 
the vicinity of low-dose regions or by electronically modifying the scan speed 
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(allowing the beam to scan more slowly in low-dose regions). In X-ray 
machines such an effect can be obtained by varying the different partial 
beam currents (increasing the flux in the low-dose regions). 

(b) By allowing the source to overlap the product in the vicinity of the low-dose 
points (referred to as source overlap). This technique is used in radionuclide 
irradiators. 

(c) By allowing the product to move or sweep past the source at a uniform speed 
or in a shuffle-dwell motion. This technique is used in both radionuclide 
and accelerator irradiation and contributes to improving the uniformity of 
dose along any line in the product that is parallel to the direction of its motion. 

There are many irradiators in use today [4,10, 59—66]. Although each has its 
individual characteristics, all can use these simple concepts to achieve dose 
uniformity. 

When radionuclide sources are used, many of these irradiator types utilize 
the two-sided (or multi-sided) irradiation principle for minimizing depth-dose 
distribution variation and at least one of the techniques discussed above for mini-
mizing lateral dose distributions. While a two-sided irradiation can be used in 
accelerator irradiation, a satisfactory depth-dose distribution can normally be 
achieved with single-sided irradiation with 10 MeV electrons by restricting the 
thickness of the product. Irradiation of relatively shallow-depth (thin) product 
may be accomplished by using less energetic electrons (e.g. 3 MeV). The basic 
principles and examples of irradiator types will be illustrated in the next section. 

II—4. SPECIFIC IRRADIATOR DESIGN 

Irradiator systems can be placed in categories based on any of their general 
features, for example: (i) source type, i.e. radionuclide, accelerator; (ii) use, i.e. 
sprout inhibition, radurization, etc.; (iii) product, i.e. type of food, medical 
supplies, etc.; (iv) conveyor system design, i.e. stationary, single-pass continuous, 
multipass continuous, multipass shuffle-dwell, etc. 

The conveyor system design is taken as the basis for the descriptions in this 
part of the Manual. Several general forms of irradiators are described, according 
to the mode of conveying the product past the source, with consideration being 
given to flattening the dose distribution, i.e. reducing the value of the uniformity 
ratio. Finally, examples of irradiators now in use for food irradiation will be 
described briefly: a pallet irradiator, a shallow-box irradiator and a grain irradiator. 

II—4.1. Radionuclide-source irradiators 

Several radionuclide-source irradiators are illustrated which use simple geo-
metrical arrangements of rectangular source plaques and products [37]; in §11—4.1.4 
other, less common geometries for radionuclide-source irradiators are mentioned briefly. 
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FIG.II-3. Single-plaque, two-position, stationary radionuclide-source irradiator. A and B 
are fixed points on the side surfaces of the packages, which are irradiated first in position 1 
and then in position 2. 

C H A M B E R 

FIG.II-4. Single-plaque, multiposition, stationary radionuclide-source irradiator. A and B 
are fixed points on the sides of packages irradiated sequentially in positions 1, 2 and 3 on the one side 
of the plaque source, and then in positions 4, 5 and 6 on the other side. (NB: point A on the 
package in position 1 is coincident with point B on the package in position 2, etc.) 
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FIG.II-5. Two-plaque, multiposiiion, stationary radionuclide-source irradiator. The move-
ment of packages is up to one side of plaque source a, then between the two plaque sources, 
and then away from the other side of plaque source b. A and B are fixed points on the sides 
of the packages. 

II—4.1.1. Stationary irradiators 

A simple type of large-volume irradiator is the stationary irradiator. A simple, 
single-plaque, two-position, stationary radionuclide-source irradiator is illustrated 
in Fig.II—3. In this system there are two packages in the irradiation chamber at 
any time, one on each side of the source plaque. Two-sided irradiation is accom-
plished by moving the product package into position 1, with surface A facing the 
source, and allowing it to remain there for a predetermined period of time. The 
package is then transferred to position 2, with surface B now facing the source, 
where it remains for the same predetermined period of time. It is then moved out 
of the irradiation chamber, thus completing one irradiation cycle. 

In stationary irradiators, package movement is undertaken "manual ly", 
using fork lift trucks, trolleys or the like, and the timing is controlled by an 
operator. 

Figures II—4 to II—6 show variations on the stationary radionuclide source 
irradiator. In the single-plaque, multiposition, stationary radionuclide source 
irradiator (Fig.II—4) there may be numerous product packages in the irradiation 
chamber at the same time. The direction of the mot ion of the packages as they 
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FIG.II-6. Two-plaque, three-position, stationary radionuclide-source irradiator. A and B 
are fixed points on the side surfaces of the packages. These can be irradiated either in any 
and only one of the three positions relative to the two plaque sources (in-out mode) or in all 
three positions successively (transfer mode). 

are moved up to and away f rom the source plaque is perpendicular to the plane 
of the source. 

Lateral dose variations are minimized in stationary irradiators by providing 
source overlap and/or source activity augmentation. 

II—4.1.2. Single-direction, multipass irradiators 

In single-direction, multipass irradiators the product is moved by some type 
of conveyor system past the source plaque in a direction of motion that is parallel 
to the plane of the source. In the single-plaque, single-direction, two-pass system 
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FIG.II- 7. Single-plaque, two-pass, single-direction radionuclide-source irradiator. A is a 
fixed point on the side surface of a package in its passage through the irradiation chamber, 
first in position 1 and finally in position 10 on the one side of the plaque source, then in 
position 11 and finally in position 20 on the other side. 

(Fig.II—7), two-sided irradiation is obtained by making the two passes one on each 
side of the source. A product package is introduced into the irradiation chamber 
at position 1, at one end of the chamber, and is moved horizontally past the 
source to the other end of the chamber (position 10). It is then indexed to the 
other side of the source plaque (position 11), and finally traverses the irradiation 
chamber in the opposite direction to position 20, completing its two-sided irradia-
tion. In moving past the source, the packages are abutted (touching) and are either 
moved.continuously, at a uniform speed, or indexed f rom one product dwell 
position to another in a shuffle-dwell fashion (in effect , a series of stops and 
starts). In the shuffle-dwell mode of operation each product package remains 
at each irradiation position for the same length of t ime. 

With reference to Fig.II—7, moving the product package horizontally eliminates 
or minimizes dose non-uniformities in the horizontal direction. Dose variations in 
the vertical direction are minimized, as in a stationary irradiation, either by source 
activity augmentation or overlap. 

Fig.II—8 is a block diagram of a single-plaque, single-direction, four-pass 
irradiator. The additional two passes, also one on each side of the plaque, serve 
to minimize lateral dose variation as well as the depth-dose non-uniformities. 
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FIG.II-8. Single-plaque, multipass, single-direction, shuffle-dwell radionuclide-source irra-
diator. A is a fixed point on the side surface of a package in its passage on both sides of the 
plaque source from positions 1 to 40. 

II—4.1.3. Two-direction, multipass irradiators 

In principle, two-direction, multipass irradiators are similar to the single-
direction systems discussed above, except that the product is moved vertically as 
well as horizontally as it undergoes its two-sided irradiation. Figure II—9 shows 
a typical single-plaque, two-direction, multiposition, multipass, shuffle-dwell 
irradiator. There are 25 target positions in each pass and four passes. (Greater 
numbers of passes (layers) could also be provided.) The arrows in the figure 
indicate a sequence of package movement arbitrarily selected for illustrative 
purposes. In practice, the sequencing of the product packages will differ from 
one irradiator to another and will depend on the design of the conveyor system. 
The important fact is that each product package sequentially occupies each of 
the 100 irradiation positions in one cycle through the irradiator, and the package 
is not turned on any axis during its passage, hence undergoing two-sided irradiation. 

In this type of irradiator the lateral dose distributions in uniformly loaded 
packages are essentially uniform in both the vertical and horizontal directions, 
as a product overlap is invariably applied. 

The irradiator designs illustrated above are portrayed in Figs II—3 to II—9 
as having vertical plaque sources. The same concepts apply in irradiators which 
use a horizontal plaque source. 

II—4.1.4. Other irradiator concepts 

Variations in the plaque source irradiator design are also possible. One might, 
for instance: (i) change the source and/or the product geometries, e.g. to cylin-
drical geometries; (ii) improve the method of conveying the product into, through 
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FIG.II—9. Single-plaque, two-direction, multipass, multiposition, shuffle-dwell, radionuclide 
source irradiator. The passage of a package at various positions in both directions on both 
sides of the plaque source is indicated. There are 100 distinct positions. 

and out of the irradiation chamber; (iii) increase the number of source plaques 
and/or the number and location of product passes and positions; (iv) introduce 
the concept of four-sided package irradiation; (v) rotate the product in front of 
the source. 

Of these concepts, only an irradiator using a cylindrical geometry and four-
sided package irradiation will be mentioned. 
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FIG.II-10. Rectangular product package, single-direction carrousel-type irradiator. The 
movement of a package with fixed point A on its side at various positions around the 
cylindrical source S is indicated during a four-sided irradiation: (a) isometric elevation; 
(bj plan view. 

C Y L I N D R I C A L SOURCE GEOM ETR Y AND FOUR-SIDED I R R A D I A T I O N 

This concept can be used in a continuous or shuffle-dwell mode and can be 
used as a multipass system in the stationary, one-direction or two-direction modes 
described previously. As a typical example, a carrousel-type of irradiator is shown 
in Fig.II—10. It is a single-direction, two-pass system and the product undergoes 
four-sided irradiation. The source itself is usually a cylindrical array of vertical 
cobalt-60 sources, arranged along the periphery of the source support, S, in 
Fig.II-10. 
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The effect of the four-sided irradiation on dose uniformity is to minimize 
depth-dose variations as well as non-uniformity along product lines parallel to the 
directions of motion of the product. This results in the minimum dose lying along 
lines parallel to the axis of the cylindrical source near the centre of the product. 
Variations in the distribution along such lines are minimized, as in other irradiators, 
by using source overlap and/or source activity augmentation. 

II—4.2. Accelerator irradiators 

The terminology used to describe the various types of accelerators (sometimes 
also called machine-source irradiators) is analogous to that described for 
radionuclide-source irradiators. The primary radiations in machine irradiators 
are electrons accelerated to high energies. Other accelerated particles are 
not used in food irradiation. In electron irradiators, the charged-particle beam 
emerging from the accelerator, i.e. the electron beam, can be used directly for 
treatment of the sample. Alternatively, this electron beam can be converted into 
X-rays (also called bremsstrahlung) by being made to strike a conversion target. 
The electrons are stopped in a high-atomic-number absorber and the kinetic energy 
of the decelerated electrons emerges in form of bremsstrahlung from the converter. 

Normally, accelerator irradiators utilize continuously-moving conveyors to 
achieve a more uniform lateral dose distribution in the direction of product motion. 
Two basic types of accelerators are in common use, the steady-current type (e.g. 
Van de Graaff) and the pulsed-beam type (e.g. LINAC). In both of these the 
dose distribution in the lateral direction perpendicular to the direction of motion 
of the product is usually made more uniform by 'scanning' the beam electro-
magnetically. With beam scanning, the scan frequency and the conveyor speed 
must be co-ordinated so as to ensure that all of the product is completely irradiated. 
For the same reason, in a pulsed-beam accelerator, the pulse repetition rate as 
well as the scanning frequency and the conveyor speed must be co-ordinated. 
These considerations also apply if the electron beam is converted into brems-
strahlung. Some X-ray irradiators are designed to give a very broad beam of 
electrons striking an extended converter. This converter may be as large as an 
isotope plaque source so as to achieve dose uniformity by source overlap. 

II—4.2.1. Stationary-type accelerator irradiators 

The only well-defined example of a stationary-type of accelerator irradiator 
is the pot-anode X-ray tube system. In this system, the target product is placed 
within the irradiation chamber (inside the pot) and is irradiated by bremsstrahlung 
from all sides simultaneously (see Fig.II—21). Upon completion of the irradia-
tion the accelerator is turned off, the irradiated product is removed and a new 
batch is inserted. 
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FIG.II-11. Single-direction, single-pass accelerator irradiator (elevation) with beam overlap 
and scatter plates illustrated. In is the starting position for the package and out the final 
position in its passage through the irradiation cham ber. 

II—4.2.2. Single-direction, single-pass irradiators 

In this concept the product is moved through the electron beam in a direction 
of motion that is perpendicular to the direction of the beam. With 10 MeV elec-
trons, for example, only one-sided irradiation is necessary, provided that the thick-
ness of the product is restricted to ensure adequate depth-dose uniformity. (For 
high-dose-level irradiation it is sometimes necessary to subject the product to 
more than one irradiation cycle.) The effect of product motion in this type of 
irradiator is the same as for radionuclide source irradiators, i.e. flattening of the 
lateral dose distribution in the product in its direction of motion. Dose distri-
butions in the lateral direction perpendicular to the direction of product motion 
are flattened by employing beam overlap and/or by using side-scatter plates (see 
Fig.II—11). 

II—4.2.3. Two-direction, two-pass irradiators 

The product material may also be indexed vertically and then moved con-
tinuously in a horizontal plane on each pass through the beam. This is achieved, 
as illustrated in Fig.II—12 by passing the product through the beam from 'in' to 
the end of the first conveyor, from where it is then indexed onto the second 
conveyor. It finally returns through the beam to 'out ' , completing a second pass; 
the irradiation is one-sided, however, 

The two-direction, two-pass irradiator giving two-sided irradiation uses an 
identical product flow scheme as the irradiator described above, except that the 
product is turned through 180° on its second pass, resulting in improved depth-
dose distribution. The two types of two-direction, two-pass irradiators are both 
feasible concepts in irradiation with either electron accelerators or X-ray machines. 
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FIG.II-12. Two-direction, two-pass accelerator irradiator (elevation). After irradiation on 
one conveyor, the packages are not turned but indexed to the second conveyor before returning 
along a parallel path through a lower part of the scan. 
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FIG.II—13. Beam-path patterns of lateral dose distributions in the product for a scanned 
electron beam with simultaneous conveyor movement and beam scanning (square beam cross-
section; the profile of the intensity of the beam spot is generally bell-shaped): (a) scanning to 
and fro; (b) scanning in one direction and skipping back. 
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FIG.II-14. Patterns of lateral dose distributions of a scanned and pulsed electron beam with 
simultaneous conveyor movement (beam scanning in one direction with fly back). The rectangles 
represent the trace of the beam spot on the product: 
(a) single scan with incomplete harmonization of pulse repetition rate and scan frequency; 
(b) complete harmonization of pulse repetition rate and scan frequency, but incomplete 

harmonization of conveyor speed (i.e. too high); 
(c) complete harmonization of pulse repetition rate, scan frequency and conveyor speed; 
(d) as (c), but with half-overlap of subsequent scans to result in a two-fold dose in the overlap 

region. Hence the whole product receives a two-fold dose. 
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II—4.2.4. Beam scanning and dose uniformity 

Normally the beam is scanned in one of two ways, either to and fro, across 
the conveyor, resulting in an overlap of the trace at each end of the scan 
(Fig.II—13(a)), or in one direction across the conveyor, followed by a very rapid 
fly-back (Fig.II-13(b)). 

Continuous beams. In most continuous beam accelerators the scan frequency 
is high enough (100—300 Hz) to ensure that, for any given conveyor speed, 
multiple overlap of successive scan traces is achieved. This ensures lateral dose 
uniformity. The conveyor speed, of course, must never be set so high as to result 
in a gap between the successive traces. 

Pulsed beams. In pulsed beam accelerators the pulse repetition rate is usually 
limited to < 300 pulses per second. This places limits on the scan frequency that 
can be used, which, in turn, imposes limits on conveyor speeds. 

Dose uniformity can be obtained only by the proper harmonization of scan 
frequencies, repetition rates and the conveyor speed to achieve optimum 
contiguity of successive pulses irradiating the product during one scan and of 
successive scan traces (Fig.II —14). Optimum overlapping exists when the dose 
absorbed in the overlap portion is equal to the dose absorbed in the non-overlap 
portion of the product (Fig.II— 14d). 

II—5. EXAMPLES OF PRACTICAL IRRADIATOR DESIGNS 

Figures 11—15 to 11—23 show examples of a number of practical irradiator 
designs. Some salient features of these are discussed at greater length in the text. 

II—5.1. Pallet irradiators 

For the irradiation of potatoes, onions and other root products, the con-
tainers are usually bulky, having a capacity of one tonne or more in a single unit. 
To co-ordinate with the methods of harvesting, storage and shipment of the 
products, it is best to use the same container within the radiation facility. 

In one cobalt-60 gamma-ray plant where potatoes are irradiated, each wire-
net container has inside dimensions of 100 cm X 160 cm X 130 cm and has an 
average capacity of about 1.5 t of potatoes [80, 81], The layout of the plant is 
illustrated in Fig.II-15. Potatoes to be irradiated are introduced at point 1 and 
pass along the conveyor 3 for a circulation time of about an hour. After coming 
out at point 4, the containers are rotated through 180° at 5 and passed back onto 
the circular conveyor again for another hour of circulation. The containers finally 
emerge in the warehouse through point 6 at a rate of about 10 containers per hour. 
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FIG. 11-15. Shihoro Agricultural Co-operative 
Association potato pallet irradiator [80, §/]. 
(a) View of the irradiation chamber. 
(b) Plan view: A. Cobalt-60 y-ray source; 
B. Water pool. 1. Entrance line; 2. Window; 
3. Irradiation conveyor; 4. Line transfer; 
5. Turntable; 6. Exit line. 
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FIG.II-16. Cylindrical cobalt-60 y-ray source arrangement for use in the irradiator of Fig.II-15. 
Three source frames are stacked one on top of the other [80, 81]. 
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FIG.II-1 7. . A commercial pallet irradiator for onions, potatoes, etc., using wooden boxes 
to hold the product, and a horizontal cylindrical array of cobalt-60 j-ray source rods [82], 

The source frame A, shown in detail in Fig.II—16, has a diameter of 100 cm and 
contains 36 cobalt-60 source rods, each 100 cm in length and of about 7500 Ci 
(280 TBq) in activity. The average values of D m j n and D m a x are measured to be 
6 and 15 krad (60 and 150 Gy) respectively [80, 81], i.e. the dose uniformity 
ratio, U, is 2.5. 

The same facility can be adapted for the irradiation of onions, with a capacity 
of about 2 t /h per kilocurie of cobalt-60 (0.5 t /h per 10 TBq), over a dose range of 
3 to 6.6 krad (30 to 66 Gy). 

Another irradiator design, shown in Fig.II—17, uses wooden pallet boxes 
having internal dimensions of 98 cm X 114 cm X 84 cm [82]. A dose uniformity 
ratio of about 2 is achieved for onions, with the help of attenuators between the 
source frame and the containers, and with suitable adjustment of the source-to-
product distances. The product is irradiated on conveyors passing above, below 
and on both sides of a horizontal cyclindrical source frame, which is raised to 
the irradiation position from the shielded source pool. 
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II—5.2. Shallow-box irradiators 

An irradiator with a horizontal source plaque has been proposed for the 
irradiation of fruits and seafood, these being placed in large but shallow product 
boxes [59]. Such an arrangement is necessary with containers that cannot be 
stacked for transport through the irradiation chamber because of damage to the 
product. A typical application is the extension of shelf-life of fresh strawberries. 
In one example, the boxes are indexed at four levels above and below the hori-
zontal source plaque during irradiation. They enter the index levels at the top 
and leave at the bottom. The performance of this design for a product density 
of 0.6 g/cm3 (600 kg/m3) contained in boxes of dimensions 68 cm X 104 cm 
X 30 cm and irradiated with a 44 kCi (1.6 PBq) cobalt-60 gamma-ray source is' 
product rate 5000 kg/h; D m i n = 16 krad (0.16 kGy); U = 1 . 6 . This type of 
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FIG.II-19. A grain irradiator with four cobalt-60 J-ray source plaques surrounded by laterally 
moving pallets, which are loaded and unloaded by gravity flow [59]. 
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It is a two direction, four-pass automatic irradiator which gives two-sided irradiation. Five 
boxes, each 50 cm X 33 cm X 27 cm are carried in a container hanging from an overhead monorail. 
Vertical transfer of the product occurs outside the irradiation chamber. The plaque source can be 
divided into two parts for low-dose irradiation of potatoes and onions. With a 215 kCi (8 PBq) 
source (Oct. 1977), a throughput of 3.5 X 10s krad 'kg-IT 1 (3.5 X 103 kGy kg • IT1 - 0.97 kW) 
at a bulk density of 0.5 g/cm3 (500 kg/m3) and a uniformity ratio of 1.3 was obtained. Dosimetry 
in the plant has been carried out using both ferrous sulphate and clear Perspex dosimetry. 

source-to-product configuration with product indexing provides a relatively low 
uniformity ratio for densely packed products. 

II—5.3. Grain irradiators 

A typical design for a continuous-flow irradiator for disinfestation of grains 
is illustrated in Fig.II—18. Grains are transferred through pneumatic feed ducts 
and irradiated as they drop through annular zones surrounding the source [83]. 
The irradiation chamber is divided laterally into three concentric annular zones, 
with different retention tinges in each zone. In this irradiator, when providing a 
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FIG.11-21. High power X-ray facility (200 k V, 32 mAj with a pot anode X-ray tube at the 
Federal Centre for Fisheries, Hamburg. 
It has operated since 1967. On the left is the control console, on the right the 'pot ' , which is 
loaded from the top. (Total volume ~ 4 0 0 0 cm3; 15cmdia . ; maximum dose rate ~ 4 0 0 krad/h 
(4 kGy/h); uniformity ratio for water is 2.2, while use of only half the irradiator volume reduces 
the uniformity ratio to 1.5.) 

typical throughput, the control valves are kept closed for periods of 130 s for the 
interior zone, 195 s for the middle zone, and 280 s for the exterior zone, thus 
compensating for the lower dose rates in the outer zones. 

An effort was also made to decrease the uniformity ratio and incre.ase the 
radiation efficiency by mounting a series of baffles within the annular zones, 
thus causing more turbulent grain flow. By adjusting the individual retention 
times in each zone, a uniformity ratio of about 2 has been achieved, as measured 
by thermoluminescence dosimetry using LiF pellets of dimensions 1 mm X 6 mm [83, 84], 

A similar grain irradiator design that was adopted in a pilot plant in Savannah, 
Georgia, USA is based on a continuous-grid source concept [84]. The grain flows 
downward through a horizontal grid consisting of cobalt-60 source rods, each 
covered by a protective sheath. Except for possible overdose of a small fraction 
of the grains due to hold-up or sticking on their passage through the grid, the 
radiation efficiency and overall dose uniformity are considered satisfactory. 

A different approach in grain irradiator design is to use tall carriers moving 
laterally past multiple vertical source plaques, as shown in Fig.II—19 [59]. This 
design is similar to the concept of the pallet irradiator, having two-sided irradiation, 
with source plaques on both sides of the carriers. The arrangement provides a 
large throughput and also permits of the processing of a variety of grains, flours, 
and other pelleted or powdered products. 

II—5.4. Other multipass package irradiators 

Packaged cartons containing dried fruits, meat products, fruits, etc. may be 
irradiated in a cobalt-60 gamma-ray irradiator similar to those designed for radiation 
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FIG.II-22. High power X-ray facility (200 kV, 150 mAJ aboard the fisheries research vessel 
'Anton Dohrn' (ex-'Walther Herwig'), operated by the Federal Research Centre for Fisheries, 
Hamburg, and in operation since 1970. 
The device has an anode. In the picture, the casing is removed. Left compartment: revolving 
magazine for loading the cylindrical containers. Centre compartment: irradiation chamber 
surrounded by the cooling system. Right compartment: revolving magazine for unloading. 
The containers are 20 cm dia. by 80 cm long. Maximum throughput is 8000 krad • kg • h"1 

(80 kGy • kg • h"1 — 22 W) at a uniformity ratio of ~ 2.0; use of only half the container 
diameter results in a throughput of ~ 2500 krad • kg • h"1 (25 kGy • kg • h"1 7 W) at a 
uniformity ratio of 1.4. 

sterilization of medical supplies. Among the many existing irradiator designs, this 
type of plant is considered to be the most practical and well-proven. It shows 
good radiation efficiency and uniformity of dose distributions. Examples, of this 
type of irradiator design are given in §11-4. 

Since packaging before irradiation implies a certain delay between harvesting 
and irradiating the product, and since, in general, this style of plant is not geared 
to rapid processing following the arrival of the product, the types of food processed 
must be relatively imperishable in the short term. 

A package irradiator facility will contain a number of transport and transfer 
systems, which will include conveyors to and from storage, conveyors for trans-
ferring the product through the labyrinth into and out of the radiation chamber, a 
transfer mechanism at the load/unload stations, and the conveyor system and 
package transfer devices which transport the product in the designed fashion 
through the whole irradiation cycle. 
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FIG.11-23. Electron linear accelerator (LINAC) at the Bundesforschungsanstalt fiir Ernahrung, 
Karlsruhe, in operation since 1966. 
At an electron energy of 10 MeV, the beam power of 5 kW is equivalent to a dose rate of 
1010 rad/s (108 Gy/s) during the electron pulse (i.e. 50 krad (0.5 kGy) per pulse). The average 
throughput is 106 krad • kg • IT1 (104 kGy • kg • h _ 1 — 2.8 kW). The beam is scanned over the 
conveyor width of 40 cm at a frequency of 10 Hz; a pulse repetition rate of 175 Hz and a 
conveyor speed of 0.3 m/s achieves a homogeneous treatment of 50 krad (0.5 kGy) per pass. 
In the picture, trays with spices are passing through the treatment area. The beam exit window, 
the scanner, the exhaust system and the photo cells for monitoring the product can be seen. 

There are numerous types of conveyor systems worthy of consideration. 
They include: 
(a) Cartons stacked in hanging containers moving along monorails or similar 

supporting beams; 
(b) Roller conveyors with mechanical pushing devices to transport cartons; 
(c) Cartons in trays that slide or move on wheels with the aid of mechanical or 

pneumatic transport devices; 
(d) Cartons moved by electrically-driven carts. 

The cartons are usually irradiated on both sides to flatten the dose distribution 
in the direction perpendicular to the source plaque (see Fig.II-1) . To attain 
improved uniformity of lateral dose distributions, complex movement schemes 
are often followed during a complete irradiation cycle, such as shown in Fig.II—9. 
Depending on the specified values of D m i n and the uniformity ratio for the product, 
the packages may complete more than one irradiation cycle. 

This description of the principles involved in the design of irradiators was a 
necessary pre-requisite to discussing the distribution of absorbed dose found in 
the food products being processed, since the distribution varies with the plant 
design. The distributions themselves are discussed in more detail in the next 
chapter (Chapter III). 



Chapter III 

DOSE DISTRIBUTION IN THE PRODUCT 
AND COMMISSIONING THE PROCESS 

III—1. GENERAL DOSE-DISTRIBUTION PATTERNS IN 
LARGE-SCALE IRRADIATORS 

It is not usually necessary to have precise information on dose distribution 
throughout an irradiated food product, but it is important to know the positions 
and values of maximum and minimum absorbed dose in the product. It is, of 
course, possible to calculate the dose distribution in an ideal product [30,32,37], 
so that the designer of a facility is often able to indicate where the regions of Dmin 
and D m a x are probably to be found in the product package. 

If the product to be irradiated is highly non-homogeneous, such as meat with 
bones or food incorporating large air pockets, calculation of the dose distribution 
becomes virtually impossible and a thorough measurement of dose distribution in 
the product, especially in the regions of local inhomogeneity, must be under-
taken [32, 77], 

III—1.1. Radionuclide-source irradiators 

Any type of gamma-ray plaque-source irradiator designed to give a two-sided 
irradiation of a rectangular product package (see Figs I I - 3 to II—9) will have 
Dmax somewhere in the outside (surface) planes of the package which are parallel to the 
source plaque and D , ^ somewhere in the mid-plane of the package which is 
parallel to the source plaque. The exact position of Dmin or D m a x in the mid- or 
outside planes, respectively, depends on whether the package is irradiated in a 
stationary, single-direction or in a two-direction mode. In a single-direction, two-
sided irradiation, the position of D m a x will be found along a centre-line of the 
outside planes of the package parallel to the direction of motion, and the position 
of Dnun will be found along the 'edges' of the mid-plane (see Fig.Ill—1). With 
stationary irradiation or two-direction, two-sided irradiations, the position of D m a x 

will be found at the centre of the outside planes, and the Dm ] n will be on the 
mid-plane at the four corner edges. 

In cylindrical geometry irradiator designs (see the carrousel irradiator shown 
in Fig . I I -10) the position of D m a x will usually be located at the centre of the 
outside planes of the package. The position of Dmjn will be in a thin volume-
element along the central axis of the package parallel to the cylindrical source axis. 

63 
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SOURCE 

FIG.Ill—1. Two single-direction passes of a rectangular package, once on each side of a 
stationary y-ray plaque source with the regions of Dmin and Z ) M A X after the second pass 
indicated by hatching. 

Ill— 1.2. Accelerator irradiators 

The two types of radiation encountered in electron accelerator processing 
of food products are electromagnetic radiation (bremsstrahlung or X-rays), for 
which the dose distributions are similar to those found for isotope irradiators 
(Fig.III—1), and high-energy electron radiation. For electron beams, in-depth 
irradiation of product materials of practical thicknesses can only be undertaken 
with electron energies approaching 10 MeV; lower electron energies (1 to 3 MeV) 
are used for surface and shallow treatments only. Energies greater than 10 MeV 
are not used, since radioactivity may be induced in the product [85]. 

The only known example of a stationary accelerator is the pot-anode cylindri-
cal X-ray machine; it has a cylindrical product irradiation volume (see Fig.II—21) 
and uses batch irradiation. 
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FIG.III-2. Typical arrangement for single-pass, single-direction electron beam irradiation of 
a rectangular package, with regions ofDmin and Dmax indicated by hatching. 

An example of an X-ray, single-direction, single-pass irradiator is the through-
flow ship-board irradiator, where the cartouche-like containers pass through the 
annular source (Fig.II—22). These designs result in a minimum dose along the central 
axis of the product parallel to the annulus axis and a maximum dose nearer the outside 
surface, similar to the situation found with the carrousel type of irradiator, but 
with dose build-up effects described in Chapter I for these two kinds of radiation. 
All other types of accelerator sources, either of direct or scattered beam design, 
use a pulsed or constant moving beam, while the product can be either stationary 
or moving. 

In a single-direction, single-pass electron beam system, there is a build-up of 
dose with depth to give a maximum dose within the product (see Fig.I—5 and 
Ref.[30]). The result is that D m a x is likely to lie along a line parallel to the 
direction of motion of the product, through its centre (see Fig.III-2) . Dmin will 
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FIG.III-3. Typical arrangement for the second pass of a two-pass, two-sided, single-direction 
electron beam irradiation of a rectangular package, with regions of Dmm and £>max indicated by 
hatching. 

be found along lines parallel to the direction of motion of the product , running 
through the side edges at the bo t tom of the product. In one-sided electron 
irradiation, the package thickness is usually chosen such that the exit dose is 
slightly lower than the entrance dose. 

In two-sided irradiation with high-energy electrons, the position of D m a x 

will be mid-way between the two outside edges, along two lines parallel to the 
mot ion of the product and about half-way between the surface and mid-planes 
(see Fig.III—3). D m j n will be found along lines parallel to the direction of mot ion 
of the product either through the side edges at the top and bot tom of the product 
or in the mid-plane at the side edges (see Fig.III—3). 
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III—2. DOSE-DISTRIBUTION MEASUREMENTS 

III—2.1. Introduction 

As has already become apparent, the distribution of absorbed dose in 
irradiated food products depends on many factors, such as plant design, type and 
kind of product, and type and energy of the radiation. These factors will not 
normally change for a given treatment in the irradiation plant. However, due to 
the statistical nature of the irradiation process, there will be fluctuations in the 
values of parameters affecting the dose distribution data [58, 86]. Thus, it is 
impossible to make measurements by which operational parameters can be 
established with absolute certainty, since there is always a particular degree of 
uncertainty inherent in the process. 

Statistical fluctuations encountered in a large-scale food irradiation plant 
are (i) fluctuations in product bulk density, (ii) fluctuations in plant operation 
parameter settings (which result in treatment variations), (iii) uncertain-
ties in measuring the plant operation parameters, and (iv) fluctuations in the 
resulting dose values and dose distributions. 

In dealing with the accuracy of dosimetry and the statistical methods 
necessary for providing useful dose and dose-distribution measurements, it is vital 
to understand the importance of measuring the values of D m i n a n d D m a x , and the 
philosophy behind such measurements (see, for example, Hansen [87] and Juran 
and Gryna [88]). Knowledge of dose distribution throughout the product is, 
for example, not as important as the determination of the two extreme values of 
the dose in the product. 

The lowest absorbed dose required to achieve a desired effect, for example 
sprout inhibition or sterilization, is termed in this Manual the lowest acceptable 
dose. Its value is based on food irradiation experience and is specified by the 
food technologist for each combination of process and product on the basis of 
results obtained in experimental research preceding commercial-scale application. 
It should be borne in mind, however, that the radiation effect on the product is 
a continuous function and not a step function of the applied dose, so that the 
lowest acceptable dose is not stringently defined. 

The highest absorbed dose that is permitted in a given process is the dose 
specified by the regulatory body giving legal permission and clearance for operating 
the process. It is the dose above which the product is considered to be 'legally 
tainted'. In some circumstances the maximum dose may be determined by food 
technology considerations. In the present (1977) Proposed Draft General Standard 
on Irradiated Foods (Codex Alimentarius), dose limits are specified for each 
product. These limits have been derived by considering the results of all the 
research throughout the world on each product. It is important for the operator 
to realize that, if the draft is accepted as an international standard, no part of the 
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TABLE III—1. TOLERANCE FACTOR, k, FOR ONE-SIDED TOLERANCE LIMITS 
With a statistical confidence, P, that at most a fraction j3 of the measurements will fall 
below the tolerance limit Dmin_kminsmin and above the tolerance limit D m a x + k m a x s , 
for a random test consisting of n m i n and n m a x measurements, respectively3 

(from Owen [89]). 

P = 0 .95 P = 0 .975 
n 

0 .05 0.1 
(3 

0 .15 0.2 0.05 
0 

0.1 0.15 0.2 

8 3 .4 2.8 2.2 1.9 3.9 3.2 2.5 2.2 

10 3 .0 2.4 2.0 1.7 3.4 2.8 2.2 1.9 

15 2.6 2.1 1.8 1.5 2.9 2.3 1.9 1.7 

20 2.4 1.9 1.6 1.4 2.6 2.1 1.7 1.5 

30 2.2 1.8 1.5 1.3 2.4 1.9 1.5 1.4 

k-min» Sjnjn, nm^n and k m a x , s m a x , 
"max ^ t h e appropriate tolerance factors, standard 

deviations and number of measurements for the minimum and maximum absorbed dose 
measurements, respectively. 

food shall receive less than the lower or more than the higher limit given in the 
standard. It should also be realized that, with the accumulation of more experience 
and wholesomeness information, the dose limits of the international standard may 
occasionally be modified. 

For economic reasons, the radiation process should be conducted so as to 
obtain: (a) a minimum value of the dose in the product, D j ^ , greater than or 
equal to the lowest acceptable dose; (b) a maximum value of the dose in the 
product, D m a x , lower than or equal to the highest acceptable dose. The margins 
between D m i n and the lowest acceptable dose, and between D m a x and the highest 
acceptable dose provide the necessary flexibility for economic plant design. These 
considerations may result in a choice of a rather low value of the uniformity ratio, 
U (see Eq.III—12), so as to avoid unnecessary treatment, or a higher value of U in 
order to provide a better efficiency of energy utilization and an acceptable flexibility 
in operation of the irradiation plant. These margins will also be utilized to give a 
safety factor that allows for the expected statistical fluctuations. Due to unavoida-
ble statistical fluctuations, a series of measurements to determine the minimum and 
maximum dose values will result in a frequency distribution of D m j n and D m a x 

values. Such distributions usually have the shape of a Gaussian distribution and 
may be fully characterized by two parameters, the mean value (indicated by a bar 
over the symbol of the quantity) and the standard deviation of the sample (denoted 
by s). In order to decide whether the specifications for a process have been met, 
the tolerance limits derived from both the D m i n and D m a x distributions have to be 
compared with the lowest and the highest acceptable doses, respectively. The lower 
value of the two tolerance limits for the distribution of minimum dose is taken as: 

^min — ^min smin 
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and the higher limit of the distribution of maximum dose is taken as: 

Dmax ^max smax 

kmin anc* kmax a r e *he tolerance factors, which are taken from the appropriate 
tables (see also Table III—1). 

Thus, measurement of D, ,^ and D m a x in the product is basic to considerations 
of the effectiveness of the process, the legal acceptability of the treatment, and the 
design and economics of the irradiation plant. It is important that the measurements 
should be as accurate as possible and sufficiently numerous to achieve reliable 
statistics. (When stating the results, it should be realized that one can never say 
with absolute certainty that all the product receives a dose not greater than 
D ^ x and not lower than Such values should only be given together with 
the appropriate confidence limits.) 

The various methods of investigating dose distributions in the product include 
those utilizing experimental data from the placement of stacks of thin films 
[26, 32, 34] or thin film strips [27, 28, 30] throughout the product, theoretical 
calculations [26, 29, 31], or graphical methods based upon statistical analysis of 
experimental data [90]. 

Ill—2.2. Procedure for the determination of the extreme dose values 

The procedure for determining the extreme values of dose is conveniently 
divided into a number of steps: dose meter calibration; dose mapping; calibration 
of plant operating parameter settings; determination of the effect of variations in 
bulk density of the product; determination of plant parameter settings; 
determination of dose uniformity ratio in the product. 

Ill—2.2.1. Dose meter calibration 

The rules and practical hints given in detail in Chapter V are those to be 
followed. The calibration data must also supply information about the repro-
ducibility (i.e. standard deviation, sD) of measurements with the chosen dose-meter 
system having a useful response within the dose limits for the process of interest. 

Ill—2.2.2. Dose mapping 

A series of dose meters (about 50 to 100) should be distributed throughout 
one unit of the product, bearing in mind the probable locations of the extreme 
values of dose that were discussed in §111-1.1 and §111-1.2. The possible effect 
of transit dose on the positions of the extreme doses should also be considered. 
Dose readings with such a series of dose meters can be expected to give a reliable 
indication of the locations and values of Dmjn and D m a x . In the design of irradiation 
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sects the abscissa at the beginning of dwell time. A is the value of transit dose, B is the 
intersection of the dose-dwell time function with the abscissa, and m is the slope of this line. 
(The formula m = (Aj-B) only applies usefully when neither A nor B is or tends to zero.) 

D O S E ( A R B I T R A R Y U N I T S ) 

FIG.III-5. Frequency distributions of measurement values of £>min and Dmax in a given 
package irradiation geometry, with iBD mjn and jbd max being the sample standard deviations 
for measurements of the minimum and maximum absorbed doses, respectively, including the effects 
of variations in the bulk density of the product, and fcmjn and fcmax are appropriate tolerance 
factors (see Table III-l and the text). 
[A discussion of terminology of dose limits may be found in: VAS, K., BECK, E.R.A., 
MCLAUGHLIN, W.L., EHLERMANN, D.A.E., CHADWICK, K.H., Dose limits versus dose 
range — Suggestions for an unambiguous terminology in food irradiation, Food Irradiation 
Newsletter 1 3 (1977) 28. This is an informal publication of the Joint FAO/IAEA Division 
of Atomic Energy in Agriculture, and copies may be obtained by writing to the Director, Joint 
FAO/IAEA Division, International Atomic Energy Agency, PO Box 590, A-1011 Vienna, Austria.] 
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plants, the expected dose distributions are often calculated using existing com-
puter programs. It has been demonstrated that such calculations agree reasonably 
well with experimental data. The computed data available from the designer of 
the irradiation facility can often be used, in preference to carrying out the 
laborious dose mappings described above. Consequently, the locations of the 
extremes of the doSe values need only be checked, taking measurements with a few 
dose meters strategically placed. 

Ill— 2.2.3. Calibration of plant dwell time or conveyor speed 

The dose delivered to the product in an irradiator is dependent on either the 
selected dwell time or the conveyor speed. To determine the correct parameter 
settings in production runs, a series of dummy products is irradiated at several 
doses selected within appropriate limits. The bulk density of the dummy 
product should be chosen to be the same as or as close as possible to the mean bulk 
density of the product. The dose meters are placed, by preference, in locations 
corresponding to the expected value of Dm u l . For every selected dwell time or 
conveyor speed, measurements of the dose distribution provide values of Dmjn 
and Smjn, the standard deviation for Dmin values. At least five different settings 
for dwell time and conveyor speed should be used. 

The data have then to be analysed using regression analysis to obtain the 
calibration function of the plant: 

where T denotes the dwell or cycle time, which may be replaced by 1/v, the reci-
procal of the conveyor speed, when appropriate, i.e.: 

If the calibration function is represented graphically (see Fig.III-4) a straight 
line is obtained. The meanings of A and m in the function given in E q . ( I I I - l ) are 
obvious from the graph: the line intersects the two co-ordinates at points A and 
-B. In some cases the line will pass through the origin, resulting in A=B=0. In 
particular, the value of A is the transit dose at the location of the minimum dose 
value. 

Ill—2.2.4. Determination of the effect of variations in bulk density of the product 

Dmin = A + mT min (III—1) 

C I I I — 1 ' ) 

In order to take into account the effect of variations in bulk density of the 
product, a number of product packages (typically about 10) should be irradiated 
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at the intended dose. A limited number of dose meters are placed in each product 
package in the regions in which the maximum and minimum doses are to be expec 
expected, as determined from previous measurements. The 10 containers must be 
selected at random to obtain a fair representation of the fluctuations in bulk 
density that are likely to occur. Under no circumstances may such measurements 
be made using only one container. The standard deviations in the dose distributions 
including the effects of fluctuations in bulk density are denoted as s B D in this 
Manual: s B D will be larger than the standard deviation found in the calibration of 
the dose meter used, s D . Hence s B D is a realistic measure of the standard deviation 
of dose measurements in practical situations. The tolerance limits become (Fig.Ill—5): 

= D ^ - k j ^ s g j ) ^ ( I H - 1 ) 

^ m a x - D m a x + k m a x S g D > m a x (111^2) 

III—2.2.5. Determination of plant parameter settings 

The above measurements should be made at a selected dwell time (To l d) or 
conveyor speed (vold). To meet the requirement for effective treatment, the 
dwell time or conveyor speed must be set so that the minimum dose in each 
product package is greater or equal to the lowest acceptable dose. However, the 
choice of the appropriate dwell time or conveyor speed is also influenced by the 
required degree of assurance that, at most, only a certain fraction of the product 
is treated at a dose which is less than the lowest acceptable dose. Generally 
speaking, if a very large (infinite) number of measurements had been made, they 
would have corresponded to a Gaussian distribution. From statistical tables, a 
factor k can be chosen such that most of the product packages receive a minimum 
treatment above the lowest acceptable dose, and only a (small) fraction |3 of the 
product packages receives a treatment with a minimum dose lower than the 
lowest acceptable dose. 

In practice, the decision on the appropriate setting of plant parameters has 
to be made from a restricted number of dose measurements, for example ten. 
A general statement can no longer be made; (3 has to be quoted with an appropriate 
level of statistical confidence, P. The probability that such a statement is erroneous 
is called the error probability, a, and is related to the statistical confidence by: 

a = l - P (III—4) 

For example, a statement can be made at a confidence level of P=0.95 (or 
P = 95%) that at most 0.1 (= j3) of the product packages will receive a minimum 
dose below the lowest acceptable dose. Consequently, with a random sample of 
10 packages, at the most one package will be found to contain a dose meter 
reading less than the lowest acceptable dose. And the probability that more 
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than one package out of the 10 will contain a dose meter reading less than the 
lowest acceptable dose, will be on the average 5%. 

The choice of the appropriate dwell time (the consideration applies similarly 
for the reciprocal of conveyor speed) is governed by the use of tolerance limits 
and tolerance factors. The calibration of the plant (§111-2.2.3. and Fig.III—4) 
will have resulted in the determination of the parameters A and m from Eq . ( I I I - l ) . 
A new setting of dwell time T n e w should be chosen in order to achieve effective 
treatment, i.e. the tolerance limit value for the new minimum dose value should 
be equal to the value desired for the lowest acceptable dose: 

Under normal circumstances D ^ will be close to the lowest acceptable dose, so 
that the standard deviation of dose due to fluctuations in bulk density, s B D , will be 
the same and can be used in the subsequent calculations. The tolerance factor k can 
be taken from Table III— 1. It depends upon the desired statistical confidence P, the 
fraction j3 of goods receiving a minimum dose below the stated limits and the 
number, n, of packages sampled. For example, at a 95% confidence level with 
a fraction of 10% of the 10 boxes falling below the limit (i.e. P = 0.95, 0 = 0.1, 
n = 10), the table will yield a tolerance factor k = 2.4. For combinations not 
given in Table III—1, appropriate tolerance factors may be found in statistical 
handbooks.1 0 

Authors' Note: The example quoted above has been chosen in a completely arbitrary 
manner and the values chosen for P, (3 and n should influence neither the operator's choice nor 
the statistical levels of confidence that may be eventually demanded by the health authorities. 

Normally it is assumed that the mean bulk density of the dummy product 
used to calibrate the facility is reasonably close to the bulk density during pro-
duction runs. From the dose-versus-dwell time function obtained after calibration 
of the plant, the original settings give: 

A new setting of dwell time, T n e w , must be chosen to fulfil the conditions for 
DmM- Consequently, using Eq. (III-5): 

= lowest acceptable dose (III—5) 

(III—6) 

min ^BD^in (III—7) 

10 Warning: it is important to use statistical tables for one-sided (frequency) 
distributions only. 
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This rearranges to: 

j->limit i unew Qnew _ A 
j n e w = min sBD,miji A ( I I I - 8 ) 

m 

If, instead of dwell time, the reciprocal conveyor speed has been considered 
throughout (see Eq . (HI- l ' ) ) , the terms T, T o l d and T n e w are replaced by (1/v), 
(l/vold) and l /v n e w ) throughout. The new conveyor speed can be calculated from 
an equation similar to Eq.(III—8), namely: 

, rvlimit i unew .new « 
1 ^ m i n T K mm ''BD.min ~ A 

m 
(III—8') 

If the mean bulk density in the boxes sampled for determination of the 
tolerance limits differs from the bulk density during plant calibration, the dose 
versus dwell time (or reciprocal velocity) function obtained during calibration 
cannot be used. However, it can be assumed that the point B (Fig.III—4) remains 
unchanged, and only the slope m of the calibration curve is affected. By drawing a 
straight line through the point with co-ordinates (D°'£, T o l d ) — or in the case of 
conveyor systems co-ordinates (D° l d , l /v o l d ) — and B, a new calibration function 
can be derived graphically. The correct setting for T n e w or v n e w is determined 
from that graph for the point D ^ = D ^ + s»e

D
w

mjn when D ^ 1 is equal 
to the lowest acceptable dose. 

7/7—2.2.6. The dose uniformity ratio 

Dose uniformity ratio (the word dose is usually omitted!) is a term which 
is used both by plant designers and by food technologists as a measure of the 
variation in the dose distribution within a product that has been irradiated in a 
large irradiation facility. 

In practice, two different dose uniformity ratios can be determined, the one 
of interest to the food technologist and authorizing body, being called the limiting 
uniformity ratio in the product, while the other is a function of the plant design 
and is termed the uniformity ratio (the one hitherto discussed — cf. Chapter II). 

T H E LIMITING UNIFORMITY RATIO IN THE PRODUCT, U L 

The limiting uniformity ratio in the food product, UL, is the ratio of the maximum 
dose received by any of the product divided by the minimum dose received by 
any of the product during the whole irradiation process. It gives a measure of the 
total range of the dose in all the product and is of importance to the food techno-
logist and the authorizing body. 



§111-2. DOSE-DISTRIBUTION MEASUREMENTS 75 

The above measurements of D m a x and Dmjn in the packages (in the case 
discussed, 10 random packages) can be used to calculate the limiting dose uni-
formity ratio in the product (see also Fig.III—5). 

n + v <t 
_ max K max "BP,max 

U L — 

Dmin — ^min s BD,min 

The values of k m i n and k m a x c a n be obtained using tolerance limits (and Table III —1), 
knowing the required level of confidence, the number of samples and the permitted 
fraction of packages receiving a treatment above and below the tolerance limits. 
It should be noted that k m a x does not necessarily have to be the same as k m i n , 
since the legally defined maximum dose may be more stringently fixed than the 
dose required to accomplish the process, D ^ 1 , or vice versa. 

It can be seen that since the parameter time (see Eq.(III—5)) is chosen to make: 

D&3? = - k m i n s B D j m i n = lowest acceptable dose 

the maximum dose received by any of the product can be calculated as: 

D MX = U L x (lowest acceptable dose) ( I I I -10) 

Consequently, the determination of UL implies (and requires) that its value 
is not calculated from each pair of measurements from one food container, but 
from the distributions of maximum and minimum dose, together with the 
tolerance limits. 

At present, the dose values used by the food technologist to define a process, 
which eventually lead to the dose values recommended by health authorities in 
the legal authorization for that process, are derived from experience gained in food 
irradiation research. In general, such food irradiation research is carried out in 
facilities having a small value of the uniformity ratio, U. Thus the range of dose 
quoted by the food technologist is usually based on a series of experiments made 
at a variety of dose levels. 

In many instances, however, it is not clear which dose is quoted by the 
food technologist. 

In some cases it may be an 'average' dose — which is usually irrelevant. In 
other cases, it may be the mean minimum dose in the research products. This 
value, D m i n , is presumed to define the lowest acceptable dose for the treatment, 
but usually no indication of its standard deviation is given. 

Occasionally full dosimetry data from the research are available. This 
then allows one to determine not only the mean values of the minimum 
and maximum doses but also the relevant standard deviations in dose found in 
the research. 

l imit 

(III—9) 
Dmax 
r \ limit u min 
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In these circumstances, it is prudent for the operator to assume not only that 
the values quoted by the health authorities are, in fact, mean values of the minimum 
and maximum doses for a process, but that the statistical fluctuations encountered 
in the research facilities are much smaller than those likely to be encountered in 
a commercial irradiation facility. The procedures outlined in §111—2.2.5 are, 
therefore, correct. 

THE UNIFORMITY RATIO, U 

An irradiation plant is designed to give a certain dose uniformity ratio 
for a particular bulk density. This uniformity ratio, U, can be checked using the 
above measurements of D m a x and Dmin (in the case considered previously, values 
from each of the 10 packages). The uniformity ratio is now calculated for each 
individual package, the index i denoting the number of the box: 

_Di)max 
Uj 

D • 

From the series of uniformity ratio values, Uj, the mean value U and the appro-
priate standard deviation su can be calculated. These values of U and su can be 
used to define the confidence interval within which the actual uniformity ratio, 
U (= D m a x / D m i n ) , for the whole process will fall: 

U - t 4 r < U < U (III—11) 
V n V n 

The t denotes Student's t-values [87, 88]. Using the example given previously, 
t = 2.2 for a level of statistical confidence P = 0.95 and a number of containers 
n = 10. 

Looking at Fig.III—5, we see that: 

D D1™11 

U < U L , where U = ^ and UL = (III - 1 2 ) 
L Dmin D ® 

It is important to bear in mind that the uniformity ratio will always be less than 
the limiting uniformity ratio in the product; the two quantities should not 
be confused. 

A commercial irradiation plant has to be designed to meet certain speci-
fications for a given process; these specifications are also derived from the results 
of research. If the statistical methods described above are used in the research 
from which the specifications are derived, the large-scale plant can be designed 



§111-2. DOSE-DISTRIBUTION MEASUREMENTS 77 

to make the best use of the interval between the values, Dj j j^ and Dj®?*1 (see 
Fig.III—5). If, however, the research data are only based on crude mean values, 
the specifications for the commercial plant may result in unrealistic restrictions 
on the design. This would result in a loss of efficiency and economy, that is the 
costs for the irradiatiQn process would be higher than necessary. 

For this reason, the use of the concept of average dose in a product should 
be discouraged. Unless the dose distribution throughout the product is known 
to be of a statistically defined type, the average dose cannot contribute meaningful 
information about the statistical confidence limits or the extreme values of dose 
in the product. 

The use of graphical methods for interpreting dose distribution measurements 
should be encouraged [90]. 

Ill—2.3. Effect of transit and shuffle dose 

In some cases, especially with relatively short residence times, the transit 
dose (the dose received by the product in its movement into and out of the 
irradiation field) plus the shuffle dose (dose received by the product during its 
movement from one dwell position to the next) may be of the same order of 
magnitude as the total dose. In such cases, the dose distribution in the product 
may be significantly different from that estimated from the irradiation geometry, 
as discussed earlier in this chapter. 

In most practical cases, however, the parameters of the irradiation process 
are such that the transit plus shuffle dose does not significantly affect the dose 
distribution, while its contribution to the total dose may be, but is also not 
always, significant. 

Ill—2.4. Shallow irradiations using electrons 

In shallow irradiation treatments using electrons of a few mega-electronvolts 
or less, the dose distributions are different from those discussed earlier. The dose 
distribution may change markedly in the first few milimetres of the product; 
in such cases the surface dose and peak dose become important parameters 
[34,38,58], The surface dose will most probably be taken as Djj^jf, the lowest accepta-
ble dose for the process. The peak dose will have to be less than the maximum 
legally acceptable dose to avoid legal tainting. It is extremely important that the 
position in the product of the dose quoted should be specified for all surface 
irradiations using low-energy electrons. 

The dose meter used for electron irradiations should be calibrated in a 
gamma field under conditions of electron equilibrium. It must be thin, other-
wise it will measure a dose averaged over its thickness (in which there will be a 
significant change in dose distribution). The response of the dose meter must be 
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relatively independent of spectral energy because the energy spectrum also 
changes with depth in the material. A somewhat thicker dose meter may be 
used at the position of the peak of the dose-distribution curve, since here the 
dose changes only slightly with thickness. A dose meter whose material is not 
sensibly equivalent to the food product may severely distort the dose distribu-
tions. This will also affect the dose readings. 



Chapter IV 

PLANT OPERATION AND PROCESS CONTROL 

I V - 1 . INTRODUCTION 

The acceptability of any processed food and food product depends on its 
wholesomeness, its nutritional value and such properties as flavour, colour, texture, 
etc. As this applies for any type of food processing, it is also true for radiation 
treatment of food. In addition, some radiation applications are intended to preserve 
the natural product in a state as similar to the natural as possible, e.g. sprout 
inhibition or radurization. Although quality control with regard to these properties 
falls somewhat outside the scope of this manual, correct measurement of dose and 
dose distribution in the product helps to provide assurance that the radiation 
treatment is both effective and legally correct. Dosimetry, in fact, assists in the 
proper control of process parameters in order to arrive at defined values of D m i n , 
D ^ x and U [58, 77, 86, 91 ]. 

As a general rule, operating conditions for a given process are set at a level 
predetermined by correct dosimetry. The chosen parameters must take into 
account all product variations that are to be expected. Furthermore, these 
operating conditions must readily be adjustable to allow for the treatment of 
other products, as well as for the variations that may occur within a given process 
run; experience indicates that some fluctuations nearly always occur. 

In the case of irradiation with a continuous conveyor system, the control of 
absorbed dose rate, source-to-product geometry, conveyor speed, and dwell or 
transit time are the chief means of establishing effective radiation treatment. 
Nevertheless, there invariably are product heterogeneities, such as seasonal crop 
variations, anomalies in bulk density, uneven local density variations (as in meat 
and fish), and random packing of agricultural products, to be taken into account. 
Hence, the reliable operation of the process cannot, in most cases, be assured 
merely by controlling the operating variables alone. Drastic losses of product, 
or indeed an unsafe product, might result without correct dose measurement in 
the commissioning of the process. 

Procedures for arriving at the legal sanction for radiation treatment of a 
given food require keeping the absorbed dose in the product above the minimum 
dose, which governs the effectiveness of the process, and below the maximum dose, 
to avoid degrading the quality of the treated product and to comply with public 
health regulations. Therefore, simple, reliable, and reproducible routine dose meters 
are an important, indeed necessary, adjunct in process control of food irradiation. 

79 
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Dosimetry data may be required in the event of mechanical failures and operational 
anomalies. On the other hand, once the process is running smoothly, the operator 
of the facility will probably not find it necessary to carry out dosimetry on all the 
product; monitoring process parameters and making occasional dosimetric checks 
will be sufficient [58, 86, 91]. 

While details concerning the quality and handling of the food before and 
after irradiation, and details concerning such plant parameters as are not directly 
involved in the radiation treatment, for example safety interlocks, source hoist 
mechanisms, etc., are not discussed in the manual, it is pertinent to bear these 
in mind. And the reader is also reminded that food irradiation facilities incorporate 
intense radiation sources and, hence, adequate safety precautions are essential 
for ensuring the safety of operating personnel, a problem also falling outside the 
scope of this manual. The reader is referred to relevant texts on safety procedures 
in an irradiation facility (for example Ref. [92]) ana on radiation protection 
[93, 94], 

It is also necessary to be aware of the biological effects of radiation on food 
products, and pertinent references to this and other more general information on 
food irradiation are to be found in Refs [4, 67, 72, 73, 95 -98 ] . 

IV—2. CONTROL OF PROCESS CONDITIONS 

IV—2.1. General control considerations 

It is of great importance in irradiator control to have a record of variations 
in dwell time or conveyor speed, dose rate and source-to-product geometry. 

IV— 2.1.1. Gamma-ray irradiators 

In the case of cobalt-60 or caesium-137 gamma-ray irradiators, the factors: 

(i) Source strength, size, and layout; 
(ii) Source pass configurations and mechanisms; and 
(iii) Conveyor speeds and dwell times for different products 

are relevant in considerations of process control. 
The check on the first of these factors is fairly routine, since source decay 

factors and replenishment factors are well known. 
The source pass system can follow one of several modes of operation and is 

defined by the design of the plant. 
Consideration of transport systems shows that these must be particularly 

well monitored. With a continuously moving constant-speed conveyor, the speed 
can be calibrated with a tachometer; with an intermittently moving conveyor, 
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the duration of a cycle is governed by presetting a master timer, which controls 
the successive dwell and shuffle periods. In both cases, adjustment factors can 
be incorporated to compensate for decay of the source or for additions to the 
source, and monthly adjustment of conveyor speed or dwell time is usually 
sufficient. In addition, to ensure reproducible irradiation conditions, the correct 
positioning of the product carriers relative to the source plaque or source-rod 
system must be electrically or mechanically assured. Further, no conveyor 
movement should be possible until the source is fully in the 'irradiation' position, 
and the source must be automatically returned to its shielded storage vault when 
the conveyor system fails. The latter interlock is a positive means of avoiding 
overdose to in-cell inventory in the case of mechanical or electrical failure. 

In a well-designed radiation facility, process control parameters can be 
monitored at a control console and recorded automatically. The following 
information is commonly provided: source position, sequence of product 
movement, cycle-time or conveyor speed, time of start up, time of plant failure, 
in-cell radiation level, in-cell temperature, and time of shut down. Keeping a 
log of these data will help to confirm the correct functioning of the plant. For 
example, data as provided by measurements of cycle time or conveyor speed are 
useful in statistical analysis for quality control. 

In a well-designed plant, areas for storing unirradiated product will be 
physically separated from areas in which treated product is stored or handled to 
make it virtually impossible to mix treated and untreated product. This also 
simplifies the necessary product inventory control procedures. 

IV—2.1.2. Electron-beam irradiators 

With an electron beam irradiator, process control is usually carried out by 
monitoring beam energy, beam current, scan width and scan frequency or repe-
tition rate, in addition to the conveyor speed. In the case of pulsed machines, the 
pulse repetition rate must also be controlled. The speed of the conveyor is 
usually coupled in some fashion to the beam current, scan repetition rate and 
pulse repetition rate, so that at least the minimum dose is properly delivered to 
the product. The air gap between the window and product surface and the 
scanning width of the beam are preset, so that optimum source-to-product 
geometry can be maintained [38, 58]. The IAEA Recommendation for Sterili-
zation of Medical Products contains a discussion of such control factors for 
electron accelerators, also serving, therefore, as a useful reference for food 
irradiation [6]. 

IV-2.1.3. Product variations 

No control of operating variables can be effective unless the product is 
suitably packaged or contained to achieve optimum homogeneity in bulk density. 
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Before irradiation, in fact, it may be necessary to sort the different products 
according to bulk density. It should be borne in mind that random packaging of 
agricultural products inevitably leads to uneven distributions of mass. This results 
in a varying uniformity ratio for a given product; dosimetry checks can help in 
solving this problem [58,77], Since products having similar bulk densities and 
about the same dose requirements are usually grouped together for treatment, 
the control of dwell time is simplified. A control chart registering the weight 
of packages helps to maintain an effective plant operation inventory. 

IV—2.2. Initiating or changing a treatment 

Some food irradiation facilities are designed for one specific product and 
treatment. Many, however, are designed to treat several food products at 
different doses. When initiating or changing a treatment in single or multipass, 
single or two-direction irradiation systems, a dummy product of appropriate 
bulk density should be used as a dummy load in the transport system to ensure 
that the true product moves steadily through the treatment cycle, thus avoiding 
any irregularities in the treatment. 

IV— 2.2.1. Initiating a treatment 

When all dosimetry steps for the commissioning of a process have been 
completed and the plant parameters for the process have been determined, a 
production run can be initiated. Before starting, all product positions in the first 
half of the irradiation cell must be filled with dummy product, with the first of 
the food product just about to enter the irradiation cell [95] since, if food 
product is allowed to enter an irradiation cell without such dummy product in 
place, the first few containers of food product will be over-dosed. The same 
applies at the end of the treatment, when enough dummy product must be used 
to follow the last of the food product to ensure that all product positions in the 
second half of the irradiation cell are filled with dummy product when the last 
of the food product has just left the cell. 

IV—2.2.2. Changing a treatment 

When treatment of one product is followed by treatment of a different 
product, the change will most probably involve a change in bulk density. (If the 
two products are similar in bulk density and require the same dose treatment, 
the second product can follow immediately behind the first product.) If the two 
products differ radically in bulk density, or more important, if a different dose 
treatment has to be applied, a dummy product must be used to separate the 
two food products. The dummy product should preferably have a bulk density 
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FIG.IV-1. Cans of beef in insulated carrying boxes prepared for 60Co gamma-ray irradiation. 
One dummy can has a slit for insertion of ferrous sulphate/cupric sulphate dose meters for 
determining the gross absorbed dose distributions in a typical can. 

intermediate to that of the two food products. It is necessary to ensure that the 
last package of the first food product leaves the irradiation cell just before the 
first package of the second food product is about to enter, i.e. the cell is comp-
letely full of dummy product, which occupies all product positions in the trans-
port system. At this stage, the plant parameters (dwell time, conveyor speed) 
can be adjusted to provide the required treatment for the second product without 
affecting the first product. 

IV—3. DOSIMETRY USED IN PROCESS CONTROL 

Dose measurements contributing to process control should be made using 
the simplest and most economical methods available, though the methods must 
have a good degree of reproducibility [58J. Dose meters need not be positioned 
in every product container if the containers and their contents are nearly 
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identical, since the positions at which dose meters have to be placed to check 
the values of D m m and D m a x in the product will not change appreciably. To 
verify occasionally that the required dose is being achieved, a calibrated dose 
meter or a reference dose meter must be placed in the region where D m i n is 
expected to occur in a sample of the product (see Chapter III). If the dose 
relative to the D m i n position is known for a more convenient reference position 
in the product, a dose meter placed there will also serve to check the process 
performance. To observe whether or not the uniformity ratio is maintained 
within specified limits, additional dose meters can be used for simultaneous 
checks of the value of D m a x . 

It is important that routine dose meters are calibrated under irradiation 
conditions as similar as possible to those prevailing during the food irradiation 
process [58, 86, 91 ]. Measurement procedures are usually standardized and 
involve the following steps. 

(i) Calibration of the routine dose meter to be used; 
(ii) Characterization of radiation field (mapping the dose distribution in the 

product); 
(iii) Specifying process parameter changes needed to achieve a chosen effect for 

a given product (commissioning the process); 
(iv) Routine process control. 

Examples of routine dose meters used for assisting process control are 
the plastic materials that have a reproducible response to radiation, such 
as red Perspex, clear Perspex, or radiochromic plastic dose meters. These systems 
have to be calibrated accurately in terms of optical density change (for a given 
optical spectrum or wavelength) per unit thickness of the dose meter as a function 
of absorbed dose in the dose-meter material. For a detailed discussion of these 
and other systems, and their respective advantages and disadvantages, the reader 
is referred to Chapter V. 

IV—4. EXTREME UNIFORMITY RATIO REQUIREMENTS 

In general, the dose limits recommended for food product treatments and 
defined by the national health authorities are or will be flexible enough to allow 
for a factor of 2 to 3 between the minimum dose required to achieve the desired 
effect and the maximum dose above which the product becomes legally tainted. 
(In some cases the upper limit is determined by food technology considerations.) 
Plant designers can be expected to take advantage of this large value of the 
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maximum acceptable uniformity ratio to improve the throughput and efficiency 
of the irradiation plant, while allowing necessary safety margins. In normal 
operation, the operator should strive to ensure that Dj™1 in the product is chosen 
so that the product - within the limitations explained in §111-2 — receives 
more than the minimum dose required to achieve the process. In a properly 
designed plant, the maximum dose in the product will be considerably lower than 
the dose at which the product becomes legally tainted. 

In some special cases, however, a smaller maximum acceptable uniformity 
ratio of 1.4 may be required. If a plant has been designed to operate at a 
uniformity ratio of 2.5, the lower uniformity ratio can be achieved only if the 
dimensions of the normal product package are reduced, either by using containers 
that are smaller than the usual ones used or by using low-density plastic spacers 
(e.g. expanded plastics) in the existing product containers. 

IV—5. INVENTORY CONTROL AND PRODUCT TESTING 

Plant design and administrative procedures must ensure that it is impossible 
to mix irradiated and unirradiated food product. Incoming product should 
be logged and given a code number which is used to identify the product 
package at each step in its path through the irradiation plant. For any given 
process, all relevant parameters such as date, time, source strength or beam 
parameters, conveyor speed or dwell time, minimum and maximum dose, tempe-
rature etc., should be logged against the code number of the product. After 
irradiation, the movement of the product should continue to be logged until it 
is released for despatch. 

In some applications a colour-change 'go-no go' dose meter can be stuck onto 
each product package to assist in inventory control, as is regular practice in the 
radiation sterilization of medical products. The 'go-no go' systems, however, 
only give an indication of having received some radiation treatment, and cannot 
be used as a measure of the radiation dose. In addition, the colour change is not 
always stable after irradiation and may, in fact, be affected by light or heat. It 
must be emphasized that while 'go-no go' dose meters can conveniently be used 
to assist in product inventory control, they must never be used to replace other 
inventory control procedures. 

It is clearly not possible to apply product testing to all the irradiated food 
product as a means of process control! Testing large quantities of product is, in 
any case, economically prohibitive, while the results of many of the tests would 
not be available until long after the product has been released, or has been stored 
while awaiting release while awaiting release for a period longer than its storage-
life extension. 
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R A D I A T I O N STERILIZED 

A P O L L O - S O Y U Z S P A C E FOOD 

FIG.IV-2. Opened pouches of meat which had been radappertized by 10 Me V electron-beam 
irradiation while in their sealed aluminium/plastic foil pouches. The irradiations were made at 
sub-freezing temperature (-40°C) to protect enzymes from excessive radiolysis, thus maintaining 
the flavour of the meat. Radiation processed meats such as these were supplied to the astronauts 
and cosmonauts on the Joint Apollo-Soyuz Test Flight. (Figs IV-1 and IV-2 are reproduced 
by courtesy of the US Army Natick Research and Development Command, Massachusetts.) 

H o w e v e r , i t is u s e f u l t o c a r r y o u t p r o d u c t t e s t i ng a t t h e b e g i n n i n g o f a 

p r o c e s s t o e n s u r e t h a t t h e p r o d u c t is r e s p o n d i n g t o t h e t r e a t m e n t as was t o be 

e x p e c t e d f r o m t h e d o s e m e a s u r e m e n t s a n d t h e p r e d i c t i o n s de r ived f r o m f o o d 

i r r a d i a t i o n r e s e a r c h . I t m a y a lso be u s e f u l t o ca r ry o u t o c c a s i o n a l p r o d u c t 

t e s t i n g d u r i n g a n e x t e n d e d p r o c e s s r u n t o o b t a i n a d d i t i o n a l c o n f i r m a t i o n t h a t 

t h e p r o c e s s is u n d e r p r o p e r c o n t r o l . 



Chapter V 

DETAILED INSTRUCTIONS ON USING 
VARIOUS DOSE-METER SYSTEMS 

V - l . INTRODUCTION 

In principle, any material showing a reliable, reproducible and measurable 
radiation effect can be used for radiation dosimetry. However, all systems generally 
accepted as reliable dose meters for absorbed dose measurements will have been 
subjected to a considerable amount of research, development and application in 
practical dosimetry. Consequently, although a processor may use his own 
preferred procedure satisfying conditions of product equivalence (see the criteria 
mentioned in Section 1—7), he is encouraged to select an appropriate dose meter 
from those mentioned in the following sections and to use, where given, a proce-
dure recommended in §V—2, Standard Procedures. 

General texts describing dose meters for large-dose applications should also 
be consulted [8 ,11 ,38 ,99-102] , 

V—1.1. Dosimetry systems 

Absorbed dose can be determined in a direct fashion by means of calori-
metry. Very precise calorimetric methods are generally employed at national 
standards laboratories for absolute standardization measurements, but they are 
not practicable for general use. Nevertheless, simple, non-adiabatic or quasi-
adiabatic calorimetric methods are fairly uncomplicated to use in general 
calibrations [13,38,41—49], as was discussed in §1—5.1.1. 

The aqueous ferrous sulphate (Fricke) system is a generally accepted 
reference dose meter system for 'in-house' absorbed dose calibration in a 
processing facility [28 ,37 ,51-53] , The system is relatively easy to use and has 
established values of molar extinction coefficient and molecular yield due to 
irradiation. It is, however, highly sensitive to impurities, and a major constraint is 
the restricted limits of useful response to doses from 4 to 40 krad (40 to 400 Gy). 
Therefore it is most often used to determine the dose rate for a particular geometry 
in a 7-ray field for short irradiation times; the Fricke dose meter is then replaced 
by other systems for measuring the high doses. These other systems can be cali-
brated accurately by irradiating them for longer periods. 

87 
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It is possible to measure doses somewhat higher than 40 krad using the so-
called 'super' Fricke dose meter, which contains ten times the normal concen-
tration of ferrous sulphate and is saturated with oxygen gas [103,104]. 

The Fricke dose meter is recommended in this manual as a reference dose-
meter system for calibration purposes. 

Standard procedures are also presented for six other dose-meter systems 
enumerated in §V—2. The selection of dose meters to be included in the 
standard procedures has been based on information available up to the end of 
1976. Other improved measuring systems may be developed in the future, but 
it will, of course, take time before a sufficient body of experience has been 
assembled and, hence, before such systems can be recommended for industrial use. 

In the calibration and characterization of a processing facility, the use of 
one or more of these seven dose meters is recommended. The same dose meter 
may also prove convenient for use in process control dosimetry and for other 
routine measurements in the facility. 

It should be noted by users of the various dose meters that many compo-
nents of these systems are toxic or poisonous chemicals. Therefore, when handling 
these ingredients during storage, preparation, irradiation or readout, the user 
should be aware of such hazards, and the usual and appropriate precautions should 
be taken to avoid inhalation or ingestion of or contact with such chemicals. 

V—2. STANDARD PROCEDURES 

Standard Procedures are presented in § V—2 for various dosimetry systems. 
Routine procedures have been developed over the years through continual 
improvement of the various systems. Some of these procedures have been further 
developed and checked in intercomparison tests, which have shown that each step 
in the procedure is relevant and essential to the successful use of the system. In 
other words, each step mentioned in any of the procedures is of the utmost 
importance, no matter how trivial it may appear to be, and none may be omitted 
or by-passed if optimum and meaningful use of any system is envisaged. 

Throughout these Standard Procedures, as elsewhere in this manual, all data 
will be given in their traditional units and their SI units, the latter in parentheses. 
In displayed formulae and calculations, the traditional method will be found on 
the left hand side, the SI version on the right. This will enable the user of the 
manual to familiarize himself with the two systems and their inter conversion.11 

11 A conversion table showing the factors for converting units to SI unit equivalents is 
to be found at the rear of the Glossary (pages 157—8). 
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V—2.1. Procedure for the ferrous sulphate (Fricke) dose meter 

The ferrous sulphate (Fricke) dose meter12 is based on the chemical process 
of oxidation of ferrous ions in acid aqueous solution to ferric ions by ionizing 
radiation. The method can be used for accurate absorbed dose determination 
from 4 to 40 krad (40—400 Gy), using spectrophotometric measurement 
of the ferric ion concentration at 305 nm wavelength, in the peak of the 
absorption spectrum. Since absorbance readings at a given wavelength may vary 
from one spectrophotometer to another, the molar extinction coefficient should 
be determined with each spectrophotometer set at the same wavelength and slit 
width used for the Fricke dosimetry measurements. 

The change in absorbance (optical density) of an irradiated solution of 
ferrous ammonium sulphate in aqueous sulphuric acid is measured at this wave-
length in a temperature-controlled spectrophotometer. Since the absorbed dose in 
units of rads or grays in the solution is linearly proportional to the change in 
absorbance, dose can be determined by multiplying the change in absorbance by a 
suitable conversion factor, namely, the reciprocal of the response, f (see §1—3.1). 

The accuracy of the measurement of dose is not affected by dose rates 
varying between 20 and 2 X 109 rad/s (0.2 and 2 X 107 Gy/s) [54]. To minimize 
the effect of dose rate at levels somewhat above 109 rad/s (107 Gy/s), the dosimetry 
solution described below should be modified by excluding NaCl and increasing the 
ferrous ammonium sulphate concentration to 0.01M (see below) [103,104]. The 
reliability of the method is not significantly influenced by a variation of the tempe-
rature of the system between 1°C and 60°C during irradiation. The response of 
the system (defined as change in absorbance per unit absorbed dose) is nearly 
independent of spectral energy of the radiation in the range from 0.5 to 
16 MeV [52], 

The use of organic stoppers, or organic or metal tubing for sealing or 
transferring any of the solutions should be avoided, as contact between the 
solutions and any organic material or metals can lead to erratic results. The 
system is susceptible to radiation-induced chain reactions when it contains organic 
impurities even in trace quantities. Glassware should be kept immaculately clean. 

A spectrophotometer with matched quartz cells (cuvettes) of 1 cm optical 
pathlength, equipped with a temperature-controlled cell compartment, should 
be used for absorbance measurements. 

Chemically-resistant borosilicate glass or its equivalent should be used to 
hold the solution during irradiation (for example, Kimball 'quick-break' blue-line 
ampoules of Pyrex). Polyethylene containers may also be used if they are well 

12 Actually in this procedure, the iron salt used for making the Fricke dose meter is 
ferrous ammonium sulphate because, in general, it results in smaller errors than does ferrous 
sulphate [105]. 
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cleaned. Dosimetry containers and other glassware may be cleaned by filling 
them with ferrous ammonium sulphate solution, irradiating them to 5 X 104 rad, 
(500 Gy), and then rinsing them thoroughly, three times, with fresh dosimetry 
solution. When not in use, polyethylene containers should be stored containing 
dosimetry solution. 

Reagents should be of analytical-reagent grade. Distilled water used in this 
method should be free of organic impurities. Copper contamination should also 
be avoided. De-ionized water or distilled water stored in plastic containers should 
not be used with this method. 

V—2.1.1. Preparation of the dosimetry solution 

Dissolve 0.392 g of ferrous ammonium sulphate (Fe(NH4)2(S04). 6H 20) and 
0.005 g of sodium chloride (NaCl) in 12.5 ml of 0.8N H 2S0 4 . Dilute to one litre 
in a volumetric flask13 with 0.8N H 2 S0 4 at 25°C (solution concentrations are 
0.001M ferrous ammonium sulphate, 0.001M sodium chloride and 0.8N sulphuric 
acid). 

This solution is not completely stable, but it can be stored in a clean, dark-
brown, stoppered bottle at 15°C to 20°C for up to eight weeks. A marked 
increase in the absorbance of the unirradiated solution at 305 nm wavelength 
indicates that the solution is no longer reliable. 

The 0.8N sulphuric acid is made by dissolving 22.5 ml of concentrated 
sulphuric acid (density 1.84 g/cm3) in distilled water to make one litre of solution 
in a volumetric flask. (Care: Add the acid little by little to the water; never add 
water to acid.) 

V—2.1.2. Preparation of a 'master'ferric ion solution 

Weigh 100 mg of spectrographically pure iron wire to the nearest tenth of 
a milligram. Place this in a long-necked 1000 ml calibrated volumetric flask. Add 
60 ml of distilled water and 22.5 ml of concentrated sulphuric acid (density 
1.84 g/cm3). Heat the unstoppered flask gently under a fume hood until the wire 
is completely dissolved. With a beaker inverted over the mouth of the flask, allow 
the solution to cool. (During heating, cooling and refluxing, the neck of the flask 
should be maintained at an angle of 45° to the horizontal to prevent loss of 
solution by sputtering.) Add 3 to 5 ml of 35% hydrogen peroxide solution 
(perhydrol) to the flask and boil under reflux condensation for 0.5 to 1 hour, or. 
until the bubbles of excess peroxide are driven off. Allow the flask to cool and 
place it in a thermostat at 25°C. Quantitatively dilute the contents with distilled 

13 Calibration temperature of volumetric flasks is normally 25°C; check this on flask 
being used. 
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water up to the 1000 ml mark. This solution - the 'master' solution - will have 
an absorbance of approximately 4 at a wavelength of 305 nm. 

The molarity of the 'master ' solution is given by: 

/ m F e ( I I I ) \ 
^Fe(III), master = y y — J k ( V - l ) 

where: 
mFe(Hl) is the mass of the iron dissolved (g); 
V is the volume of the final solution (litre); 

1 mol k is a conversion factor, k = for Fe(III) ions 
0.056 kg 

(N.B.: 0.056 kg = 56 g — gram atomic weight of iron.) 
Transfer 1 , 5 , 1 0 , 1 5 , 2 0 and 25 ml portions from this solution into six 100 ml 
volumetric flasks and dilute each portion to the 100 ml mark by adding 0.8N 
sulphuric acid. Read the absorbance of these diluted solutions using the 1.0 cm 
pathlength quartz cells (cuvettes) in a temperature-controlled (15°C) spectro-
photometer at the absorption peak (305 nm wavelength), using a slit width of 
0.5 mm or an equivalent bandwidth of 4 nm. Use a 1 cm pathlength quartz cell 
containing distilled water as a reference blank. 

Plot the absorbance of the diluted solutions (on the ordinate, i.e. the y-axis) 
against the molarity of the ferric ion solution (on the abscissa, i.e. the x-axis). 

The molarity, CFe(llI),dil> of the different, diluted solutions can be calculated 
f rom: 

cFe(III),master / m F e ( I I I ) \ k 
cFe(III),dil = = ~ ( V " 2 > 

where the meanings of mFe(III), V, and k are as above and: 
s is the dilution factor, which is the final volume divided by the initial volumes, 

i.e. the volume of the volumetric flask used for the dilutions (100 ml) 
divided by the volume taken from the 1000 ml 'master' solution ( 1 , 5 , 1 0 , 
15 ,20 or 25 ml). 
The slope at any point on the curve is the molar extinction coefficient as 

determined by the particular spectrophotometer at the particular absorbance level 
for the optical pathlength used. In a good optical system the 'curve' should be a 
straight line, and the molar extinction coefficient should be 
(2195 ± 10) 1 -mol - 1 - cm - 1 (219.5 m 2 -mol - 1 ) over the entire absorbance range 
at 25°C. 

The value of the molar extinction coefficient varies with temperature and 
has a positive temperature coefficient. If the measurements for the calibration 
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curve are. undertaken at a temperature t °C, the value of the molar extinction 
coefficient can be corrected using the formula 

eFe(III) , t°C 
eFe(III),25°C = { 1 + H t ; 2 5 ) } 15 C < t < 35 C ( V - 3 ) 

where eFe(iiI),25°c and eFe(HI),t°C are the values of the molar extinction coefficient 
at 25°C and t°C, respectively, and the temperature coefficient of eFe(III),25°C> 
is 0.7% per degree Celsius (i.e. £ = 0.007 deg C"1). 

V—2.1.3. Dosimetry procedure 

Fill the dosimetry containers with freshly prepared dosimetry solution and 
place the containers in the radiation field for a carefully measured period of time. 
Care should be taken that conditions of electron equilibrium prevail (see 
§1—4.2) and that the position of irradiation is accurately reproducible. 

After irradiation, read the absorbance (AO of the irradiated solutions in the 
spectrophotometer at the absorbance peak (305 nm). Use unirradiated solution 
either as a reference blank in the spectrophotometer or measure the absorbance of 
the unirradiated solution (A0) using an air path as the 100% transmission 
reference. 

The equation, already given as Eq.(I—14), for calculating the absorbed dose 
in the Fricke dose meter solution is: 

/ A A - N a \ b 
D = ( — - (V—4) 

V p - G - e - d / k 

where: 

Traditional units SI units 

D is the absorbed dose: 

Obtained in rads Obtained in grays 

AA is the change in absorbance at 305 nm at 25°C (dimensionless): 
AA = (Ai-A0), where Ai and A0 are the absorbances of the irradiated and unirradiated solutions, 
respectively. 

N A is Avogadro's number: 

N A = 6.022 X 1 0 " mol"1 N A = 6.022 X 1 0 " mol" 1 

p is the density of the dosimetry solution. When made up as above: 

PFricke = 1 024 g/cm3 PF„cke = 1 -024 X 103 kg/m3 
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G is G-value, in this case the radiation yield of Fe(III) ions: 
(usually quoted per 100 eV, i.e. 10~2 eV~') (quoted per joule) 

G F r i c k e = 15.6 X 10"2 eV"' G F r i c k e = 9.74 X 10" J" ' 

The above G-value is valid for electrons or photons of energy 0.5 to 16 MeV at absorbed dose 
rates of < 2 X 109 rad/s « 2 X 107 Gy/s). 

e is the molar extinction coefficient (at 305 nm and 25°C): 

e F e ( I I I ) = 2 1 9 5 I m o r ' - c m " ' f F e ( I I I ) = 2 1 9 . 5 m 2 m o l " 1 

d is the optical pathlength in the quartz cells, usually 1 cm: 

d = 1 cm d = 0.01m 

k is a volume conversion factor and b an energy conversion factor: 

k = 103 cm3 • 1~' k = 1 
b = 1.602 X 10"14 rad g eV"1 b = 1 GyO-kg" ' )" 1 = 1 

The equation for calculating absorbed dose in the Fricke dose meter solution is derived as follows. 
The amount of ferric ions formed by irradiation due to oxidation of ferrous ions is determined from 
the change in absorbance. The molarity of ferric ion (Fe*4*) in the irradiated dose meter solution is 
given by: 

(Ai-Ao) AA 
C F e ( m ) = T d - = ê d ( V " 5 ) 

The meaning of the symbols is explained above. This value, the number of moles per unit volume, 
may be converted to the number of moles per unit mass of the volume by dividing by the density (p): 

AA 
mFe(lII) = ^ ^ (V-6) 

The number of molecules in the mass of ferric ion produced per unit volume is obtained by multiplying 
m F e ( I I I ) by Avogadro's number: 

AA-NA 
n F e ( I I I ) = ( V — 7 ) 

e d p 

From the definition of the G-value, the energy, E, required to form a ferric ion can be expressed as: 

E = ^ (V—8) 

The absorbed dose, D, in the dose meter solution is given in terms of the number of Fe"* ions per unit 
mass produced times the energy required to produce these ions (multiplied by an energy conversion 
factor to account for the use of a mixture of energy units): 

/ n F e ( I l I ) \ 
D = n F e ( I I I ) E b = ( ^ 7 - ) b ( V - 9 ) 
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Substituting (V—7) in (V—9), and using a volume conversion factor to account for the litre to cubic 
centimetre conversion needed with the traditional units: 

which is Eq.(V-4). 

Putting in the values for the Fricke dose meter in Eq.(V—4) above, one 
obtains an equation for rapid calculation, where DFricke represents the absorbed 
dose in rads or grays in the Fricke dose meter: 

Traditional units SI units 

Obtained in rads Obtained in grays 

DFricke = DFricke = 

( 6 .022X10" X 1.602X10"14 \ ( 6 . 0 2 2 X 1 0 J 3 X 1 \ 
= ( ) AA = I I AA 

\ 1.024 X 15.6X10 X 2195 X 1 X 1 0 3 ' M.024X10 3 X 9.74X101 7 X 219.5 X 0.01 X 1 / 

a 2.75 X 10* AA == 2.75 X 102 AA (V-10) 

V-2.1.4. Post-irradiation dilution of dosimetry solution 

For most spectrophotometers, high-precision absorbance readings (within 
0.1%) are only possible up to Aj = 1.4; however, for most purposes considered 
here, acceptable accuracy is possible with readings up to Aj = 2.0. If the value of 
absorbance exceeds this, the solution may have to be diluted, using 0.8N 
sulphuric acid. 

In such a case, the dose equation would read: 

where s is the dilution factor (final volume divided by initial volume14) and, from 
(V—5), the term AA-s represents (Ai~A0)s, where the unirradiated solution is 
similarly diluted. 

If the unirradiated solution is not diluted before measurement, then the 
term allowing for the dilution should properly read ( A j S - A 0 ) ; however, under 
practical conditions 

(V—4') 

( A i - s - A 0 ) - ( A i - A 0 ) s CV-11) 

14 s in this case will be greater than unity. 
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The dose calculated f rom E q . ( V - l O ) can, therefore, be corrected for the dilution 
factor as follows. 

D F r i c k e = 2 .75X10 4 AA-s rad or D F r i c k e = 2.75X102 A A - s G y ( V - 1 0 ' ) 

It must be emphasized that under no circumstances may such dilution be 
used to extend the upper limit of response applicable for the Fricke dose meter 
beyond its upper limit, i.e. 40 krad: the results thus obtained could be seriously 
in error. 

V—2.1.5. Temperature correction 

If the absorbance measurements are not carried out at 25°C, a correction 
must be applied to the results. As discussed in § V—2.1.2, the temperature coef-
ficient of the molar extinction coefficient at 25°C, has a value: 

£ = 0.007 degC - 1 valid for 15°C < t < 35°C 

where t (°C) is the actual temperature of the measurement. Thus the dose equation 
would properly read: 

~ ( A A ' N a b D = - (V—4 ) 
\p•G-{eFe(III),25°C (1 +£(t—25))}-d/ k 

The dose calculated f rom Eq.(V—10) can, therefore, be corrected for the temper-
ature of measurement, as determined, for example, using a small thermistor or 
thermocouple, by modifying the equation: 

2.75 X104 AA 2.75 X102 AA 
DFricke = rad or DprirVp = Gv (V—10 ) n c k e 1 + 0.007 ( t - 2 5 ) h n c k e 1 + 0.007 ( t - 2 5 ) 

V—2.1.6. Precision 

Precision limits of within ± 1 % can be expected with this sytem if appropriate 
precautions, especially regarding cleanliness and purity, are followed in the 
handling of the solutions, their ingredients and the containers. 

General references that can be consulted on the Fricke dose meter are 
Refs [ 1 4 , 5 1 - 5 4 , 1 0 3 - 1 0 8 ] . 
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V—2.2. Procedure for the ferrous sulphate/cupric sulphate dose meter 

The ferrous sulphate/cupric sulphate dose meter is also based on the 
principle of oxidation of ferrous to ferric ions by ionizing radiation. It is similar 
to the ferrous sulphate (Fricke) dose meter; however, its sensitivity is decreased 
by the addition of cupric sulphate to the dose meter solution. The method 
is most accurate for absorbed doses from 2X 10s to 8X 10s rad (2000 to 
8000 Gy) using the spectrophotometry measurement of the ferric ion concen-
tration at 305 nm wavelength [109—112], It can be used down to doses of 
6X104 rad (600 Gy), but with decreased accuracy. 

The change in absorbance (optical density) at 305 nm of an irradiated 
solution of FeS0 4 + CuS0 4 is measured in a temperature-controlled spectrophoto-
meter. Since the absorbed dose (rads or grays) in the solution is proportional to 
the change in absorbance, its value can be obtained by multiplying the change in 
absorbance by a suitable conversion factor (see §1—3.1). 

No effect on the accuracy of measurement of radiation dose is observed with 
dose rates between 20 and 109 rad/s (0.2 and 107 Gy/s). The reliability of the 
method is not significantly influenced by a variation of the temperature between 
20°C and 60°C during irradiation. However, at 0°C the G-value is approximately 
12% higher than at 20°C, and this can lead to erroneous determinations of 
absorbed dose. The response of this system has been shown to be independent of 
radiation spectral energy in the range 0.1 to 10 MeV. 

As in the case of the Fricke solution the use of organic stoppers, or organic 
or metal tubing for sealing or transferring any of the solutions should be avoided, 
since contact between the solutions and any organic material or metals can lead to 
erratic results, such as unpredictable chain reactions. This system is extremely 
sensitive to organic impurities even in trace quantities. Glassware should be kept 
immaculately clean. 

Any commercially available spectrophotometer equipped with a temperature-
controlled cell compartment can be used for absorbance measurements; 1 cm 
matched quartz cells (cuvettes) should be used. 

Chemically-resistant borosilicate glass should be used to contain the solutions. 
Dosimetry containers and other glassware may be cleaned by filling them with 
FeS0 4 + CuS0 4 solution, irradiating them to a dose of about 10s rad, finally 
rinsing them thoroughly (three times) with fresh dose meter solution. 

Reagents should be of analytical reagent grade. Triply-distilled water, free 
of organic impurities, should be used for all dosimetry solutions. De-ionized water 
or singly-distilled water is not suitable for this system. 

V—2.2.1. Preparation of the dosimetry solution 

Dissolve 0.392 g of ferrous ammonium sulphate (Fe(NH 4 ) 2 S0 4 .6H 2 0) , and 
2.50 g of cupric sulphate (CuS0 4 • 5H 20) in 12.5 ml of 0.8N sulphuric acid and 
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dilute to one litre in a volumetric flask with distilled water. This solution is not 
stable and should, therefore, be made anew each day. It may be made more stable by 
pre-irradiating the solution to approximately 10s rad ( lkGy) . This pre-irradiation 
will reduce the extent of the linear portion of the absorbance. The absorbance of 
the pre-irradiated solution will increase by about 2% each week. 

To make up 0.8N sulphuric acid, dissolve 22.5 ml of concentrated sulphuric 
acid (density 1.84 g/cm3) in distilled water and dilute to one litre in a volumetric 
flask. (Care: Add the acid little by little to the water; never add water to acid.) 

The procedure for the determination of the molar extinction coefficient is 
exactly the same as that described in §V—2.1.2. Preparation of a 'master' ferric 
ion solution. 

V—2.2.2. Dosimetry procedure 

Fill the dosimetry containers with freshly prepared dosimetry solution and 
irradiate them for a carefully measured period of time. Care should be taken to 
ensure that conditions of electronic equilibrium prevail (see §1—4.2) and that the 
irradiation position is accurately reproducible. After irradiation, read the 
absorbance (Aj) of the irradiated solution in a spectrophotometer at the peak of 
the ferric ion absorbance (305 nm wavelength). Use distilled water as a reference 
blank in the spectrophotometer. At doses greater than 4X10 s rad, it may be 
necessary to dilute the irradiated solution with 0 .00IN sulphuric acid to increase 
the accuracy of measurement (see §V-2 .2 .3 ) . 

Measure the absorbance of the unirradiated solution (A0), using distilled 
water as a blank, either at the same time as the irradiated solution, for irradiations 
of less than 3 hours, or about 3 hours after the start of a longer irradiation. 

The standard equation (V—4) is used to calculate the dose absorbed in the 
dose meter solution: 

D = f ^ M 5 
Vp-G-e-d/ k 

The terms in the equation have already been explained. For the ferrous 
sulphate/cupric sulphate dose meter, p and G have other values: 

Traditional units SI units 

p is the density of the dosimetry solution when made up as described: 

PFeS0 4+CuS0 4 = 1 001 g / c m 3 PFeS0,+CuS04 = 1 001 X 10 3 kg /m 3 

G is the G-value, the radiation yield of Fe(III) ions-valid for electron or photon energies from 
0.5 to 16 MeV at dose rates < 10s rad/s (< 106 Gy/s). 
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G F e S 0 4 + C u S 0 4 = 0 .66X10- 2 eV- GFeS04+CuS04 = 4.12X10" J"' 

Putting in the values for the ferrous sulphate/cupric sulphate dose meter in Eq.(V-4), one 
obtains an equation for rapid calculation: 

D FeS0 4 /CuS0 4 

6.022X102 3 

<1.001 X 0.66X10 

= 6.65 XI0s AA rad 

D F e S 0 4 / C u S 0 4 

X 1.602X10 - 1 4 \ ^ _ / 

)~2X 2195 X 1 X 10 3 / \ : 

6.022X10 
J.OOIXIO'X 4.12X10 

= 6.65 X103 AAGy 

1023X l \ 
1 6 X219 .5X0 .01 X I / 

AA 

(V—12) 

V— 2.2.3. Post-irradiation dilution of dosimetry solution 

Since spectrophotometers are usually only capable of high-accuracy readings 
for values of Aj up to 1.4, and of sufficient accuracy in this work for values of Aj 
up to 2.0, it may be necessary to dilute the irradiated solution. The correction has 
been discussed in detail in § V—2.1.4. For the ferrous sulphate/cupric sulphate 
dose meter, the dose calculated from (V—12) is modified as follows: 

DFeS04/CuS04 =6-65X10s AA-srad or D F e S 0 4 / cuS0 4 = 6.65X103 AA-s Gy 

(V—12') 

where s is the dilution factor as previously defined (final volume/initial volume). 
It is also in this case completely inadmissible to use such dilution to extend 

the dose range of the ferrous sulphate/cupric sulphate dose meter, and the remarks 
made in §V—2.1.4 apply. 

V—2.2.4. Temperature correction 

The absorbance should be measured at 25°C if possible. Alternatively, the 
temperature of the solution during spectrophotometric measurement can be 
determined and a correction can be made for the temperature coefficient of the 
molar extinction coefficient, as given in § V—2.1.5. 

For the ferrous sulphate/cupric sulphate dose meter, the dose calculated 
from Eq.(V—12) can be corrected as follows: 

6.65X105 AA 6.65X103 AA 
DFeS04/CuS04- 1 + Q . 0 0 7 ( t - 2 5 ) r a d ^ DFeS04/CuS04 " 1 + 0 . 0 0 7 ( t - 2 5 ) G y 

(V—12") 

where t is the actual temperature (°C) of measurement (while the molar extinction 
coefficient already incorporated into the equation has the value reffered to 25°C). 
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F— 2.2.5. Precision 

Expert operators can obtain a reproducibility of approximately ± 1% using this 
system. However, it is recommended that, until one is certain that the procedure is 
being properly followed and that results are satisfactorily accurate and repro-
ducible, each new solution be standardized at a known position to obtain a given 
absorbed dose in a radiation field and checked for variation in response and A0 

with storage time. 
General references that can be consulted are Refs [52,109—112]. 

V—2.3. Procedure for the clear PMMA dose meter 

This dose meter is based on the measurement of the radiation-induced 
absorbance (optical density) change in clear polymethyl methacrylate (PMMA), 
having commercial names such as Perspex, Lucite, Plexiglas. Measurements of 
absorbance are made at a suitable wavelength in the near ultraviolet. 

Although a special Perspex has been made for dosimetry purposes15, any 
PMMA type having a consistent mixture, guaranteed continuing supply, and 
suitable optical properties can be used as a dose meter [113—115]. Irradiation of 
clear PMMA induces a broad absorption band in the 250—400 nm region. Some 
PMMA types exhibit, prior to irradiation, an absorption cut-off at approximately 
260 nm wavelength, many at 290 nm (sharp cut-off; HX-Perspex for dosimetry 
is in this category), and others above 320 nm. This last group is not considered 
suitable for dosimetry. Measurement should be made at a wavelength away from 
the cut-off to avoid stray light effects (optical dispersion in the spectrophoto-
meter) [116]. The wavelengths at which the systems are most sensitive (high 
signal-to-noise ratio) are those between 304 and 320 nm. Two recommended 
wavelengths in this range are in common use, 305 nm (the same as for the Fricke 
dose meter) as recommended by Berry and Marshall [116], while 314 nm is 
recommended by Chadwick [117,118] —based on the fact that 305 nm absorption 
is not stable after heat treatment or over the first 24 hours following irradiation, 
whilst 314 nm absorption is stable over the 24 hour period for many batches of 
clear Perspex. The absorption spectrum of irradiated clear PMMA changes after 
irradiation, with values of Aj for wavelengths less than about 314 nm increasing and 
those above this wavelength region decreasing. The most recent results indicate 
that 314 nm (the cross-over region) should be the recommended wavelength. 

15 HX-Perspex for dosimetry is available f rom the Atomic Energy Research Establishment, 
Harwell, Oxfordshire, England, or the UK Panel for Electron and Gamma Radiation, 
National Physical Laboratory, Teddington, Middlesex, England. 
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V-2.3.1. Use of clear PMMA dose meter 

In order to obtain reproducible results with clear PMMA dose meters, certain 
rules must be followed, namely: 

(a) The material should be carefully cleaned before use; 
(b) Pre-irradiation background measurements should be made on the samples; 
(c) Exposure of samples to light during or after irradiation should be avoided; 
(d) Touching the optical faces of the dose meter should be avoided; 
(e) Measurement should be made within a few hours of irradiation; 
(f) For long irradiations ( > 1 day), 2 or 3 mm thick samples of PMMA should 

be used, depending upon the dose limits of interest. This system should 
not be used for irradiation over such extended periods, especially at tempera-
tures above 35°C, unless precautions are taken to prevent oxygen diffusion, 
which causes the radiation-induced signal to fade; 

(g) Temperatures above 60°C should be avoided after irradiation; 
(h) Temperatures above 45°C should be avoided during irradiations lasting 

longer than 24 hours; 
(i) Irradiation must take place under conditions of electronic equilibrium 

(see §1-4 .2) . 

V—2.3.2. Dosimetry procedure 

The PMMA samples should be cut to fit the spectrophotometer holder and 
the protective paper cover should be peeled from both sides of the PMMA. The 
samples are then washed in lukewarm, dilute detergent solution, rinsed with clean 
running water and dried on absorbant paper. At all stages in the measurements, 
care must be taken to avoid touching the surface of the PMMA with the fingers 
and to avoid scratching it. 

The spectrophotometer is set for a measurement wavelength of 314 nm with 
a slit width of 0.4 mm. The null point setting (dark current) is adjusted and the 
reference (air path) is set to 100% transmission, these two steps being repeated 
until no further change occurs. 

The samples of PMMA are placed in the holder on the spectrophotometer, 
ensuring that they are exactly vertical. The unirradiated transmission value, 
A 0 , at X = 314 nm is now determined. 

The samples can now be irradiated, bearing the rules of §V—2.3.1 in mind. 
After irradiation and before measuring, the spectrophotometer null point and 

100% transmission settings are again adjusted until no change occurs. The PMMA 
samples are, in turn, placed in the holder, and the vertical orientation adjusted. 
The irradiated transmission values, A;, at X = 314 nm are determined. 

If and when no further absorbance measurement is to be made on a sample, 
it is removed from the holder and its thickness is determined at the location on 
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the sample where the spec t rophotomet ry light beam had struck it. The thickness 
is measured using a micrometer or other thickness gauge. 

The induced change in absorbance, A ; - A 0 , must be corrected to a value 
corresponding t o standard thickness, e.g. nominal thickness of Perspex (HX-
Perspex comes in 1 mm or 3 m m plates), using the following equation for the 
corrected absorbance change, AAcorr : 

nominal thickness 
AAco r r = ( A - A o ) — — (V—13) 

measured thickness 

Subsequently AAcorr is read off the calibration curve for X = 314 nm and 
the appropriate nominal thickness to obtain the absorbed dose value. 

It must be noted that the AA/dose relationship is not linear. It is, therefore, 
recommended that a calibration curve is made for each spectrophotometer that 
is used. It is assumed that , for calibrated spectrophotometers, the differences 
between spectrophotometer readings of the same PMMA samples will not be 
large, although the limits of linear response may vary f rom one instrument to 
another [119]. The response of each new batch of PMMA should be calibrated; 
however, if the batches are made of a standard mixture, differences in the 
responses of batches should be within 5%. 

HX-Perspex for dosimetry is supplied with a calibration curve made at 
X = 305 nm and 315 nm. This calibration curve should only be taken as a general 
indication of AA/dose response unless the conditions during the calibration are 
virtually identical to those used by the suppliers (i.e. a dose rate of 800 rad/h 
of 6 0Co 7-rays followed by 24 h storage in the dark at 20°C). It has been found 
that storage after irradiation at other temperatures above 20°C and for different 
times (less than 24 h) can lead to differences of as much as 10% in the AA value 
at 305 nm. It has also been found that the rate of oxygen-diffusion-induced 
fading of AA is strongly temperature dependent above 25°C, and also that this 
temperature-dependent oxygen-induced fading can vary considerably f rom one 
batch of PMMA to another , even when the batches are supposedly made to a 
standard mixture. It is important to bear these facts in mind, especially when 
clear PMMA is used in warmer climates for routine dosimetry measurements [120]. 

The dose limits covered by the PMMA dose meter depend to some extent 
on the sheet thickness. For example, HX-Perspex dose meters of 3 mm thickness 
can be used at 314 nm to measure absorbed doses f rom 100 krad to 2.5 Mrad 
(1—25 kGy) at which dose Aj af ter irradiation is approximately 1.5; above 
1.5 values of absorbance are difficult to read and Aj values above 2 are not 
reliable. HX-Perspex dose-meter material of 1 mm thickness can be used at 
314 nm to measure doses f rom 300 krad to 10 Mrad (3—100 kGy). No dose-rate 
effect has been noted up to 108 rad/s, but there is some dose-rate dependence 
above this value. 
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V—2.3.3. Pretreatment for lower doses 

If the clear PMMA dose meter is used at doses of less than 300 krad (3 kGy), 
a pre-irradiation heat treatment should be applied. The dose meter samples are 
heated at 130°C under vacuum ( < 10~2 torr, i.e. < 1.35 Pa) for some minutes to 
remove the atmospheric oxygen present in the plastic matrix, since the oxygen 
content causes a low radiation response over the first 50 to 100 krad (0.5 to 
1 kGy). The heat treatment increases the sensitivity at lower doses and renders 
an absorbance/dose relationship that is linear for doses up to 500 krad (5 kGy). 
The heating time at 130°C should be optimized for each type of PMMA for each 
thickness. Too short a time does not remove all the oxygen; too long a time 
increases the unirradiated optical density (noise level). 

The pretreatment should be carried out as follows. Samples that have been 
cut to size and cleaned should be laid flat on a clean, smooth, metal surface and 
warmed to 130°C. The samples should be maintained at 130°C and 10~2 torr 
(1.35 Pa) pressure for the required time, after which they should be allowed to 
cool either in a vacuum or nitrogen gas. At < 80°C, the oven may be opened to 
air to increase the rate of cooling. 

The samples should be allowed to cool completely before removing them 
from the oven. Any samples having optical faults should be discarded. The 
samples should not be stored for long periods ( > 5 days) in air after the treatment, 
as oxygen will diffuse back into the sample and alter the absorbance/dose 
relationship. 

V—2.3.4. Precision 

PMMA (HX-Perspex) is a cheap, easy-to-handle, approximately food-equivalent 
dose meter covering many of the doses typically used in food irradiation. With 
proper use, measurements can be made with a standard deviation of better 
than + 1.5% over the dose range of 300 krad to 2.0 Mrad (3 to 20 kGy) for 3 mm 
thickness and f rom 600 krad to 10 Mrad (6 to 100 kGy) for 1 mm thick samples. 
General references which may be consulted are Refs [117,118,120—124]. 

V—2.4. Procedure for the red Perspex dose meter 

The procedure for the red Perspex dose meter is identical to that presented 
in § V—2.3 for the clear PMMA dose meter, except that the measurements of 
absorbance are made at a wavelength of 640 nm. The material comes pre-aged and, 
in some forms, sealed in an aluminium-coated polyethylene sachet.16 When supplied 

16 Red Perspex for dosimetry is available in sealed packets from the Atomic Energy 
Research Establishment, Harwell, Oxfordshire, England, or in a different form from Atomic 
Energy of Canada, Ltd., Ottawa, Canada. 
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in this form, the red Perspex should be irradiated in the sachet and read out after-
wards. This precludes the measurement of absorbance prior to irradiation. An 
unirradiated sample can be used to estimate the value of A0 to improve the 
reproducibility of the results (i.e. to obtain a smaller standard deviation). 
Thickness corrections must be made (see Eq. (V-13)) . The absorbance/dose 
relationship is non-linear; therefore the system should be calibrated against the 
Fricke dose meter (§ V—2.1) in a particular irradiation position under conditions 
of electron equilibrium (see §1—4.2). The dose limits covered by red Perspex 
are ~ 0.1 to 5 Mrad ( ~ 1 to 50 kGy). No dose-rate effect has been noticed up 
to 108 rad/s (1 MGy/s), but there is dose-rate dependence at higher dose rates [125]. 
Although the absorbance at 640 nm is relatively stable for a few days after 
irradiation (there is a slight increase with time at the suggested wavelength), the 
shape of the absorption spectrum changes after irradiation. This change is 
dependent on the temperature that prevails during either irradiation or storage. 
The absorbance change at a given wavelength of light may either increase or 
decrease, depending on irradiation and storage conditions, as well as on the dose 
level itself [125, 126]. Thus dose interpretation requires care. 

General references which may be consulted are Refs [57,127,128] . 

V—2.5. Procedure for the amber Perspex dose meter 

The procedure for the amber Perspex dose meter17 is similar to that presented 
in section § V—2.3 for the clear PMMA dose meter. Absorbance measurements are 
made at two different wavelengths to extend the response limits of the system. 
The wavelength 603 nm covers dose readings from 0.1 to 2 Mrad (1 to 20 kGy) 
and is relatively stable to temperature effects. The wavelength 651 nm covers 
doses from 0.5 to 5 Mrad (5 to 50 kGy) but is less temperature-stable. The 
absorbance/dose relationship is non-linear; the system should, therefore, be 
calibrated against the Fricke dose meter (§V—2.1) in a particular irradiation 
position and under conditions of electron equilibrium (see §1—4.2). Corrections 
for fading of the radiation-induced colour after irradiation must be made. 

General references which may be consulted are Refs [57,125,128] , 

V—2.6. The radiochromic dye system 

This dosimetry system is based on the production of intense, permanent 
coloration when normally colourless triphenyl methane dye cyanide or dye 
methoxide solutions are exposed to ionizing radiation. The wavelength of the 
peak in the absorption band produced by the radiation is dependent upon the 

17 Amber Perspex for dosimetry is available from the Atomic Energy Research 
Establishment, Harwell, Oxfordshire, England. 
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specific dye and solvent used [57,129]. Several variations are possible. The 
relationship between the absorbance change, A i - A 0 , at the peak wavelength is 
related linearly (or in some cases nearly linearly) to the radiation dose, although 
at high doses, saturation occurs in some systems [130]. The dye systems can be 
used in liquid or solid solution, and the concentration of the solution or the 
wavelength used for the measurement of absorbance can be chosen to cover the 
appropriate dose range [46,57,58] . The dye systems can be made into coated 
or self-supporting thin films and can thus be used in electron dosimetry for accurate 
depth-dose distribution measurements [13 ,26 ,30 ,32—34,58,131 — 135]. 

Some of the advantageous characteristics of the dye-cyanide dose meters 
are listed below: 

(a) Long shelf-life; 
(b) Dose-rate independence up to 1014 rad/s (1012 Gy/s); 
(c) Low atomic number, thus good product equivalence; 
(d) Same response in air as in N2 , vacuum, etc.; 
(e) Small temperature dependence in the case of solid systems; 
(f) Stable response; 
(g) Linear dose response of some of the systems; 
(h) Not very sensitive to impurities; 
(i) Simple read-out procedures. 

The system is sensitive to ultra-violet light, including sunlight, and the 
response of some systems can be affected by a high relative humidity. As with 
Perspex dose meters, the optical surfaces of solid film dose meters should not be 
touched or scratched. 

The systems18 fall into two main categories; the liquid dye-cyanide solutions 
and the thin plastic film or paper bases impregnated with radiochromic dye. 

V—2.6.1. Liquid dye-cyanide solutions 

Liquid dye-cyanide solutions are available already packed in 5 ml sealed glass 
ampoules, and consist of hexahydroxyethyl pararosaniline cyanide dissolved in 
an organic solvent. They may be used in dosimetry in a similar fashion to the 
sealed ampoules of Fricke dosimetry solutions or ferrous sulphate/cupric 
sulphate solutions (see § V - 2 . 1 and § V - 2 . 2 ) . They are supplied with a given 
G-value and molar extinction coefficient19 at the optical wavelength of maximum 
absorbance (Xmax = 601 nm). If the ampoules are irradiated under electron 

18 Radiochromic dye systems for dosimetry are available f rom Far West Technology, Inc., 
330 S. Kellogg, Goleta, California 93017, United States of America. 

19 See the conversion table in the Glossary for conversion factors. 
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equilibrium conditions (§1—4.2), absorbed dose readings from approximately 
103 to 106 rad (10—104 Gy) can be determined with ± 3% precision limits, 
depending on the concentration of the dye cyanide that is used. 

It is also possible to obtain powdered dye cyanide, which can be made into 
liquid radiochromic dye dose meter solutions [129,130,136] by dissolving the 
powder at 5mM concentration in fresh reagent-grade 2-methoxy ethanol 
containing 1 ml glacial acetic acid per litre of solution. This solution can be used 
in ampoules to measure absorbed doses from 103 to 106 rad (10—104 Gy) with a 
G-value varying from a molecular yield of 0.06X10"2 to 0.3X10"2 eV - 1 

(0.37X101 6 to 1.87X1016 J - 1 ) , depending on the concentration of the dye 
cyanide. The exact G-value, molar extinction coefficient, and wavelength for 
read out will depend on the batch and type of the dye cyanide used, and so it 
must be determined precisely for each batch and each type of dye, as indicated 
by McLaughlin [129,130]. It must be remembered that these solutions are 
sensitive to daylight and white fluorescent lighting, but not to yellow or low-
wattage incandescent lighting. The response (absorbance change versus dose) is 
linear for doses up to approximately 106 rad (104 Gy) if used under oxygen 
saturation conditions or in the presence of a weak oxidizing agent (e.g. nitro-
benzene at a concentration of 30 mM). Such addition causes a reduction in the 
G-value. Otherwise, in simple aerated solutions, the linear response range is 103 

to 10s rad (10 to 103 Gy). The dose meter solutions may be used in some plastic 
containers, such as polyethylene, polystyrene, polypropylene, etc., or in glass. 

V—2.6.2. Thin nylon and other plastic films and papers containing triphenyl 
methane dye cyanide 

This group of dose meters comprises nearly colourless films or white papers, 
in thicknesses from about 20 jum to 100 nm, containing up to 10% of the radio-
chromic dye (triphenyl methane dye cyanide) [13 ,129 ,133 ,134 ,135 ,137] , 
The plastic film may consist of nylon, polyvinyl butyral, polyvinyl acetate, poly-
vinyl chloride, polyvinyl pyrrolidone, cellulose triacetate, cellulose, gelatin, etc. 
The dye precursor may be any one of several substituted forms of leucocyanides 
of aminotriphenyl methane dyes. These films and papers are useful for measuring 
doses, average dose rates and high-resolution dose distributions over the dose limits 
from about 10s to 107 rad (103 to 10s Gy), with precision limits of ± 3% if the 
film thickness is monitored. By carefully combining ingredients, they may be 
made equivalent to various biological absorbers (e.g. muscle, bone, etc.), in terms 
of their density and radiation absorption properties [134], When hexahydroxy-
ethyl pararosaniline cyanide is the radiochromic dye, the wavelength of maximum 
absorbance following irradiation is ~ 600 nm. For most film thickness of greater 
than 50 £im, the maximum measurable dose is about 3 X 106 rad (3 X 104 Gy) at 
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the wavelengths of maximum absorbance (600 nm) because of excessive radiation-
produced blue colour. To read higher doses, the absorbance should be read at 
lower wavelengths, such as 540 nm or 510 nm, in which case it is possible to read 
doses up to 30 Mrad (0.3 MGy). It is also possible to read doses as low as 
~ 1 krad ( ~ 10 Gy) using systems of about 1 mm in thickness. A response curve 
(absorbance change versus dose at a given optical wavelength) is usually available 
for a given film batch. This is convenient, because the response is the same for 
gamma rays, X-rays and electron beams at all practical dose rates, even for single 
pulses of electrons of several megarads per pulse intensity. The variation of response 
with temperature is only approximately ± 10% from 0 to 100°C, with a somewhat 
higher response at the higher temperatures [57,125,131] . The nylon, cellulose 
and polyvinyl pyrrolidone forms of the dose meter are not reliable when irradiated 
in very damp environments. The system may be used for irradiations at very low 
temperature, down to at least -78°C, as long as corrections are applied for the 
temperature dependence of response [57,125]. 

V—2.6.3. Thin polychlorostyrene films containing triphenyl methane dye 
methoxide 

These, also nearly colourless films, similar to the ones described in §V—2.6.2 
but of polychlorostyrene, use malachite green triphenyl methane methoxide as 
the radiochromic dye [57,137—139], In this case, the temperature dependence 
of response is only slightly greater than the nylon-base film, and there is no 
adverse effect due to moisture or water. There is a small difference in response, 
between irradiation in air and under vacuum or a nitrogen atmosphere. After 
irradiation, the absorbance values increase slightly for several weeks. Two 
absorption bands are formed by irradiation, with useful dose measurement limits 
of 0.1 to 3 Mrad (1 to 30 kGy) at ~ 630 nm wavelength and 1 to 20 Mrad 
(10 to 200 kGy) at ~ 430 nm wavelength. The films are somewhat sensitive to 
ultraviolet light, but not as much as the liquid systems. They are convenient for 
measuring radiation dose distributions in packages. 

These radiochromic dye systems comprise some of the most promising new 
dosimetry systems available. For a more detailed description of these systems, 
the readers are referred to Refs [ 5 8 , 1 2 9 , 1 3 0 , 1 3 3 - 1 3 5 , 1 3 7 - 1 3 9 ] . 

V—3. OTHER POSSIBLY USEFUL DOSIMETRY SYSTEMS 

Several other dose-meter systems are presented briefly in this section, since 
some of them may be appropriate for routine process control dosimetry or for 
use under special circumstances. They may either be systems that are well 
developed but not exactly suited for use in food irradiation processing, or they 
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TABLE V - l . PLASTIC FILMS FOR MEGARAD DOSIMETRY 

Film type Wavelengths for measurement 
of absorbance change 
(nm) 

Approximate useful 
absorbed dose range 
(Mrad) (kGy) 

Cellulose di- and 250, 290, 320 5 - 8 0 5 0 - 8 0 0 
tri-acetate 

Cellulose acetate 325 5 - 8 0 5 0 - 8 0 0 
butyrate 

Polycarbonate 290, 300, 325 1 - 5 0 1 0 - 5 0 0 

Polyethylene 325 5 - 8 0 5 0 - 8 0 0 
terephthalate 

Polyvinyl chloride 395 ,480 0 . 5 - 6 5 - 6 0 

Polyvinyl fluoride 315 ,352 3 - 3 0 3 0 - 3 0 0 

Tetrazolium HC1 in 480 0 . 2 - 1 0 2 - 1 0 0 
polyvinyl alcohol 

are newer systems, still in the development stage, which appear to be promising 
and which may soon reach the stage where a standard procedure could be written. 

Comprehensive information about the characteristics and utilization of a 
large number of dosimetry systems, including the few routine dose meters given 
in this section and a large number of systems that are still under development, is 
to be found elsewhere. 

General references that can be consulted are Refs [11,57,58,99—102, 
140,141]. 

V—3.1. Polyvinyl chloride dose meter 

The polyvinyl chloride (PVC) dose meter also uses the measurement of 
absorbance change at a given wavelength induced by radiation. The polyvinyl 
chloride film changes from nearly clear to green through yellow-brown to dark 
brown depending on the dose. Absorbance measurement should be made at 
395 nm on a spectrophotometer (see Table V—1). The PVC material should be a 
homopolymer one, containing no plasticizer. 

After irradiation, the PVC dose meter should be developed by heating either 
at 50°C for 1 hour or at 80°C for 5 to 10 minutes to give full colour development. 
The dose range of the film is limited, and the system is very dose-rate dependent, 
so that a calibration curve from one radiation facility cannot generally be 
compared with that from another facility. Thickness measurements are necessary. 
The system is not product equivalent. 
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PVC is not recommended for accurate dosimetry but is often used in machine 
sources to determine beam scan widths and uniformity, and to monitor approxi-
mately that the required dose level has been reached. 

General references that can be consulted are Refs [57,142—145]. 

V—3.2. Other plastic film dose meters 

Other commercially-available plastic films have been used successfully to 
measure radiation absorbed dose in the megarad range [56 ,57 ,101 — 103,145]. 
Some of the more successful ones have been: polyethylene terephthalate 
[57 ,114 ,145 ,146] ; cellulose di- and tri-acetate [57 ,145 ,147-150] ; cellulose 
acetate butyrate [ 151 ]; polycarbonate [152]; polyvinyl fluoride [153], The 
thicknesses commonly range from about 0.01 to 0.2 mm. Another potentially 
useful plastic film system is one that was under development by Kodak Pathe of 
France, consisting of a tetrazolium chloride salt in polyvinyl alcohol [57, 154]. 

The radiation effect that is usually used for the radiation measurement is a 
change in the absorbance at a selected wavelength in the blue or near ultraviolet 
part of the spectrum. Table V—1 shows for these film types, as well as for poly-
vinyl chloride, the suggested wavelengths for spectrophotometric measurement 
of the absorbance changes, and the approximate useful absorbed dose limits. 
Advantages in using these films are that they are thin enough for making dose 
distribution measurements, and most of them are of low atomic number. Dis-
advantages are poor reproducibility, temperature and dose-rate dependence of 
response (except for the tetrazolium salt), instability of the absorption bands 
(except for the tetrazolium salt), and the fact that, in most cases, the useful dose 
limits are too high for most food-irradiation applications. 

V—3.3. Thermoluminescent dose meters 

Certain inorganic crystals store energy from the radiation in the form of 
trapped electrons. Upon irradiation of the crystals, these are knocked out of their 
usual lattice positions and a positively charged hole remains. The electrons remain 
trapped elsewhere in the lattice. Upon heating, the electrons are released from 
the trapping sites and recombine with the holes; in turn, the energy released is 
given off as light if luminescent centres (ions) are present. The amount of light 
emitted is proportional to the number of trapped electrons released on heating 
and is thus related to the radiation dose. 

Over the past ten years considerable research and development has been 
carried out on such thermoluminescent dose meter (TLD) systems. Several 
commercial TLD read-out units are available having a reproducible heating and 
read-out cycle. 
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Most commercial units are designed for low dose measurements in the field 
of health physics and personnel monitoring, although the systems are widely 
used in medical and radiobiological research at doses up to ~ 20 krad ( ~ 200 Gy). 

The major disadvantage of most TLD systems for food irradiation dosimetry 
is that the useful range is generally limited to doses below about 100 krad (1 kGy). 
Lithium borate ( L i 2 B 4 0 7 ) powder embedded in Teflon (polytetrafluoroethylene) 
is promising, however, at the somewhat higher doses used in food irradiation. This 
dose meter (as is true of other TLD systems) cannot be re-used for high doses and 
thus is rather expensive. 

No one material is an obvious choice for dosimetry, and each material has 
various advantages and disadvantages. For example, LiF and CaF2:Mn show an 
energy dependence that is somewhat greater than that of L i 2 B 4 0 7 . TLD systems 
have, in general, a response curve shape at high dose levels which is non-linear 
("supralinear"), except for CaF2:Mn. A particular disadvantage of non-encapsulated 
L i 2 B 4 0 7 is its hygroscopic behaviour, which causes the dose reading to be in error 
at high relative humidities. 

These systems can be considered to be thoroughly developed, though not 
simple to use. Good reproducibility can be obtained by careful use and consider-
ation of the various problems associated with each specific material. Until a TLD 
material becomes available that does not saturate below megarad doses, these 
systems have only a restricted use in food irradiation dosimetry. An abundance 
of literature is available on thermoluminescent dosimetry. 

General references that can be consulted are Refs [99—102,155—158]. 

V—3.4. The ethanol-chlorobenzene dose meter 

The dose-meter system comprises an aerated solution of chlorobenzene and 
water in ethanol to which a small quantity of acetone is added. Radiation induces 
the dissociation of chlorobenzene to yield hydrochloric acid. Read out can be 
achieved in one of two ways: (i) titration to determine the chloride-ion concen-
tration [159—162] or (ii) a high-frequency measurement of change in the dielectric 
constant, which can be undertaken with the solution still in its sealed ampoule 
[163], 

The titration involves laborious chemical determinations using the open 
solutions. The high-frequency measurement is designed to avoid tedious handling 
of the solutions and allows a direct measurement to be made on a closed dose 
meter. The high-frequency measurement, however, is somewhat sensitive to 
hand-capacity changes. 

The radiation-induced change appears to be stable in the sealed ampoule and 
the system has good product equivalence. 

The useful dose response is from 40 krad (400 Gy) up to 20 Mrad (200 kGy), 
but there exists a complicated relationship between upper dose limit and dose 
rate. The higher the dose rate, the higher is the upper dose limit. 
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Under irradiation, gas is produced, and this can cause problems with the 
containers. For example, it is recommended that the free volume of any sealed 
ampoule should be no more than half the total volume. 

General references that can be consulted are Refs [159—163], 

V—3.5. Glass dose meters 

The absorption of ionizing radiation in silver-activated phosphate glass leads 
to the formation of excited silver atoms, ions (Ag2+) and aggregates of atoms and 
ions that fluoresce under ultraviolet stimulation. Two methods of analysis of 
these fluorescing or colour centres are available for dosimetry. By stimulating 
the irradiated glass with ultraviolet light, the resulting luminescence intensity is 
a measure of the dose the glass has received. Several forms of this radiophoto-
luminescent dose meter and various types of luminescence readers are commer-
cially available. Doses from 1 to 15000 rad (0.01 to 150 Gy) can be measured in 
this way. At higher doses, the glass becomes darkened so that the luminescent 
light is absorbed in the glass (self-absorption), and the response is no longer 
linear. 

A second method of analysis is the spectrophotometric measurement (at 
X — 400 nm) of the darkening of the silver-activated phosphate glass occurring at 
higher radiation doses due to the formation of colour centres. A number of other 
activated glasses are also useful for this purpose, such as cobalt-activated boro-
silicate glass, bismuth lead borate glass, and silver-activated lithium borate glass. 
The useful dose limits for the spectrophotometric method of analysing irradiated 
glasses are usually in the region of 104 to 107 or 108 rad (102 to 10s or 106 Gy). 
The wavelength for reading the change of darkening varies with the type of glass. 
One of the main problems with this method is the tendency for the darkening in 
the glass to fade after irradiation. This fading can be diminished somewhat by a 
post-irradiation heat treatment in some types of activated glass. 

This dose-meter system has been widely used in the past, but it is not 
product-equivalent and has a spectral energy-dependent response. There is no 
dose-rate dependence up to about 106 rad/h (104 Gy/h). The system is not 
recommended in any facility where low-energy 7 or X-radiation, or degraded 
137Cs and 60Co gamma radiation may be found because of the energy-dependence 
problems. 

General references that can be consulted are Refs [56,57,99—102,156, 
164,165], 

V—3.6. The eerie sulphate/cerous sulphate dose meter 

The eerie sulphate/cerous sulphate dose meter is a high-dose measurement 
system which has long been recognized, but which has the disadvantage that 
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extreme purity of chemical constituents and absolute cleanliness of all apparatus 
are essential for reproducible dosimetry [52 ,54 ,140 ,141 ,166] . 

The conventional eerie sulphate/cerous sulphate dose meter, however, may 
be modified to render the system less sensitive to small impurities and conse-
quently more useful for routine use. Solutions of cerous sulphate (i.e. cerous ions), 
when added to the eerie sulphate dose meter solution, have been reported to 
remove the effect of trace impurities [167]. Radiation leads to the reduction of 
eerie ions to cerous ions. Doses in the megarad range may be determined by 
conventional spectrophotometric analysis in the ultraviolet, or by measuring the 
difference in electrochemical potential between the irradiated and unirradiated 
solutions [168,169]. Different dose limits in the range from 100 krad to 50 Mrad 
(1—500 kGy) can be accommodated by varying the concentrations of the solutions. 
The measurement requires only small volumes of solution (typically 0.2 cm3), 
and an instrument has been developed which gives a direct reading of dose, 
correcting for the variations of the electrochemical potential with concentration. 

The system is suitable for routine use and has reasonable product equivalence 
as long as it is not used in radiation fields which have a large component of low-
energy photons. 

It has also been reported that eerie sulphate/cerous sulphate dose meter 
solution containing cupric ions at concentrations from 1 to 100 mM can be used 
to measure doses from about 1 to 30 Mrad (10 to 300 Gy) [170]. 

V—3.7. Selective electrode measurement of dose in ferrous sulphate/potassium 
fluoride aqueous acid solution 

A potentiometric method for use with the ferrous sulphate (Fricke) dose 
meter has also been reported whereby the use of a fluoride-ion-specific electrode 
with an ordinary pH-meter provides linear readings of dose from 1 to 40 krad 
(10 to 400 Gy) [171]. The potentiometric readings are due to changes in Fe3 +-F" 
complexing as a result of radiation oxidation of the ferrous sulphate solution. 

V—3.8. Lyoluminescent dose meters 

Certain organic and inorganic materials (powders) emit light when dissolved 
in water after irradiation. This effect is called lyoluminescence. A measurement 
of the integrated light emitted provides an estimate of the radiation dose 
[172-174] , Organic materials, especially sugars, such as mannose, trehalose, 
glucose, etc. can be used to measure radiation doses from 300 rad (3 Gy) up to 
100 krad (1 kGy) with good reproducibility. The dose response is almost linear 
until saturation occurs at about 150 krad (1.5 kGy). Higher doses cause a 
decrease in the light signal. Some other materials, however, may provide dose 
measurements up to 500 krad (5 kGy) [174], 
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These systems are still in the development stage, but it seems reasonable to 
expect that, because of the good product equivalence, non-toxic nature and low 
cost, these systems could become important for food irradiation processes in the 
kilorad range. 

V—4. CALIBRATION OF SPECTROPHOTOMETERS 

Most of the dose meters mentioned in the manual have radiation effects that 
are measured with a spectrophotometer. Consequently the following information 
is given to enable the user to check that the spectrophotometer is in good working 
order. 

V—4.1. Wavelength check 

A small low-pressure mercury vapour lamp20 can be used to check the wave-
length scale in the ultraviolet and visible region of the spectrum. The mercury 
lines are very well defined and a lamp, such as the Penray Type II S C - 1 (foot-
note 21), can be inserted without replacing the normal lamp and the check made 
as described below. Two alternatives are available in the visible part of the 
spectrum: 

(i) One may use the lamp already provided with the spectrophotometer 
(e.g. mercury, hydrogen or deuterium lamp); 

(ii) Special optical filters (e.g. holmium oxide or didymium glass filters or 
Fabry-Perot interference filters) may be used.22 

The mercury lines are at the following wavelengths: 253.7, 296.5, 302.2, 
312.6, 313.2, 365.0, 365.5, 404.7 ,453.3 , 546.1 and 577.0 nm. The two lines at 
312.6 and 313.2 nm may not always be resolved but can be used to indicate how 
well the spectrophotometer resolves wavelength differences. 

The hydrogen or deuterium lamp has two useful lines, one at 486.0 nm and 
the second at 656.1 nm. 

V—4.1.1. Procedure for calibrating wavelength control 

(a) Adjust the wavelength to 253.7 nm. 
(b) Adjust the zero per cent and 100% transmission controls with an empty 

compartment. 

2 0 When lamps emitting ultraviolet radiation are used and the lamp housing is open, 
safety glasses should be worn to protect the eyes. 

21 Supplied by Ultra Violet Products, San Gabriel, California, USA. 
22 These may be obtained through many optical glass or electro-optical equipment 

suppliers. 
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(c) Switch off the normal light sources and remove the cover from the 
lamp housing. 

(d) Clean the bulb of the low pressure mercury vapour lamp with a tissue 
dampened with alcohol. Do not touch the bulb with fingers. 

(e) Set the low-pressure mercury lamp in the light path between the lamp mirror 
and the entrance slit of the monochromator. 

(f) Close the slit and switch on the mercury vapour lamp. Allow a warming up 
period of at least 5 minutes. 

(g) Open the slit slowly until a small reading of 'transmission/absorbance' 
(optical density) is obtained. 

(h) Adjust the position of the lamp slowly until there is maximum deflection of 
the 'transmission/absorbance' indicator. Then lock the lamp in that position. 

(i) If necessary, keep the maximum absorbance reading on-scale by decreasing 
the slit width, using the 'slit-width' control. 

(j) Adjust the 'wavelength' control until the maximum deflection of 'trans-
mission/absorbance' indicator is obtained, keeping the maximum deflection 
on-scale using the 'slit-width' control, 

(k) Note wavelength scale reading at maximum deflection. This reading should 
not differ from the 253.7 nm line by more than the value quoted in the 
specification manual of the spectrophotometer as a normal tolerance. 

(1) Adjust the 'wavelength' control to the setting for the next mercury line and 
repeat steps (j) and (k). Note wavelength scale reading at maximum deflection 
and repeat steps (j), (k) and (1) for all other mercury lines, 

(m) Repeat the whole procedure using the hydrogen or deuterium lamp. 

Note. If the wavelength control does not agree with the nominal mercury line values, a 
recalibration of the wavelength control can be made for this region from a graph of wavelength 
control versus nominal values. Alternatively, the spectrophotometer supplier can be asked to 
readjust the wavelength control. 

V—4.1.2. Wavelength check using glass filter (e.g. holmium oxide, didymium, etc.) 

(a) Select wavelength at the first identified peak in the filter absorption 
spectrum. 

(b) Set 0% transmission with slit closed. 
(c) Open slit to get a small absorbance reading and adjust 100% transmission 

with air path. 
(d) Insert glass filter. 
(e) Set the wavelength to the position of the nominal absorption peak and make 

readings at wavelengths slightly above and below this setting. Determine the 
wavelength setting on the instrument that gives the maximum or minimum 
absorbance reading. Then compare this with the calibration spectrum. 

(f) Repeat step (e) for other identified maxima and minima in the calibrated 
spectrum. 
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V—4.2. The absorbance (optical density) scale check 

A solution of potassium dichromate can serve as a standard to check the 
absorbance scale at various wavelengths [175,176]. The solution of potassium 
dichromate in dilute sulphuric acid exhibits two maxima and two minima in the 
absorption spectrum. One standard solution of appropriate concentration gives 
an indication of the absorbance scale calibration for a given instrument. A series 
of further dilutions from a master solution can, correspondingly, be used to give 
a range of absorbance levels. It should be noted that spectrophotometers with a 
fixed slit width (or when operated with too wide a slit width) will give a slightly 
low reading in the maxima and a slightly high reading in the minima. The cali-
bration procedure is as set out below. 

V—4.2.1. Preparation of the solution 

(a) Dilute 10 ml of clear concentrated sulphuric acid (H 2 S0 4 , analytical grade) 
in 1000 ml of distilled water. (Care: add the acid little by little to the water; 
never add water to acid.) 

(b) Pour about 500 ml of distilled water into a clean calibrated volumetric 
1000 ml flask. 

(c) Mix 35 ml of the H 2 S0 4 solution obtained in step (a) with the 500 ml of 
water in the flask. 

(d) Dissolve 55 mg of dye potassium dichromate (analytical grade) in the solution 
in the flask. Any amount of potassium dichromate between 50—60 mg may 
be used but the weight must be known accurately to 0.1 mg. 

(e) Fill the flask to just under the calibration mark with distilled water. Allow 
the solution to stabilize at a particular temperature, or place in a thermostat 
set to the measurement temperature. Then fill the flask to the calibration 
mark with distilled water. After thorough mixing, the solution is ready 
to be used. 

V—4.2.2. Calculation of the absorbance 

The absorbance, A, of the solution (with the aqueous sulphuric acid solution 
as a blank) can be calculated using the formula: 

A = a-c-d (V—14) 

where a is an extinction coefficient (1 -g"1 -cm - 1 : see Table V—2); 
c is the concentration of the potassium dichromate in the sulphuric acid 

solution (g/1); 
d is the path length of the cuvette used (cm). 
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TABLE V—2. POTASSIUM DICHROMATE ABSORBANCE SCALE STANDARD 

Wavelength 

(nm) 

Maximum or 
minimum 

Extinction 
coefficient 
( l g - ' - c m " 1 ) 

Resulting absorbance for 
0.055 g/1 K 2 Cr 2 0 7 solution 

235 minimum 12.5 0.687 

257 maximum 14.5 0.797 

313 minimum 4.9 0.270 

350 maximum 10.7 0.588 

The potassium dichromate solution has two maxima and two minima, as given 
in Table V - 2 . The appropriate extinction coefficients and the resulting 
absorbances for a dilution of 55 mg potassium dichromate in 1000 ml of solution 
are also given. 

V—4.2.3. Measurement 

(a) Adjust the wavelength control to 235 nm. 
(b) Adjust 0% transmission with source slit in closed position. 
(c) Adjust 100% transmission scale reading with a small slit opening and with 

distilled water in a cuvette in the light beam. 
(d) Repeat (b) and (c) until no further change is observed. 
(e) Move the potassium dichromate solution into the light beam and note the 

indicated absorbance value. 
(f) Adjust the wavelength control to 4 nm above the calibration value 

mentioned in step (a). 
(g) Repeat steps (b) to (e). 
(h) Adjust wavelength control to 4 nm below the calibration value mentioned 

in step (a). 
(i) Repeat steps (b) to (e). 
(j) Of the three absorbance values noted, the first one should be the lowest. 

If this is so, proceed further. If not, then repeat the wavelength calibration 
procedure using the mercury lamp, 

(k) Adjust the wavelength reading in step (a) to 313 nm and repeat steps 
(a) to 0). 

(1) Adjust the wavelength reading in step (a) to 257 nm and repeat (a) to (i). 
(m) The first of the three absorbance readings in this wavelength region should 

be a maximum. If it is not, check the wavelength calibration, 
(n) Adjust the wavelength reading in step (a) to 350 nm and repeat steps (a) to 

(i) and (m). 
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(o) Check that the value of absorbance measured at each of the four nominal 
wavelengths agrees to within 2% with the calculated value determined from 
your own, known solution strength. If the agreement is within 2%, the 
wavelength and absorbance scale of the spectrophotometer are in 'good 
working order' over this wavelength range. 

(p) If some of the points are within 2% of the calculated values and some are 
not, or if all four values are ' o f f by more than 2%, the curve of measured 
absorbance versus calculated absorbance will indicate whether the absorbance 
scale is non-linear or is linear but shifted. If the scale is non-linear, repeat 
the whole measurement procedure, checking carefully the 0% and 100% 
transmission settings. If the results are the same and the scale remains non-
linear, the curve of measured values versus calculated values can be used to 
correct experimentally-determined absorbance values. If the curve is linear 
but shifted, then check the wavelength calibration curve and check that the 
real minima at wavelengths of 235 nm and 313 nm, and the real maxima at 
257 and 350 nm occur at these wavelength settings. If so, repeat the proce-
dure and use the curve obtained to correct the experimental absorbance 
readings. (If a discrepancy is found, the supplier of the instrument should be 
asked to service it to bring it up to specification. After the instrument has 
been serviced, the complete calibration procedure should be repeated.) 

General references that can be consulted are Refs [119 ,175-177] . 
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GLOSSARY OF SOME BASIC TERMS AND CONCEPTS 

Bold words in an explanation refer the reader to another Glossary entry. 

Certain definitions, mainly of quantities and units, are based on or taken from standards published 
by international bodies such as BIPM, ISO and ICRU. The references are listed below: 

[Gl] BUREAU INTERNATIONAL DES POIDS ET MESURES. Le Systeme International 
d'Unites (SI), 3e Edition, OFFILIB, 48 rue Gay-Lussac, F-75005 Paris (1977): (An 
English translation entitled the International System of Units (SI) is available as National 
Bureau of Standards Special Publication 330, 1972 Edition, from the US Government 
Printing Office, Washington, DC, 20402, or from HMSO, London: the corresponding 
editions appear later than the French original.) 

[G2] INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, International 
Standard ISO 1000 (1973), and International Standard ISO 31/0-XIII (the latter 
standard is published in 13 parts with a general introduction ISO 31/0: the various parts 
have various publishing dates). These two standards concern themselves with quantities, 
units and symbols. 

[G3] INTERNATIONAL COMMISSION ON RADIATION UNITS AND MEASUREMENTS, 
Radiation Quantities and Units, ICRU Report 19, ICRU, Washington, DC (1971), and 
Supplement to ICRU Report 19 (1973). 

[G4] INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, Nuclear Energy 
Glossary, International Standard ISO 921 (1972). 
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absorbance, A, or optical density. The logarithm to the base 10 of the 
reciprocal of the transmittance, r , of an optically absorbing medium in a 
densitometric or spectrophotometric measurement: 

A =log 1 0 -
T 

where r = I / I 0 ,1 0 being the incident luminous flux density of the light and I 
the transmitted luminous flux [G2/VI], For example, A = 1.0 represents 
10% incident light transmitted, A = 2.0 represents 1% transmitted, etc. When 
this quantity is measured at a given wavelength of light, X, it is called spectral 
absorbance, A^, or spectral optical density. 

absorbed dose, D. The mean energy, dE, imparted by ionizing radiation to matter 
in a suitably small volume element divided by the mass, dm, of matter in 
that volume element [G3]: 

dm 

The SI derived unit of absorbed dose is the gray (Gy) [G1 ]; the traditional 
special unit is the rad, use of which is being phased out. 

absorbed dose rate, D. The increment in absorbed dose, dD, divided by the time 
interval, dt, in which it is accumulated [G3]: 

• dD 
D = — 

dt 

In SI the unit of measurement is the gray per second (Gy/s), or multiples 
or submultiples thereof [G1 ]. The traditional special unit was the rad per 
second (rad/s), or any multiples or submultiples thereof; use of these is 
being phased out. 

absorber. Any matter placed in the path of a radiation beam. Such matter causes 
a reduction in the radiation flux and, often, a change in radiation quality 
in the beam behind the absorber, the magnitude of the change varying 
with the type and spectrum of the radiation and the density and atomic 
constituency of the material. 
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absorber, semi-infinite. An absorber whose thickness is greater than the practical 
range of penetration of the radiation and whose lateral dimensions are 
considerably greater than those of the radiation field. 

absorbing event. An interaction, such as elastic or inelastic scattering, photo-
electric absorption, the Compton effect or pair-production, by which 
radiation energy is transferred to matter. 

absorption coefficient, see energy absorption coefficient. 

activity, A. The number, N, of spontaneous nuclear transformations occurring 
in a given quantity of radioactive nuclide during an incremental interval 
of time, dt, divided by that interval of time [G3]: 

. dN 

The SI derived unit of activity is the becquerel (Bq) [G1 ]; the traditional 
special unit is the curie (Ci), use of which is being phased out. 

amber Perspex dose meter, see PMMA dose meters. 

annihilation. Commonly used for the event when a positron and electron 
annihilate on interaction; their rest energy is converted into two photons, 
each of 0.51 MeV energy (see annihilation radiation). 

annihilation radiation. Electromagnetic radiation of 0.51 MeV energy resulting 
f rom an annihilation interaction between a positron and an electron. 

area density, see mass per unit area. 

atomic fluorescence. The emission of characteristic X-rays as a result of the 
photoelectric effect: the photoelectron is ejected from an atom, being replaced 
by an electron from an outer atomic orbit, accompanied by the emission 
of the K-shell, L-shell, etc. X-rays (the fluorescence yield increasing with 
the atomic number). It is in competition with the Auger effect. 
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attenuation coefficient (linear attenuation coefficient, ju, or mass attenuation 
coefficient, jz/p). Of a substance i, the quantity (/x)i is defined for a 
parallel beam of specified radiation, where the expression (/IAX), represents 
the fraction of indirectly ionizing particles that is removed from the incident 
beam by interactions in passing through a thin layer of thickness (Ax); of 
that substance. It varies with the spectral energy of the radiation. According 
as (Ax)j is expressed in terms of length or mass per unit area, the attenuation 
coefficient is termed linear, (p.)[, or mass, (ju/p)j, where p represents the 
density of the substance [G4]. 

The ICRU definition is also given for completeness [G3]: The mass attenuation 
coefficient, ;u/p, of a material for indirectly ionizing particles of specified energy is the 
quotient of dN/N by pdx, where dN/N is the fraction of particles that experience 
interactions in traversing a distance dx in a medium of density p: 

B 1 • d N 
p pN dx 

NOTES: (a) The term interactions refers to processes whereby the energy or direction 
of indirectly ionizing particles is altered, 

(b) For X or 7-ray photons: 

H = - l | °c | ffcoh + K p p p p p 

where r /p is the photoelectric mass attenuation coefficient, ac/p is the total Compton 
mass attenuation coefficient, <Jcoh/p is the mass attenuation coefficient for coherent 
scattering, and K/p is the pair production mass attenuation coefficient. (This equation 
applies if the nuclear interactions are not important. An extra term for such inter-
actions may be required for X or 7-ray energies in excess of a few million electronvolts.) 

Auger effect. The non-radiative transition occurring in an atom, especially one 
of low atomic number, as a result of the photoelectric effect, in which 
orbital electrons (Auger electrons) other than photoelectrons are ejected 
f rom the atom as a result of electron orbital readjustments f rom excited 
states to lower energy states. It is in competition with atomic fluorescence. 

Auger electron. Fast electron ejected as a result of interaction between an X-ray 
photon and an orbital (valence) electron, resulting in a non-radiative transition 
of an atom to a lower excited electronic energy state (see Auger effect, 
isomeric transition). 

background. Signals (e.g. radiation) that are recorded by a measuring device (e.g. 
dose meter) and which do not emanate from the radiation source of interest. 
Background radiation may be from a source external to the dose meter or arise 
from radioactive contamination of the dose meter or holder. Because of the high 
levels of radiation used in food irradiation, this problem will not normally be of 
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importance in dose-meter calibration procedures (see, for example §V-2.3.1). 
(Another 'background' effect is the alteration of the dose meter reading by 
allowing light, heat or aging to affect the sensitive volume of the dose meter.) 
See also noise. 

batch irradiator. A non-continuous irradiator in which the irradiation process 
must be stopped, the treated product removed, and the next batch of 
untreated product inserted for irradiation (§11-4.1.1 to .2.1). See 
stationary irradiator. 

beam overlap. (1) With pulsed electron accelerators, the overlap of the dose 
distribution resulting from one radiation pulse incident on the product 
followed by subsequent pulses along a beam scan so as to obtain a relatively 
uniform dose distribution in the direction of the scanning beam (see §11-4.2.4). 

(2) With scanned beams from electron accelerators, the overlap of the 
dose distribution resulting from the trace of one scan over the product ' 
surface followed by subsequent traces so as to obtain relatively uniform 
dose distributions in the direction of the conveyor movement of the product 
(see §11-4.2.4). 

beam power. The power or energy flux of a radiation beam incident on the 
product. Usually given in watts (= J/s). 

becquerel (Bq). The SI derived unit of activity, being one radioactive disintegration 
per second of time. It has dimensions of s"1, and its relationship to the 
traditional special unit, the curie (Ci), is: 

1 Bq = 2.7027 X 1 0 " n Ci 

The term disintegration refers to a nuclear transformation, i.e. either a change of nuclide 
or an isomeric transition. 

beta-particle, (3-particle. A /3~-particle is a high-speed (negatively charged) electron 
ejected from a nucleus during radioactive decay. A j3+-particle is a high-speed 
positron (positively charged electron) ejected from a nucleus during radioactive 
decay. 

bilateral irradiation. Irradiation of a product from two opposite sides simultane-
ously (see irradiator). 

binding energy. (1) For a particle in a system, the net energy required to move 
it f rom the system to infinity. 

(2) For a system, the net energy required to decompose it into its 
constituent particles. 

biological indicator. Biological system that undergoes a measurable and reproducible 
change on being irradiated. 
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BIPM, see SI. 

Bragg-Gray conditions, see cavity theory. 

bremsstrahlung. Photon radiation emitted by fast-moving charged particles that 
are decelerated or deflected by an electric or magnetic field (the 
originally German word means, literally, braking radiation). In food irradi-
ation, it is usually high-energy penetrating photon (electromagnetic) radiation 
produced by deceleration of fast electrons in high-atomic-number absorbers. 
It is physically identical to X-rays and similar to gamma rays and shows a 
broad spectral energy distribution having a maximum energy corresponding 
to the maximum energy of the incident electrons. 

broad beam. (1) The nature of a stream of incident radiation where the diameter 
is relatively large with respect to the size of the absorber or target (as con-
trasted with narrow beams). 

(2) In beam attenuation measurements, a beam in which the unscattered 
and some of the scattered radiation reach the detector. 

build-up. In the passage of radiation through a medium, the increase with depth 
in energy deposition due to the forward-moving secondary radiation produced. 
It leads to a maximum in the depth-dose curve. For example, with 60Co 
7-radiation, this maximum is at a depth of 0.5 cm in water (see § M . 1). 

bulk density. Weight per unit volume of the product 'en mass', as it would be 
irradiated (e.g. with potatoes, the air space between the potatoes is also 
considered in determining the bulk density). 

bulk irradiator. Irradiator with facilities (transport system) for handling produce 
in bulk (e.g. potatoes, grain, onions, etc.). 

calibration curve. The response curve (radiation effect as a function of absorbed 
dose) established under controlled conditions in which the doses are deter-
mined by comparison with a standard reference dose meter. 

calorimeter. A device for determining energy deposition by means of the resulting 
temperature change in the calorimeter body (see §1-5.1.1) or of some other 
thermal effect. 

cavity theory. When measuring exposure or absorbed dose, the dose meter must 
meet certain specified conditions, such as measurement under conditions of 
electron equilibrium and conforming as closely as possible to Bragg-Gray 
and Spencer-Attix conditions. Cavity theory deals with the generalizations 
of Bragg-Gray conditions and refinements introduced by Spencer and Attix, 
and Burlin. 

For further information, consult: BURLIN, T.E., "The theory of dosimeter 
response with reference to ionization chambers", Ch.2, Manual on Radiation Dosimetry 
(HOLM, N.W., BERRY, R.J., Eds), Marcel Dekker, New York (1970). 



GLOSSARY 133 

eerie sulphate/cerous sulphate dose meter. A liquid dosimetry system that can 
be used with high absorbed doses of ionizing radiation, i.e. 100 krad to 
50 Mrad ( 1 - 5 0 0 kGy). (See §V-3.6,-3.7.) 

Codex Alimentarius. A collection of internationally adopted food standards 
(codes of practice, guidelines, etc.) resulting from the activities of the 
Joint FAO/WHO Food Standards Programme as implemented by the Codex 
Alimentarius Commission, on which 114 states were represented in 1977. 

Compton effect. Interaction (elastic, incoherent scattering) between a (high-
energy) photon and a free or loosely bound electron, whereby the photon 
suffers a change in direction and a loss in energy, and the electron gains an 
amount of kinetic energy equivalent to that lost by the photon. 

confidence level, see confidence probability. 

confidence limits. The upper and lower values in a distribution of data within 
which a mean value from a succeeding measurement falls with the confidence 
probability. Both values of the confidence limits are calculated from the 
parameters of the distribution (e.g. design uniformity ratio, U, and 
appropriate standard deviation, sy) by the use of the t-value (see §111-2.2.6). 

confidence probability or confidence level. The probability with which a result 
will fall within specified limits. 

conversion efficiency (X-rays) or conversion ratio (X-rays). In the production 
of bremsstrahlung by the slowing down of electrons or other charged 
particles, the ratio of energy flux density of resulting photons to the energy 
flux density of incident electrons or particles. 

conveyor speed. Velocity of the product in a moving system, in this Manual 
especially restricted to the speed of the product in the source-pass positions. 

conveyor time cycle. The same as irradiation time cycle using a conveyor system, 
whether it be a continuous or a shuffle-dwell movement of the products. 
See also residence time. 

curie (Ci). The special unit of activity, which is being superseded by the 
becquerel (Bq). The curie is defined as: 

1 Ci = 3.7 X 1010 disintegrations per second = 3.7 X 1010 Bq 

The term disintegration refers to a nuclear transformation, i.e. either a change of nuclide 
or an isomeric transition. 

cycle time. In shuffle-dwell irradiators, cycle time = dwell time + shuffle time. 
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D m i n , D m a x . Mean minimum and maximum absorbed doses in the product. 
These are determined from the frequency distributions (normally Gaussian) 
of a number of determinations of the minimum and maximum absorbed 
doses, D m i n and D m a x respectively, measured in the food product (see 
§11-2 and Chapter III). 

decay law, radioactive. The fractional rate of decrease of the number of radio-
active atoms of a specifid radionuclide is constant, is independent of its age 
and surroundings, and is characteristic of that radionuclide. 

_ _ J_dN 
N dt 

where N is the number of radioactive atoms of a specific radionuclide at 
time t and X is the decay constant for the radionuclide. This equation can 
be integrated to give: 

N = N 0e"X t 

where N0 is the number of radioactive atoms present at t = 0. 

degraded spectrum. A radiation spectrum that has been shifted to lower energies 
owing to interaction with an absorber. 

density thickness, see mass per unit area. 

depth dose. The variation of absorbed dose with depth of penetration of a 
primary radiation beam incident perpendicularly on a planar medium, as 
determined along the central axis of the beam (see §1-4). 

direction, one- or two-, see irradiator. 

directly ionizing particles are charged particles (electrons, protons, a-particles, 
etc.) having sufficient kinetic energy to produce ionization by collision [G3], 

disinfestation. Control of the proliferation of insect and other pests in grain, 
cereal products, dried fruit, spices, etc. This requires a dose of ~ 30—100 krad 
(~0.3—1 kGy), which will usually kill pests in all life-cycle stages. (See §11-1.) 

dose, see absorbed dose 

dose distribution. The spatial variation in absorbed dose throughout the product, 
the dose having the extreme values D m a x and D m i n (see §1-4, §11-2, §111-2). 

dose meter. A device, instrument or system having a reproducible and measurable 
response to radiation that can be used to measure or evaluate the quantity 
termed absorbed dose, exposure or similar radiation quantity. [The word 
dosimeter has been replaced by dose meter [G4] as standard terminology 
(dose meter, but dosimetry, dosimetric).] 

dose meter probe. A dose meter that is inserted into material to be irradiated. 
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dose rate, see absorbed dose rate. 

dose uniformity, see uniformity ratio. 

dosimeter, see dose meter. 

dosimetry. The measurement of radiation quantities, specifically absorbed dose 
and absorbed dose rate, etc. 

dwell time. The time the product remains in each irradiation position in a 
shuffle-dwell irradiator (see §11-4). 

effective atomic weight. For most applications in food irradiation, for a com-
pound, the average atomic weight of all ingredients according to the 
proportion of the ingredients by weight. 

elastic scattering, see scattering. 

electron. A small particle having a rest mass of 9.107 X 10~28 g, an atomic mass 
of Yg57 of a hydrogen atom, a diameter of 10 - 1 2 cm, and carrying one 
elementary unit of positive or negative charge (1.602 X 10~19 C). The 
positively charged electron is called the positron, while the negatively 
charged electron is usually just termed electron (the term negatron is 
rarely used). See also beta particle. 

electron accelerator. A device for imparting large amounts of kinetic energy to 
electrons. 

electron beam. An essentially monodirectional stream of (negative) electrons which 
have usually been accelerated electrically or electromagnetically to high energy. 

electron capture (EC). Mode of radioactive decay of an atom in which its nucleus 
captures one of its orbital electrons, whereby a proton in the nucleus is 
transformed to a neutron and a neutrino is emitted. 

electron equilibrium, also called charged-particle equilibrium [G4]. The condition 
existing at a point, P, within a medium uniformly exposed to gamma or 
X-radiation whereby the sum of the kinetic energies of the electrons 
(liberated by the primary photons) entering an incremental volume con-
taining P equals the sum of the kinetic energies of electrons leaving that 
volume. This condition is approximately satisfied if the point P is surrounded 
on all sides by homogeneous material having a thickness equal to the maxi-
mum range of scattered electrons (see §1-4.2). Briefly stated — electron 
equilibrium exists if the energy fluence of the electrons throughout the 
immediate vicinity of the point P is constant. 
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electronvolt (eV). A unit of energy. One electronvolt is the kinetic energy acquired 
by an electron in passing through a potential difference of one volt in a 
vacuum. It is defined as [G1 ]: 

1 e V = 1.602 19 X 10~19 J, approximately 

It is a unit used with the SI whose value is obtained experimentally [G1 ]. 

energy absorption coefficient (linear energy absorption coefficient, /xen, or 
mass energy absorption coefficient, Men/p)- Of a substance i, the quantity 
(Men)i is defined for a parallel beam of specified radiation, where the 
expression (/uenAx)i represents the fraction of the energy of indirectly 
ionizing particles that is absorbed f rom the incident beam as it passes 
through a thin layer of thickness (Ax)j of that substance. It varies 
with the spectral energy of the radiation. According as (Ax)j is expressed 
in terms of length or mass per unit area, the absorption coefficient is termed 
linear, (Men)i> o r mass, (jUen/p)i, where p represents the density of the sub-
stance. The absorption coefficient is that part of the attenuation coefficient 
resulting f rom energy absorption only [G4]. 

The ICRU definition is also given for completeness [G3]: The mass energy 
absorption coefficient, /Men/p, of a material for indirectly ionizing particles of specified 
energy is the product of the mass energy transfer coefficient, HtilP> f ° r that energy and 
(1-g), where g is the fraction of energy of secondary charged particles that is lost to 
bremsstrahlung in the material. 

p p 

While the two coefficients can differ considerably when the kinetic energies of the 
secondary particles are comparable with or larger than their rest energies, particularly 
for interactions in high-Z materials, in most food irradiation applications g is small and, 
hence, the two coefficients are, for practical purposes, identical. 

energy fluence, At a given point in space or in an absorbing medium undergoing 
irradiation, the sum of the energies, exclusive of rest energies, of all particles 
incident during a given time interval on a suitably small sphere centred at 
that point divided by the cross-sectional area of that sphere. It is the same 
as the time integral of energy flux density [G4]. 

energy flux density, \p, or energy fluence rate. At a given point in space or in an 
absorbing medium undergoing irradiation, the sum of the energies, exclusive 
of rest energies, of all particles incident per unit time on a suitably small 
sphere centred at that point divided by the cross-sectional area of that sphere. 
It is identical with the product of the particle flux density and the average 
energy of the particles [G4]. 
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energy transfer coefficient (linear energy transfer coefficient, fi^, or mass energy 
transfer coefficient, ^ t r /p) . Of a substance i, the quantity (Mtr)i is defined 
for a parallel beam of specified radiation, where the expression (jutr Ax)j 
represents the fraction of the energy of indirectly ionizing particles transferred 
in passing through a thin layer of thickness (Ax)j of that substance. It varies 
with the spectral energy of the radiation. According as (Ax)j is expressed in 
terms of length or mass per unit area, the transfer coefficient is termed linear, 
(n b ) i , or mass, (/%/p);, where p represents the density of the substance. 

The ICRU definition is also given for completeness [G3]: The mass energy transfer 
coefficient, / j t r /p , of a material for indirectly ionizing particles of specified energy is the 
quotient of dEjr/E by p d x when dE t r /E is the fraction of incident particle energy 
(excluding rest energies) that is transferred to kinetic energy of charged particles by 
interactions in traversing a distance dx in a medium of density p. 

Mtr _ _1_ dE^ 
p pE dx 

(From Ref. [G3], which should be consulted for more detailed information.) 

entrance dose, surface dose. The absorbed dose in a product at the entrance 
surface (or extrapolated to this surface), i.e. where the radiation beam 
enters the product. 

error probability. The probability with which a result will fall outside the 
specified limits. 

ethanol-chlorobenzene dose meter. A dose meter in which radiation dissociates 
chlorobenzene with the formation of hydrochloric acid and other radiolytic 
products. Useful dose range: 40 krad to 20 Mrad (0.4 to 200 kGy). 
(See §V-3.4.) 

exit dose. The absorbed dose in a product at the exit surface (or extrapolated 
to this surface), i.e. where the radiation beam leaves the product. 

exposure, X. For gamma or X-rays in air, the sum of the electrical charges 
of all the ions of one sign produced in air when all electrons (negatrons and 
positrons) liberated by photons in a suitably small volume element of air 
are completely stopped in air divided by the mass of air in the volume 
element [G3], The special unit of exposure is the roentgen, R: 

1 R = 2.58 X 10~4 C/kg 

In SI, the unit is coulombs per kilogram: there is no derived unit for this 
quantity. (See kerma.) 

exposure rate, X. The increment of exposure during a suitably small interval of 
time divided by the time interval. The unit of exposure rate is of the form 
roentgens per time, e.g. R/s, mR/h, etc., or, in SI units, C kg - 1 • s"1, etc. 
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external standard. (1) Any suitable radioactive source that is accurately defined 
and can be used as a standard to calibrate a measuring system. 

(2) Any standard or master system that is used to calibrate a measuring 
system (e.g. 'master' ferric ion solution for calibrating the Fricke dose meter 
[see §V-1.1.2]). 

FAO. Food and Agricultural Organization of the United Nations, Rome (Italy). 

ferrous sulphate/cupric sulphate dose meter. A dosimetry system similar to the 
ferrous sulphate (Fricke) dose meter system, but whose sensitivity is 
decreased by the addition of CuS0 4 . The absorbed dose range covered is 
- 2 0 0 - 8 0 0 krad ( 2 - 8 kGy), although it can be used down to ~ 6 0 krad 
(0.6 kGy) with some loss of accuracy. (See §V-2.2.) 

ferrous sulphate dose meter, see Fricke dose meter. 

ferrous sulphate dosimetry. Dosimetry making use of the oxidation of ferrous 
ions to ferric by ionizing radiation. For details, see Fricke dose meter 
(§1-5.1.2 and §V-2.1) and ferrous sulphate/cupric sulphate dose meter 
(§V-2.2). 

film badge. Small radiographic film in light-tight envelope worn by personnel 
working in radiation areas to register exposure to ionizing radiation. 

fluence, energy, see energy fluence. 

fluence, particle, see particle fluence. 

flux density, energy see energy flux density. 

flux density, particle see particle flux density. 

food product, see product. 

frequency distribution. An arrangement of statistical data that exhibits the 
frequency of occurrence of the values of a variable. 

Fricke dose meter. Dose meter using the change in ultraviolet absorption 
caused by oxidation by ionizing radiation of ferrous ions to ferric. It is 
accepted as a standard system for calibrating other dose meters (see §1-5.1.2 
and, for procedure, §V-2.1). The absorbed dose range covered is ~ 4 X 103 

to ~ 4 X 104 rads ( 4 0 - 4 0 0 Gy). With oxygen saturation of the dose meter 
solution (this system is called the "super" Fricke dose meter) it can be used 
up to ~ 2 X 105 rads (2 kGy). 

gamma rays, 7-rays. Penetrating electromagnetic radiation (photons) emitted 
f rom a specific radionuclide in the process of nuclear transition or f rom 
any material as a result of particle annihilation. With food irradiation, 
gamma rays are generally high-energy penetrating photons as emitted from 
60Co or 137Cs radionuclide sources. 
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Gaussian distribution, see normal distribution. 

geometry. A term used loosely to designate the arrangement in space of the 
various components of an irradiation or measuring system (see §1-1). This 
designation includes positions of source, detector and any intervening 
absorber. The solid angle around the source that is irradiated or measured 
is also sometimes indicated, e.g. '2ir geometry'. (See irradiation geometry.) 

glass dose meters. The absorption of ionizing radiation in silver-activated phosphate 
glass gives rise to fluorescing or colour centres. The darkening can be mea-
sured spectrophotometrically, or use can be made of the radiophotoluminescence 
(see §V-3.5). 

go/no go monitor. A radiation detector that undergoes an easily detectable 
change under irradiation at a given absorbed dose level such that it is 
possible to state that the detector material has been irradiated to roughly 
that dose or to above a certain dose. Frequently used in addition to inventory 
control in food irradiation plants to confirm that packages have passed 
through the irradiation process. Visually observable changes, such as colour 
changes, are typical of those exhibited by go/no go monitors (see §IV-5). 

grain irradiator. A bulk irradiator that is designed to desinfest grain, cereals or 
animal feed. It usually comprises one or more radiation sources past which the 
product flows freely under gravity from the input hopper. 

gray (Gy). The SI derived unit of absorbed dose of ionizing radiation, being equal 
to one joule of energy absorbed per kilogram of matter undergoing irradiation. 
It has dimensions of J/kg, and its relationship to the traditional special unit, 
the rad, is: 

1 Gy = 100 rad (= 1 J/kg) 

G-value. The radiation yield of chemical changes in an irradiated substance, in 
terms of the number of specified chemical changes produced per 100 eV or 
per joule of energy absorbed from ionizing radiation. Examples of such 
chemical changes are production of particular molecules, free radicals, ions, 
etc. In the case of molecules affected, it is sometimes called molecular 
yield. 

At present, most data are given as number of chemical changes per 100 eV. To 
convert to SI units, transform to per-eV value and divide by 1.602 X 10"19 to obtain 
data in per-joule value, i.e. 

(i s 6 x i r r 2 \ 
1 ,n-is>) J " ' 9.74 X l O ' T 1 

1.602 X 10 / 



140 GLOSSARY 

half-life, radioactive, T1 / 2 . For a single radioactive decay process, the time 
required for the (radio) activity to decrease to half its value by that process. 
In food irradiation, it is used to determine the reduction of the source 
strength of 7-ray sources with time. 

heat capacity. The quantity of heat (i.e. energy) required to raise the temperature 
of a given mass of substance by one degree of temperature difference. (In 
the SI system, the unit would be J/K, and the specific heat capacity, or heat 
capacity per unit mass, would be J ' k g - 1 ' K _ 1 . ) 

IAEA. International Atomic Energy Agency, Vienna (Austria). 

ICRP. International Commission on Radiological Protection, Sutton (Surrey, UK). 

ICRU. International Commission on Radiation Units and Measurements, 
Washington, DC (USA). 

in-cell inventory. All the product present in the irradiation chamber during 
irradiation. 

indexing. The step-wise movement of a product package. 

indirectly ionizing particles are uncharged particles (neutrons, photons, etc.) 
which can liberate directly ionizing particles or can initiate nuclear 
transformations. 

inelastic scattering, see scattering. 

integrated dose. The total absorbed dose received by a material, determined by 
summing up all individual dose contributions over a period of time or after 
completion of an irradiation process. 

internal conversion (IC). A process whereby an atomic nucleus, that would other-
wise emit a 7-ray photon, de-excites by interacting with one of its own 
orbital electrons (usually in the K, L or M shell), the electron being ejected 
at high velocity. The ejected electron (termed the conversion electron) has 
a kinetic energy which is the difference between the transition (de-excitation) 
energy and the binding energy. 

inventory control. An administrative check to ensure that all the product is 
treated once and only once (separation of treated and untreated product — 
see §IV-5). 

inverse-square law. A law stating that the intensity of radiation emanating 
uniformly over the full solid angle (4n) from a source in vacuum decreases 
proportionally and monotonically with the square of the distance from the 
source, i.e. is inversely proportional to the square of the distance. 

ionization. Production of ion pairs, one of which may be an electron. 
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ionization chamber. A device used in dosimetry, in particular for the measurement 
of absorbed dose and exposure. Its operation is based on measuring the 
number of ions produced by the radiation in a gas-filled vessel (by measuring 
the charge collected). 

ionizing radiation. Any radiation, consisting of directly or indirectly ionizing 
particles, or a mixture of both. 

irradiation cycle. The entire sequence of events experienced by the product f rom 
the instant it enters the irradiation chamber (beginning of radiation treat-
ment) to the instant it leaves the irradiation chamber (completion of radiation 
treatment). 

irradiation geometry. The spatial description of the relative positions of the 
product and the radiation source during the radiation treatment (comprises 
source-to-target distance, sizes, spacing, shape, position of scattering or 
shielding material, etc.). (See geometry.) 

irradiation time cycle. The time interval required to complete one irradiation 
cycle (do not confuse with cycle time). 

irradiator. That part of the radiation facility that houses the radiation source and 
associated equipment, i.e. the radiation chamber inside the radiation 
protection shield. 

Terminology. The descriptions of radionuclide plaque source irradiators are involved, 
so the nomenclature is briefly explained here. 

IRRADIATION C H A M B E R 

• ^ E H X X T T 
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FIG.A. Single-plaque-source, one-direction, multi-position, 2-pass irradiator. 
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S O U R C E PLAQUE, 

\ 

FIG.B. Single-plaque-source, two-direction, 12-position, 2-pass irradiator. 

direction, one- or two-. This refers to the movement of the package or pallet with 
reference to two mutually perpendicular axes which lie in a plane that is parallel 
to the face plane of a plaque source. If all product movement takes place parallel 
to one such axis, it is a one-direction irradiator; if product movement occurs 
parallel to the second axis also, it is a two-direction irradiator (see Figs A—C). 
The movements are made to ensure a uniform dose distribution in the product 
in one or both directions. (It should be noted that movements perpendicular to 
the face plane of the source do not constitute "a direction".) 

position, single-, 2-, 3 - , . . . or multi-. This refers to the number of irradiation positions, 
fixed relative to the source, each position (if there is more than one) being 
occupied in turn by the package or pallet being irradiated (see Figs A - C ) . 

pass, single-, 2-, 3- , . . . or multi-. The number of passes is defined by the number of 
planes parallel to the face plane of the plaque source in which the product is 
moved while undergoing irradiation (i.e. product movements in each such plane 
are parallel to the source plaque in one or two directions). (See Figs A—D.) 

ISO. I n t e r n a t i o n a l O r g a n i z a t i o n f o r S t a n d a r d i z a t i o n , G e n e v a ( S w i t z e r l a n d ) . 

i someric transit ion ( I T ) . D e c a y w i t h a m e a s u r a b l e ha l f - l i f e o f a n i s o m e r ( in a 
m e t a s t a b l e s t a t e ) t o a n i s o m e r o f l o w e r e n e r g y . D e - e x c i t a t i o n o f a n u c l e u s 
m a y o c c u r b y e m i s s i o n of a g a m m a p h o t o n o r b y internal convers ion ( IC) , 
w i t h emi s s ions of X-rays a n d / o r Auger e lectrons . 

i so topes . N u c l i d e s hav ing t h e s a m e a t o m i c n u m b e r ( i .e . t h e s a m e c h e m i c a l 
e l e m e n t ) b u t h a v i n g d i f f e r e n t m a s s n u m b e r ( i .e . s a m e Z, d i f f e r e n t A ) . 



GLOSSARY 143 

P L A N 

I 
~20] 

l_ - J _ _ . J . 
'J— 
_l 

c 
"T" 
_ _L. - L . 

101 "T" 
• S O U R C E P L A Q U E 

" I 1 
- L . 

~rr ~T — 

_ 1 _ . 
"I 

ONE D I R E C T I O N 

f A S S 

P A S S T H R E E . 

j>AS 

FIG.C. Single-plaque-source, one-direction, multi-position, 4-pass irradiator. 

S O U R C E P L A Q U E 

FIG.D. Single-plaque-source, two-direction, multi-(100-)position, 4-pass irradiator. 

kerma, K. (This quantity may replace exposure in the near future.) The kerma 
is the quotient of dE^. by dm, where dE^ is the sum of the initial kinetic 
energies of all the charged particles (electrons) liberated by indirectly 
ionizing particles (photons) in a volume element of the specified material, 
and dm is the mass of the matter in that volume element: 

dm 
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The SI derived unit of kerma is the gray (Gy); the traditional special unit is 
the rad, use of which is being phased out. Kerma may be a useful quantity 
in photon dosimetry when electron equilibrium exists in the material at the 
point of interest, and bremsstrahlung losses are negligible. It is then equal 
to the absorbed dose at that point [G3]. 

k-value. In statistical treatment of measured data, the k-value is a function of the 
fraction of measurements considered, the confidence probability required 
and the number of measurement values available (see §111-2.1). 

labyrinth. A passage linking two areas that is designed to follow a tortuous path 
such that no radiation originating in one area can pass into the other area 
without undergoing at least a single reflection or absorption at a passage-
wall interface. 

legal tainting. This occurs when the irradiated product is given an absorbed dose 
exceeding that allowed by a regulatory agency. 

LET, see linear energy transfer. 

linear absorption coefficient, /xen, see energy absorption coefficient. 

linear attenuation coefficient, ju, see attenuation coefficient. 

linear energy transfer (LET), also called restricted linear collision stopping 
power, L^ . The average energy locally imparted to a medium by a charged 
particle of specified energy along a suitably small element of its path, 
divided by that element [G4]. 

The ICRU definition is also given for the sake of completeness [G3]: The linear 
energy transfer, L A , of charged particles in a medium is the quotient of dE by dx, where 
dx is the distance traversed by the particle and dE is the energy loss due to collisions 
with energy transfers less than some specified value A. 

(a) Although this definition specifies an energy cut-off and not a range cut-off, the 
energy losses are sometimes called "energy locally imparted". 
(b) In order to simplify notation and to ensure uniformity it is recommended that 
A be expressed in electronvolts. Thus, Lioo is the LET for an energy cut-off of 100 eV. 
(c) L^, = S c o i : see stopping power. 

linear stopping power, S, see stopping power. 

limiting dose uniformity ratio, see uniformity ratio. 
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luminescence. The property of a material which causes it to emit light as a 
result of some excitation or 'stimulation' (the term does not include 
incandescence). The two types of luminescence are (i) fluorescence, 
present only as long as the excitation is applied, and (ii) phosphorescence, 
which persists after the excitation has ceased. All such materials are termed 
phosphors, and may show either or both of the two effects. Luminescence 
is classified by the method of excitation, e.g. photoluminescence — lumines-
cence caused by excitation with light, usually u.v., thermoluminescence -
excitation with heat, etc. If the luminescence arises owing to prior irradiation, 
the complex term is prefixed by radio-, e.g. radiophotoluminescence, 
radiothermoluminescence, effects that can be used in dosimetry. Radio-
fluorescence, i.e. luminescence in a phosphor due to prompt release of 
energy absorbed from ionizing radiation, is termed scintillation. 

lyoluminescent dose meters. Certain organic and inorganic materials which emit light 
when dissolved in water or other solvent after irradiation (lyoluminescence). 
A measurement of the integrated light output gives a measure of absorbed 
dose (see §V-3.8). The absorbed dose range covered is ~ 103—106 rads 
( 0 . 0 1 - 1 0 kGy). 

mass absorption coefficient, juen/p, s e e energy absorption coefficient. 

mass attenuation coefficient, n/p, see attenuation coefficient. 

mass energy absorption coefficient, see energy absorption coefficient. 

mass energy transfer coefficient, see energy transfer coefficient. 

mass per unit area. A parameter used for specifying thickness of absorber that, 
for a given radiation, is independent of the absorbing material itself over a 
wide range. It is obtained by multiplying the absorber thickness, i.e. path 
length through the absorbing medium, by the density of the medium. There 
is no agreement on a name for this, it being called variously surface density, 
density thickness, area density, mass thickness and, simply, thickness. The 
dimensionally descriptive title is used in this Manual. 

mass stopping power, S/p, see stopping power. 

master ferric ion solution. A standard ferric ion solution prepared to enable a 
spectrophotometer to be calibrated before determining absorbed dose as 
derived from the yield of ferric ions due to irradiation of the ferrous 
sulphate (Fricke) or the ferrous sulphate/cupric sulphate dose meter. 
(See §V-2.1.2.) 

microbial spoilage. The spoiling of a food product by microbial action, giving 
rise to typical signs of food decay, such as discoloration, bad odour, bad 
taste, etc., and/or to production of toxins. Such spoilage could occur if 
part of the food product receives less than effective dose in certain treatments. 
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Microorganisms. Microscopically small organisms, mostly unicellular including 
groups like bacteria, yeasts, moulds and viruses. Except for the last, 
the first three groups may grow on (inanimate) food material, some 
may cause its spoilage (undesirable sensory changes), others (the pathogens) 
may cause illness of the consumer (food-borne disease). They may elicit 
spoilage and damage to health simultaneously. Some microorganisms, of 
which bacteria are of special practical importance, produce enduring forms 
called spores which normally are more resistant to destructive agents in 
their environment (e.g. radiation, heat, chemicals). Other microorganisms 
cannot form spores and consist only of vegetative cells which, as a rule, are 
less resistant (non-spore-forming microorganisms). 

Specific non-spore-forming pathogenic microorganisms. Microorganisms not capable of 
forming spores but harmful to human health. Of specific importance to food 
irradiation in this category of microorganisms are bacteria like salmonellae, 
staphylococci, enterococci. Radicidation usually aims at destroying (most or all 
of) the living salmonellae present in the food. 

Specific spoilage microorganisms. Microorganisms causing sensory (taste, flavour, odour) 
deterioration of food, rendering the latter less or not palatable, but not causing 
illness in humans (non-pathogenic microorganisms). They may be both of the 
vegetative (non-spore-forming) or of the spore-forming type. 

Viruses. The smallest living entities, dependent, for multiplication, upon a living host 
organism. They may infect inanimate food but do not multiply on it. Very 
resistant to ionizing radiations but rather sensitive to heat. 

Bacteria. Microscopic, unicellular organisms which do not contain chlorophyll; mostly 
between 0.5 and 3 jLim in size. May cause disease in plants and animals (pathogens), 
spoilage, biological oxidation or fermentation in food. Some may develop durable 
forms (spore-formers). 

Yeasts. Microscopic fungi, reproducing by budding or by cell division; mostly 3—15 jum 
in size. Some may form spores (ascospores). May produce fermentation, and/or 
spoilage in food. 

Moulds. Fungi that produce branched filaments, mycelia; reproduce also by spores. 
May cause spoilage by surface growth or fermentation. 

molar extinction coefficient, ej or molar absorption coefficient. A constant 
relating the absorbance of an optically absorbing medium at a given wavelength 
(spectral absorbance) per unit pathlength to the molar concentration of that 
medium in its host substance: 

d [i] 

where A\ is the spectral absorbance at a given wavelength X, d is the optical 
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pathlength, and [i] is the concentration of the absorbing medium. 
Units of measurement are: 

traditional units SI units 

d cm 

mol/1 or M 

l - m o f ' - c m " ' or M_1-cm' 

or M 

m 

mol/m3 

m 2 m o l 

Traditional data for fij are multiplied by 10 1 to obtain SI values. 

molecular yield, see G-value. 

monitoring. General routine measurements of parameters related to the radiation 
treatment. Monitoring may involve either simply a qualitative indicator 
measurement or a precise measurement of radiation quantities. 

monoenergetic radiation. Radiation comprising photons or particles that all have 
the same spectral energy. 

narrow beam. In beam attenuation measurements, a beam in which only the 
unscattered and small-angle forward scattered radiations reach the detector. 
(See also broad beam.) 

negatron, see electron. 

noise. Background signals and those originating in the measuring equipment that 
interfere with the measurement and, in measuring small signals, determine 
the limiting sensitivity of the measuring system. 

normal distribution, or Gaussian distribution. Symmetrical arrangement of 
replicate values that deviate randomly on either side of a mean value. This 
bell-shaped distribution is described mathematically by the Gaussian 
equation. It is completely determined by two parameters, the mean value 
and the standard deviation. 

nuclear transformation. This term designates a change of nuclide or an isomeric 
transition. 

nuclide. Any given atomic species characterized by (1) the number of protons, 
Z, in the nucleus, (2) the number of neutrons, N, in the nucleus, and (3) 
the energy state of the nucleus (in the case of an isomer). 

optical density, see absorbance. 

overdose. In food irradiation, an absorbed dose greater than the defined or 
authorized value of maximum dose. 
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package irradiator. A radiation source and conveyor arrangement for irradiating 
a product that is packaged in sealed boxes or similar, usually rectangular 
containers (see §11-5). 

pair production. The simultaneous formation of a positive and negative electron 
(positron and negatron) as a result of the interaction of a photon of sufficient 
energy ( > 1.02 MeV) with the field of an atomic nucleus or other particle. 
(The reverse process produces annihilation radiation.) 

pallet irradiator. A radiation source and conveyor arrangement designed to 
irradiate a product carried on pallets or in open-topped containers (see 
also shallow-box irradiator) (see §11-5.1). 

particle fluence, 4>. At a given point in space or in an absorbing medium under-
going irradiation, the number of particles incident during a given time 
interval on a suitably small sphere centred at that point divided by the 
cross-sectional area of that sphere. It is the same as the time integral of 
particle flux density [G4], 

particle flux density, or particle fluence rate. At a given point in space or in 
an absorbing medium undergoing irradiation, the number of particles 
incident per unit time on a suitably small sphere centred at that point 
divided by the cross-sectional area of that sphere. It is the same as the 
product of the particle density and the average speed of the particles [G4]. 

pass, single-, 2-, 3- , . . . or multi-, see irradiator. 

peak dose. D m a x in a depth-dose curve. 

per cent transmission. The transmittance represented as a percentage, i.e. 
multiplied by 100 (see absorbance). 

photoelectric absorption, or photoelectric effect. The complete absorption of 
a photon by an atom. The energy of the photon is transferred to an (inner) 
orbital electron that is then ejected from the atom. Atomic fluorescence 
(a characteristic X-ray) is emitted as this orbital electron is replaced by an 
electron from an outer atomic orbit. 

photon. A quantum or unit of electromagnetic radiation, the photon being 
considered as an elementary particle. A photon of frequency v has an energy 
of hp, where h is Planck's constant (6.6256 X 10"34 J s). 

plaque source. An arrangement of radionuclide sources in planar configuration. 

plastic film dose meters. Dose meters consisting of plastic films which undergo 
an irradiation effect that can be used as a measure of absorbed dose. In most 



GLOSSARY 149 

cases, the measured effect is a change of absorbance (optical density), which 
at specified optical wave lengths can be correlated with the dose by means 
of a calibration curve. Those mentioned or discussed in this Manual are: 

cellulose, dye-containing: §V-2.6.2. 
cellulose acetate butyrate: §V-3.2. 
cellulose diacetate: §V-3.2. 

• cellulose triacetate: §V-3.2; dye-containing: §V-2.6.2. 
gelatin, dye-containing: §V-2.6.2. 
nylon, dye-containing: §V-2.6.2. 
polycarbonate: §V-3.2. 
polychlorostyrene, dye-containing: §V-2.6.3. 
polyethylene terephthalate: §V-3.2. 
polymethylmethacrylate (PMMA): §V-2.3 (clear); §V-2.4(red); §V-2.5 (amber). 
polyvinyl acetate, dye-containing: §V-2.6.2. 
polyvinyl butyral, dye-containing: §V-2.6.2. 
polyvinyl chloride: §V-3.1; dye-containing: §V-2.6.2. 
polyvinyl fluoride: §V-3.2. 
polyvinyl pyrrolidone, dye-containing: §V-2.6.2. 
tetrazolium chloride salt in polyvinyl alcohol: §V-3.2. 

PMMA dose meters. This plastic (polymethyl methacrylate) undergoes changes 
in absorbance (optical density) at certain wavelengths that are correlated 
with absorbed dose of ionizing radiation. Depending on the thickness, the 
dose ranges measurable are 100 krad to 10 Mrad (1 to 100 kGy). Red and 
amber varieties are used as well as the colourless, i.e. "clear" (see §V-2.3 
(clear), §V-2.4 (red), §V-2.5 (amber)). Trade-names for PMMA are Perspex, 
Lucite, Plexiglas, etc. 

pocket dose meter. A robust electrometer-type instrument designed to be worn 
in the pocket to register the integrated dose of penetrating (photon) radi-
ation to which, for example, an operator in an irradiation facility might 
have become exposed. 

polymethyl methacrylate dose meters, see PMMA dose meters. 

polyvinyl chloride dose meter, see PVC dose meter. 

position, single-, 2-, 3- , . . . or multi-, see irradiator. 

positron, see electron. 

pot-anode X-ray tube. An X-ray tube that has the product inside the irradiator 
in a pot-type geometry (see §11-4.2.1). (See batch irradiator.) 

primary radiation. Incident radiation before interaction with an absorber. 

processor. The organization, group, company, contractor or person operating an 
irradiation plant or facility. 
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product. The food, in bulk or packaged, raw or processed, that is to be treated 
by irradiation, i.e. the target of the irradiation process. (The term product 
is used for the food product at any time before, during and after irradiation.) 

product equivalence. The quality of an irradiated substance such that its radiation 
absorption characteristics correspond closely to those of the product. 

PVC dose meter. A plastic film (polyvinyl chloride) which undergoes changes in 
absorbance that are correlated with absorbed dose. It is not recommended 
for accurate dosimetry, but can be used for monitoring functions (see §V-3.1). 

rad (rad). The special unit of absorbed dose [G3], which is being superseded by the 
gray (Gy). The rad is defined as: 

1 rad = 0.01 Gy = 0.01 J/kg (= 100 erg/g) 

radappertization. The application to foods of doses of ionizing radiation 
sufficient to reduce the number and/or activity of viable microorganisms 
to such an extent that very few, if any, are detectable in the treated food 
by any recognized method (viruses being excepted). In the absence of 
post-processing contamination no microbial spoilage or toxicity should 
become detectable with presently available methods, no matter how long 
or under what conditions the food is stored (see §11-1). Dose ranges used 
are ~ 1 - 5 Mrad ( - 1 0 - 5 0 kGy). 

radiation. To be understood as referring to ionizing radiation in this Manual. 

radiation energy. The spectral energy of the particles in the radiation beam. The beam 
may be monoenergetic, comprise particles of a number of discrete energies 
or comprise a mixture of energies giving rise to a continuous energy spectrum 
(see spectral energy). (See §1-3.2.3.) 

radiation facility. The engineering plant, housing the radiation source and all the 
ancillary equipment required for carrying out the radiation process. 

radiation process. As applied to food irradiation, the act of irradiating a product 
in order to treat it in a beneficial way (e.g. to improve its intrinsic or 
commercial value, or to extend is keeping qualities, etc.). 

radiation profile. The variation of absorbed dose (or other similar radiation 
quantity) with depth or lateral distance in a product (see also dose distribution). 

radiation quality. A loose qualitative term indicating the spectral characteristics 
of a radiation field. For example, softness and hardness as radiation qualities 
represent, respectively, relatively low and high spectral energies in the given 
radiation field. 
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radiation quantity. A quantity characteristic of a particular radiation and capable 
of being measured. Thus particle flux density is a radiation quantity, while 
hardness (see above) is not [G4]. 

radiation source. An apparatus or radioactive substance in a suitable support 
that constitutes the origin of the ionizing radiation (e.g. cobalt-60 source 
rods in a frame, or an electron accelerator). (See §11-3, §11-4.) 

radiation spectrum. The distribution of spectral energy of a given radiation. 

radicidation. Is the practical elimination of pathogenic organisms and microorga-
nisms other than viruses by means of irradiation. It is achieved: (i) by the 
destruction of organisms like tape worm and trichina in meat, for which 
doses range between 10 to 100 krad (0.1 to 1 kGy): and (ii) by the reduction 
of the number of viable specific non-spore-forming pathogenic microorganisms, 
such that none is detectable in the treated food by any standard method, for 
which doses range between 200 to 800 krad (2 to 8 kGy). (See §11-1.) 

radioactive decay law, see decay law, radioactive. 

radioactivity, see activity. 

radiochromic dye dosimetry system. This system is based on the intense, perma-
nent coloration produced by ionizing radiation in triphenylmethane dye 
cyanide, dye methoxide, or other leuco dye solutions. Both the solutions 
themselves and thin plastic films impregnated with the solutions can be used 
for dosimetry. Solutions have a useful dose range of 1 — 1000 krad (10— 104 Gy); 
the film dose ranges extend from 1 krad to 30 Mrad (10 Gy to 300 kGy), 
depending on the film type. (See §V-2.6.) 

radiochromic dye system. A precursor of a dye that is transformed to dye by 
the absorption of radiation energy; used in dosimetry (see §V-2.6). 

radionuclide. A radioactive nuclide [G4]. 

radiophotoluminescent material. A substance that, after irradiation, emits 
luminescence radiation when stimulated by optical radiation (e.g. ultra-
violet or visible radiation). 

radurization. The application to foods of doses of ionizing radiation sufficient 
to enhance keeping quality (usually at refrigeration temperature) by causing a 
substantial decrease in numbers of viable specific spoilage microorganisms 
(see §11-1). Dose ranges used are ~ 4 0 k r a d - 1 Mrad ( ~ 0 . 4 - 1 0 kGy). 

range. The distance that a charged particle will penetrate a given substance before its 
kinetic energy is reduced to such a level that it will no longer cause ionization. 
As used of alpha and beta particles of given (maximum) energy, the maximum 
distance they will penetrate a given substance in a specified direction (since 
/T particle tracks, in particular, are tortuous). 
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red Perspex dose meter, see PMMA dose meters. 
reference dose meter. A standard dosimetric system with which absorbed dose 

can be determined in terms of measurements of radiation-induced changes 
of physical quantities, ionization current, electric charge or temperature, or 
in terms of measurements of radiation chemical yields from standard solutions 
that are readily available from stock and can be accurately reproduced at any 
time in any laboratory. These reference systems do not need calibration 
against some other standard dose meter (see §1-3.2). 

relative biological effectiveness (RBE). A factor which allows for the fact that radiations 
with different specific ionizations, i.e. with different linear energy transfers, will 
produce different effects in an organism for the same absorbed dose. 

rem (rem). The unit of dose equivalent used for radiation protection purposes 
only (see ICRU Report 19 and its Supplement [G3]). Its dimensions are joules 
per kilogram (i.e. energy per mass). 

residence time. The time the product must be in the radiation facility to complete 
its radiation treatment: usually equal to the time required for one irradiation 
cycle. 

response, f. The measured radiation effect per unit absorbed dose (see §1-3.1). 

rest energy, electron, or rest-mass energy of an electron. The energy equivalent 
of the mass of an electron at rest, namely 0.51 MeV. 

ripening delay, ripening stimulation. Effects that can be produced in certain fruits 
by ionizing radiation owing to the enzymatic changes that result. Dose ranges 
used a r e - 1 0 - 1 0 0 krad ( - 0 . 1 - 1 kGy). (See §11-1.) 

roentgen (R). The special unit of exposure (q.v.), defined as: 

1 R = 2.58 X 10~4C/kg 

There is no SI derived unit for this quantity (see kerma). 

routine dose meter. A dose monitor or dose meter having a reproducible response, 
which must, however, be calibrated against a reference dose meter in order 
to make an accurate dose interpretation (see §1-3.2). 

scattering. Change in direction of a particle or photon due to a collision or inter-
action with another particle, an atom or a system, (i) If the total kinetic 
energy is conserved, the process is termed elastic scattering, (ii) If some of 
the total kinetic energy raises a target atom or nucleus to a higher energy 
state, the process is termed inelastic scattering, (iii) If the scattering centres 
act such that the scattered particles bear a phase relationship to one another, 
coherent scattering results; for example, a crystal lattice will scatter particles 
in a way that results in a diffraction pattern, (iv) If no phase relationship 
exists, the scattering is incoherent; for example, Compton scattering (see 
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Compton effect), (v) If the scattering angle is less than 90°, the term 
forward scattering is used; is it greater than 90°, the term back-scattering 
is used, (vi) A photon or particle may undergo single or multiple scattering. 

secondary radiation. Radiation resulting from the interaction of primary radiation 
with an absorbing medium. 

shallow-box irradiator. A radiation source and conveyor arrangement designed 
to irradiate product that is packed in shallow, closed or open-topped con-
tainers. Such containers are typically used for soft food products such as 
strawberries, fish, etc. (see §11-5.2). 

shuffle dose. In a shuffle-dwell irradiator, the absorbed dose received by the 
product during its movement from one dwell position to the next 
(see §111-2.2.3). 

shuffle-dwell irradiator. An irradiator in which the product moves discontinuously 
past the irradiation source, alternately being indexed to a new product 
position and then remaining stationary for a specified period. (See §11-4.1.1.) 

SI. The abbreviation for the International System of Units. This coherent 
system is administered by the International Bureau of Weights and Measures 
(BIPM) in Sevres, France. The Resolutions and Recommendations are 
taken by the General Conference on Weights and Measures (CGPM). Most 
countries are now committed to changing over to SI, which will eventually 
be a single, practical, worldwide system of units. The CGPM, which started 
its work in 1889, introduced the new radiation units, the becquerel and the 
gray, in 1975, in co-operation with ICRU. 

To facilitate conversion of units that may be met with into SI equivalents, a table 
has been appended at the end of this Glossary to aid the reader. 

source activity augmentation, or source activity enhancement. Introduction of 
additional radionuclide source material or higher activity source material in 
specific places in a large-area plaque source to compensate for dose non-
uniformities that would otherwise arise in the product being treated. 
Typically such augmentation is required at the edges of a source plaque 
near which the dose would otherwise tend to diminish (see §11-3.4). 

source overlap. (1) With radionuclide irradiators, the extension of the radiation 
source beyond the cross-sectional dimensions of a product as it passes a 
plaque source or a collimated beam (see §11-3.4). 

(2) With accelerator sources, the sweep of the beam, especially for a 
scanned electron beam, beyond the edges of the product (see §11-4.2.2). 

source strength. Of a gamma-ray radiation source, the strength defines the 
activity of the radioactive nuclide source material; it is expressed in becquerels 
(or curies). 
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specific activity. The number of spontaneous nuclear disintegrations per unit mass 
of a given material per unit time interval. Expressed in becquerels or curies 
per mole or per gram. (See activity.) 

specific heat capacity. The quantity of heat (i.e. energy) required to raise the 
temperature of unit mass of a substance by one degree of temperature 
difference. In the SI system, the unit of specific heat is the joule per kilo-
gram per degree of temperature difference in Kelvin. The relation between 
the SI and the metric system unit, the thermochemical calorie, is: 

1 J -kg - 1 • K _ 1 = 0.2390 cal kg"1 • K"1 = 2.390 X 10"4 cal • g"1- K"1 

spectral energy. (1) For a particle, the energy (quantum energy) carried by the 
particle, usually given in units of electronvolts (eV); it is proportional to 
frequency, i.e. is inversely proportional to wavelength (see photon). 

(2) For continuous radiation spectra, the energy contained in a given 
interval of quantum or particle energy. 

spectrophotometer, transmission. An instrument for measuring either transmittance 
of light or the absorbance (optical density) of a material as a function of wave-
length. In dosimetry with films or solutions, it is usually used to compare the 
absorbance (optical density), at a specified wavelength for the dosimetry system 
being used, either before and after irradiation or after irradiation against 
that of a standard. (For calibration procedures, see §V-4.) 

spectrum, radiation, see radiation spectrum. 

sprout inhibition. Appreciable delay or complete inhibition of sprouting induced 
by ionizing radiation in products such as potatoes, onions, garlic, etc. Dose 
ranges used are ~ 2 - 1 5 krad ( - 2 0 - 1 5 0 Gy). (See §11-1.) 

stationary irradiator. Irradiation facility in which neither the source nor the 
product moves during the period the product is undergoing irradiation, i.e. 
there is no automatic product transport system (e.g. conveyor); a batch-
type of operation, where the handling of the product is carried out 
"manually" (see §11-4.1.1, §11-4.2.1), using fork-lift trucks, trolleys, etc. The 
source has to be shut off during such operations, i.e. in the case of radio-
nuclide sources, these have to be moved into their shielded store. 

stop-dwell irradiator, a misnomer: see shuffle-dwell irradiator. 

stopping power, for charged particles (linear stopping power, S, or mass stopping 
power, S/p). A measure of the energy lost (dE) by a charged particle of 
specified incident energy while traversing an incremental distance (dx)j in 
a substance i. It varies with the spectral energy of the particles, and in this 
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book it is electrons that are of particular interest. It is defined as 
Sj = (dE /dx ) j . According as dx is expressed in terms of length or mass per 
unit area, the stopping power is termed linear, Sj, or mass, (S/p)j, where p 
represents the density of the substance. 

The I C R U definition is also given for completeness [G3]: The total mass stopping 
power, 8/p, of a material for charged particles is the quotient of dE by pdx , where dE 
is the energy lost by a charged particle of specified energy in traversing a distance dx, 
and p is the density of the medium. 

For energies at which nuclear interactions can be neglected, the total mass stopping 
power is: 

where Scoi is the linear collision stopping power (see linear energy transfer) and S ra(j is 
the linear radiative stopping power. 

surface dose, see entrance dose and exit dose. 

technical uncertainty. Statistical deviations in replicate observations as a result 
of instrumental and operational variations and/or errors. 

thermoluminescent dose meter (TLD). A dose meter making use of the pheno-
menon of thermoluminescence, comprising a holder and some thermo-
luminescent material. (See §V-3.3.) 

thermoluminescent material. Material that luminesces when excited 
(stimulated) by heat (see luminescence). 

throughput. In food irradiation, the amount of product emerging f rom the 
irradiator per unit t ime (kg/h) multiplied by the absorbed radiation energy, 
i.e. absorbed dose (J/kg), equal to beam power times utilization efficiency 
(see §11-2). (Note that 100 rad = 1 J/kg = 1 Gy.) 

tolerance limits. The upper and lower values in a distribution of data within 
which a certain fraction of succeeding individual measurements falls with 
a certain confidence probability. Both limit values are calculated f rom 
the parameters of the distribution (e.g. the average of the D m i n or D m a x 

measurements and the appropriate standard deviations, SBD) BY the use 
of k-values. 

S = I d E 
p p dx 

total at tenuation coefficient, see a t tenuation coefficient. 
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toxicity. As applied in a food irradiation context, the build-up of poisons or 
toxins in food due to microbial action, giving rise to food spoilage. Such 
action could occur if part of the food product receives less than the lowest 
acceptable dose required to achieve the desired radiation effect. 

transit dose. The absorbed dose received by the product in its movement into 
and out of the radiation field (see §111-2.3). 

transit time. The time taken by the product to move into and out of the radiation 
field (see §111-2.3). Hence: 

(1) In a shuffle-dwell irradiator, the residence time less the total dwell 
and shuffle times: 

(2) In an irradiator with a continuously moving transport system, the 
residence time less the total time spent by the product in the source-pass 
positions. 

transmittance, see absorbance. 

t-value, or Student's t-value. The value used in statistical analysis to determine 
the range and reliability of measurements and results. It is a function of 
the confidence probability required and the number of measurement values 
available. 

two-sided irradiation. Irradiation of a product from two opposite sides (see 
bilateral irradiation, and irradiator). 

underdose. In food irradiation, an absorbed dose less than the defined or 
authorized value of minimum dose. 

uniformity ratio, U, or dose uniformity ratio. The ratio of maximum to minimum 
absorbed dose in the product, i.e. U = Dmax/Dmin- (See §111-2.2.6.) 

units. To facilitate conversion of units that may be met with into SI equivalents, 
a table has been appended at the end of this Glossary to aid the reader. 

utilization efficiency. The fraction of radiation energy emitted that is absorbed 
by the total product after the completion of an irradiation cycle. 

water equivalence. The quality of a material being irradiated such that its radiation 
absorption characteristics correspond closely to those of water. 

WHO. World Health Organization, Geneva (Switzerland). 

X-rays. Penetrating electromagnetic radiation (photons) usually produced by 
high-energy electrons impinging upon a metal target. (See atomic 
fluorescence, Auger effect, photoelectric absorption, Compton effect, 
bremsstrahlung). 

Z. Atomic number, i.e. proton number of a nucleus. High-Z or low-Z refers to 
high- or low-atomic-number substances, respectively. 
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CONVERSION TABLE: FACTORS FOR CONVERTING UNITS TO 
SI UNIT EQUIVALENTS 
(1) Factors are given exactly or to four significant figures. 
(2) • indicates SI base units (the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), 
candela (cd) and mole (mol)), SI derived units and those accepted for use with SI. 
> additional units accepted for use with SI for a limited time. 

Multiply by to obtain 

Radiation units 
•becquerel 1 Bq (= 2.7027 X 1 0 " n Ci) 

disintegrations per second (1 dis/s) = 1.00 X 10° Bq 
>curie (= 3.7 X 10'°dis/s) 1 Ci = 3.70 X 1010 Bq 
>roentgen 1 R = 2.58 X 10~4 C/kg 
•gray 1 Gy (= 1.00 X 10° J/kg) 
>rad 1 rad = 1.00 X 10 ' 2 Gy 

(= 1.00 X 10 ' 2 J/kg) 
rem (in radiation protection only) dimensions of J/kg 

Mass 

•unified atomic mass unit 
(75 of the mass of 12C) 1 u = 1.661 X 10 ' 2 7 kg 

pound mass (avoirdupois) 1 lbm = 4.536 X 10 ' 1 kg 
ounce mass (avoirdupois) 1 ozm = 2.835 X 101 g 
ton (long) (= 2240 lbm) 1 ton = 1.016 X 103 kg 
ton (short) (= 2000 lbm) 1 short ton = 9.072 X 102 kg 

• tonne (=metric ton) 1 t = 1.00 X 103 kg 

Length 
statute mile 1 mile = 1.609 X 10° km 
yard 1 yd = 9.144 X 10 ' 1 m 
foot 1 f t = 3.048 X 10"1 m 
inch 1 in = 2.54 X 10 ' 2 m 
mil (= 10"3 in) 1 mil = 2.54 X 10 ' 2 mm 

Area 

>hectare 1 ha = 1.00 X 104 m2 

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

acre 1 acre = 4.047 X 103 m2 

yard2 1 yd2 = 8.361 X 10 ' 1 m2 

foot 2 1 ft2 
= 9.290 X 10 ' 2 m2 

inch2 1 in2 = 6.452 X 102 mm2 

>barn 1 b = 1.00 X 10"28 m2 
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Multiply by to obtain 

Volume 

yard3 1 yd 3 = 7.646 X 10"1 m3 

foo t 3 1 f t 3 = 2.832 X 10 ' 2 m 3 

inch3 1 in3 
= 1.639 X 104 mm 3 

gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10"3 m 3 

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

•l i tre 1 1 = 1 . 0 0 X 10 - 3 m 3 

Force 

dyne 1 dyn = 1 . 0 0 X 10"5 N 
kilogram force 1 kgf = 9.807 X 10° N 
poundal 1 pdl = 1.383 X 10 ' 1 N 
pound force (avoirdupois) 1 lbf = 4.448 X 10° N 

Density 

pound mass/inch3 1 lbm/in3 = 2.768 X 104 kg/m3 

pound mass/foot3 1 lbm/f t 3 
= 1.602 X 101 kg/m3 

Energy 

British thermal unit 1 Btu = 1.054 X 103 J 
calorie 1 cal = 4.184 X 10° J 

• electronvolt 1 eV 1.602 X 1 0 - 1 9 J 
erg 1 erg = 1 . 0 0 X 10"7 1 
foot-pound force 1 ft" lbf = 1.356 X 10° J 
kilowatt-hour 1 kW-h = 3.60 X 106 J 

Temperature, energy/area- time 

Fahrenheit, degrees—32 °F—32 5 °C 
Rankine °R 9 K 
1 B t u / f t 2 s = 1.135 X 1 0 4 W/m2 

1 cal /cm 2 -min = 6.973 X 102 W/m2 

Molar extinction coefficient 
for molar absorption coefficient) 

1 l - m o r ' - c m - 1 ( = 1 M - I c m " 1 ) = 1 . 0 0 X 10"1 m 2 • m o r 



AUTHOR INDEX 
Reference is made either to page numbers or, 

when numbers are enclosed in square brackets, 
to reference numbers in the Reference list. 

Adamiker, D.: [74] 
Amato, C.G.: [164] 
American Association of Physicists 

in Medicine: [51] 
American Chemical Society: [98] 
American Society of Testing 

and Materials: [ 108 ,109 ,177 ] 
Aoki, S.: [80] 
Artandi, C.: [142 ,143] 
Atari, N.A.: [172 ,173] 
Attix, F.H.: [ 3 5 , 1 5 6 , 1 5 7 ] 
Baines, B.D.: [65] 
Baric, M.: [159] 
Batsberg Pedersen, W.: [34 ,135] 
Beck, E.R.A.: 70 
Becker, K.: [101,165] 
Berger, M.J.: [17 ,29] 
Berry, R.J.: 99 [99, 113, 116] 
Bertel, E.: [18] 
BIPM: 127 
Bishop, W.P.: [139] 
Bjergbakke, E.: [104 ,111 ,112 , 

125,171] 
Blanchard, J.C.: [148] 
Boag, J.W.: [114] 
Bongirwar, D.R.: [170] 
Broeke, W. R. R. ten (see ten Broeke) 
Broszkiewicz, R.K.: [105, 145] 
Brower, J.H.: [84] 
Brown, M.G.: [64] 
Bruce, W.R.: 15, 17, [22] 
Brynjolfsson, A.: [20, 27, 42, 43, 

70, 77, 110] 

Bundesforschungsanstalt fur 
Ernahrung: 36 

Bulhak Zofia: [105, 145] 
Burke, R.W.: [176] 
Burlin, T.E.: 132 
Calkins, J.C.: [21] 
Cameron, J.R.: [158] 
Chad wick, K.H.: 70, 99 [86, 91, 

9 5 , 1 1 7 , 1 1 8 , 1 2 0 , 1 2 3 , 1 2 4 ] 
Chalkley, L.: [136] 
Chappell, S.E.: [30, 32] 
Chervetsova, I.N.: [147] 
Christensen, E.A.: [63] 
Chu, R.D.H.: [82] 
Church, V.E.: [169] 
Clouston, J.G.: [166] 
Cogburn, R.R.: [84] 
Danish Atomic Energy 

Commission: [155] 
Davidson, G.: [115] 
Desrosier, N.W.: [96] 
Diehl, J.F.: [3] 
Dolphin, G.W.: [114] 
Domen, S.: [45] 
Douglas, J.A.: [152] 
Draganic, I.G.: [140,141] 
Dvornik, I.: [ 1 5 9 , 1 6 0 , 1 6 1 , 1 6 2 ] 
Edisbury, J.R.: [175] 
Ehlermann, D.A.E.: 70 [90] 
Eisen, H.: [26, 33] 
Eisenhower, E.H.: [62, 85] 
Eisenlohr, H.H.: [136] 
Elleman, J.S.: [153] 

159 



160 AUTHOR INDEX 

Ellis, S.C.: [119] 
Ettinger, K.V.: [ 172 ,173 ,174 ] 
Eymery, R.: [79] 
Feng, P. Y.: [110] 
Fidan, S.: [135] 
Fielden, E.M.: [28] 
Fleming, D.M.: [50] 
Foldiak, G.: [163] 
Fowler, J.F.: [156] 
Frank, M.: [100] 
Frazer, H.J.: [169] 
Fricke, H.: [ 5 2 , 1 0 3 , 1 0 4 ] 
Frumkin, M.L.: [75] 
Galanter, L.: [25] 
Gel'Fand, S.Yu.: [75] 
Genna, S.: [39, 44] 
Gibson, J.A.B.: [152] 
Glass, W.A.: [50] 
Gobbett, R;H.: [48] 
Goresline, H.E.: [68] 
Gryna, Jr., F.M.: 67 [88] 
Gunn, S.R.: [40] 
Gupta, B.L.: [140] 
Halbleib, J.A.: [47] 
Halliday, J.W.: [110] 
Hansen, B.L.: 67 [87] 
Harder, D.: 17 [23, 24] 
Harrah, L.A.: [138] 
Harrod, R.A.: [59] 
Hart, E.J.: [52 ,107] 
Hjortenberg, P.E.: [13 ,34] 
Holm, N.W.: [2, 28, 38, 42, 43, 54, 

6 3 , 9 9 , 1 0 4 ] 
Horvath, Zsuzsanna: [163] 
Hubbell, J.H.: 7 [15, 16] 
Humpherys, K.C.: [137 ,139] 
Humphreys, J.C.: 22 [30, 32] 
Hussmann, E.K.: [132, 133, 136] 
IAEA: 81 [1, 5, 6, 7, 9, 1 1, 72, 73, 

93, 94] 
I ere, P.: [60] 
ICRU: 2, 3, 127 [12, 14] 

Ilic-Popovic, J.: [144] 
Ingram, M.: [68] 
ISO: 127 
Jaeger, R.G.: [44] 
JAERI: [83] 
Jarrett, R.D.: [ 2 , 3 0 , 3 2 , 1 1 0 ] 
Jefferson, S.: [92] 
Joffre, H.: [18] 
Johns, H.E.: 15, 17 [22] 
Josephson, E.S.: [4 ,71] 
Juran, J.M.: 67 [88] 
Kabakchi, A.M.: [147] 
Kageyama, E.: [80] 
Kantz, A.D.: [137] 
Kawai, M.: [80] 
Keene, J.P.: [106] 
Kikuchi, T.: [80] 
Koch, H.W.: [62, 85] 
Kosanic, M.M.: [46 ,130] 
Koval'skaya, L.P.: [75] 
Krishnamurthy, K.: [151] 
Kume, T.: [80] 
Kuprianoff, J.: [67] 
Laizier, J.: [ 148 ,149 ,150] 
Lang, K.: [67] 
Laughlin, J.S.: [39] 
Law, J.: [55] 
Levine, H.: [134] 
Lockwood, G.J.: [47] 
Macuch, P.: [68] 
Mallard, J.R.: [174] 
Malsky, S.J.: [164] 
Markovic, V.M.: [41 ,79] 
Marshall, C.H.: 99 [116] 
Marshall, M.: [152] 
Matthews, R.W.: [166, 167, 168, 169] 
Maul, J.E.: [43] 
Mavrodineanu, R.: [176] 
McLaughlin, W.L.: 70, 105 [13, 30, 

32, 34, 46 ,56 , 57, 5 8 , 1 2 5 , 1 2 9 , 
130, 131, 132, 133, 134, 135, 
136,171] 



177 AUTHOR INDEX 

Miller, A.: [125,135] 
Miller, G.H.: [47] 
Mocquot, G.: [68] 
Mossel, D.A.A.: [68] 
Nagl, J.: [44] 
National Academy of Sciences (USA): 

[97] 
Nikaido, S.: [80] 
Niven Jr., C.F.: [68] 
Olejnik, T.A.: [126] 
Oosterheert, W.F.: [95] 
Oproui, C.: [149] 
Orton, C.G.: [ 113, 121, 122] 
Owen, D.B.: 68 [89] 
Pages, L.: [18] 
Pedersen, W. Batsberg (see Batsberg 

Pedersen) 
Pejtersen, K.: [135] 
Peterson, M.S.: [4] 
Petit, F.: [60] 
Pikaev, A.K.: [102] 
Puig, J.R.: [150] 
P'yankov, G.N.: [147] 
Radak, B.B.: [ 1 3 , 4 1 , 4 6 ] 
Randtke, P.T.: [139] 
Rasmussen, O.L.: [103] 
Razem, D.: [159, 160, 161] 
Reid, C.B.: [164] 
Richold, P.H.C.V.: [152] 
Rintjema, D.: [120 ,124] 
Ritz, V.H.: [146] 
Rizzo, F.X.: [ 3 6 , 3 7 , 1 5 1 ] 
Rosenstein, M.: [26, 33, 134] 
Roswit, B.: [164] 
Rotblat, J.: [114] 
Sanielevici, A.: [44] 
Sato, T.: [80] 

Sehested, K.: [53, 103, 104, 112] 
Seltzer, S.M.: [17] 
Sesic, M.B.: [46] 

Shalek, R.J.: [19 ,21] 
Shimanskaya, N.S.: [49] 
Silverman, J.: [26, 33] 
Sinclair, W.K.: [21] 
Sklavenitis, L.: [18] 
Smith, C.E.: [19] 
Snow, Elizabeth T.: [154] 
Southern, E.M.: [69] 
Spencer, L.V.: 22, 23 [31] 
Spirath, S.: [174] 
Stenger, V.: [163] 
Stolz, W.: [100] 
Stonehill, A.A.: [143] 
Sugimoto, S.: [78] 
Sundardi, F.: [150] 
Sutton, H.C.: [115] 
Tachibana, H.: [80] 
Tajima, S.: [80] 
Takavar, A.: [174] 
Tamura, N.: [80] 
Tanaka, R.: [80] 
ten Broeke, W.R.R.: [120,124] 
Tharup, G.: [27] 
Thatcher, F.S.: [68] 
Thomas, A.C.: [76] 
Thomas, J.K.: [107] 
Tilton, E.W.: [84] 
Tomita, K.: [78] 
Umeda, K.: [81] 
Vas, K.: 70 
Verkhgradskij, O.P.: [147] 
Warland, H.M.F.: [59] 
Weiss, J.: [37 ,170] 
White, P.H.: [48] 
Whittaker, B.: [127,128] 
Wills, Pamela A.: [166] 
Windley, W.C.: [153] 
Yuan, H.C.: [79] 
ZAED: 36 
Zagorski, Z.P.: [54, 66] 



HOW TO ORDER IAEA PUBLICATIONS 

An exclusive sales agent for I A E A publications, to whom all orders 
and inquiries should be addressed, has been appointed 
in the following country: 

UNITED STATES OF AMER ICA UNIPUB, P.O. Box 433, Murray Hill Station, New York, N.Y. 10016 

In the following countries I AEA publications may be purchased from the 
sales agents or booksellers listed or through your 
major local booksellers. Payment can be made in local 
currency or with UNESCO coupons. 

A R G E N T I N A 

A U S T R A L I A 
B E L G I U M 

C.S.S.R. 

F R A N C E 

H U N G A R Y 
I N D I A 

I S R A E L 
I T A L Y 

JAPAN 
N E T H E R L A N D S 

P A K I S T A N 
P O L A N D 

R O M A N I A 
S O U T H A F R I C A 

SPA IN 

S W E D E N 

U N I T E D K I N G D O M 
U.S.S.R. 

Y U G O S L A V I A 

Comisl6n Nacional de Energfa At6mica, Avenida del Libertador 8250, 
Buenos Aires 
Hunter Publications, 58 A Gipps Street, Colllngwood, Victoria 3066 
Service du Courrier de I 'UNESCO, 112, Rue du Trone, B-1050 Brussels 
S.N.T.L., Spalen^ 51, CS-113 02 Prague 1 
Alfa, Publishers, Hurbanovo nSmestie 6, CS-893 31 Bratislava 
Office International de Documentation et Librairie, 48, rue Gay-Lussac, 
F-75240 Paris Cedex 05 
Kultura, Bookimport, P.O. Box 149, H-1389 Budapest 
Oxford Book and Stationery Co., 17, Park Street, Calcutta, 700016 
Oxford Book and Stationery Co., Scindia House, New Delhi-110001 
Heiliger and Co., 3, Nathan Strauss Str., Jerusalem 
Libreria Scientifica, Dott. Luciode Biasio "aeiou". 
Via Meravigli 16,1-20123 Milan 
Maruzen Company, Ltd., P.O. Box 5050, 100-31 Tokyo International 
Martinus Nijhoff B.V., Lange Voorhout 9-11, P.O. Box 269, The Hague 
Mirza Book Agency, 65, Shahrah Quaid-e-Azam, P.O. Box 729, Lahore-3 
Ars Polona-Ruch, Centrala Handlu Zagranicznego, 
Krakowskie Przedmiescie 7, Warsaw 
llexim, P.O. Box 136-137, Bucarest 
Van Schaik's Bookstore (Pty) Ltd., P.O. Box 724, Pretoria 0001 
Universitas Books (Pty) Ltd., P.O. Box 1557, Pretoria 0001 
Diaz de Santos, Lagasca 95, Madrid-6 
Diaz de Santos, Balmes417, Barcelona-6 
A B C.E. Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P.O. Box 16358 
S-103 27 Stockholm 
Her Majesty's Stationery Office, P.O. Box 569, London S E1 9NH 
Mezhdunarodnaya Kniga, Smolenskaya-Sennaya 32-34, Moscow G-200 
Jugoslovenska Knjiga, Terazije 27, POB 36, YU-11001 Belgrade 

Orders from countries where sales agents have not yet been appointed and 
requests for information should be addressed directly to: 

^ Division of Publications 
^ <33? tf International Atomic Energy Agency 

Karntner Ring 11, P.O.Box 590, A-1011 Vienna, Austria 





I N T E R N A T I O N A L 
A T O M I C E N E R G Y A G E N C Y 
V I E N N A , 1977 

SUBJECT GROUP: I 
Life Sciences/Dosimetry 
PR ICE: US$13.00 


