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Abstract

Many environmental factors, including irradiation temperature, post-irradiation storage
temperature, dose rate, relative humidity, oxygen content and the energy spectrum may affect the
response of dosimetry systems used in industrial radiation processing. Although the effects of individual
influence quantities have been extensively studied, the variations of these influence quantities in
production irradiators and the complex relationships between the effects of different influence quantities
make it difficult to assess the overall effect on the measurement uncertainty. In the development of new
dosimetry systems it is important to know the effect of each influence quantity and developers of new
dosimetry systems should perform studies over a wide range of irradiation conditions. Analysis
parameters and manufacturing specifications should be chosen to minimize the effect of influence
quantities in the environments where the dosimeters will be used. Because of possible relationships
between different influence quantities, care must be taken to ensure that the response function
determined in the calibration of the dosimetry system is applicable for the conditions in which the
dosimeters will be used. Reference standard dosimetry systems which have been thoroughly studied and
have known relationships between dose response and influence quantities should be used to verify the
calibration of routine dosimetry systems under the actual conditions of use. Better understanding of the
variations in influence quantities in industrial irradiators may be obtained by modeling or direct
measurements and may provide improvements in the calibration of routine dosimetry systems and
reduction of the overall measurement uncertainty.

1. INTRODUCTION

Industrial radiation processing performed using ^Co radionuclide sources or machine sources of
electrons or bremsstrahlung rely on accurate absorbed dose measurements for both establishing the
required processing parameters and for confirming that the specified absorbed dose requirements are
met. Accurate absorbed dose measurements are especially needed for highly regulated industries such as
the sterilization of medical products and the irradiation of food. Absorbed dose measurements are
required during the commissioning of an irradiation facility, following facility modifications and during
the process qualification of different products. Dose mapping performed during the process
qualification determines the required processing parameters to meet the specified minimum and
maximum dose levels. Routine monitoring using commercial routine dosimetry systems are then
performed to ensure that the process is under control and that the specified absorbed dose requirements
are met.

In 1974, Chu and Antoniades [1] described differences found between readings from chemical and
plastic dosimeters in irradiation plants. Calculated dose rates were given for the different irradiation
positions in a typical tote box irradiator and it was suggested that these dose rate variations and the
variation of other processing parameters may cause errors in the doses measured by different
dosimeters. It was recommended that routine plastic dosimeters be irradiated together with chemical
dosimeters in the production irradiator. Different results were found for different batches of the same
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type of dosimeter, so results obtained for one batch could not automatically be assumed to be applicable
for the next batch. Batch-to-batch differences were especially noticed for injection-moulded cylinders
of red-dyed polymethylmethacrylate supplied as routine dosimeters. For these injection-moulded
dosimeters, in-plant calibration against a reference standard dosimeter was found to be a requirement.

To ensure that the dosimetry performed provides correct absorbed dose values, the effects of
external influence quantities on the response of the dosimeters should be thoroughly studied. Care
should be taken to ensure that dosimeters calibrated under one set of irradiation conditions provide the
correct absorbed dose value when used for measurements in the different irradiation conditions in the
production irradiator.

2. INFLUENCE QUANTITIES

Influence quantities such as the irradiation temperature, storage temperature, dose rates, relative
humidity, oxygen content and energy spectrum may have significant effects on the response of some
commercial dosimetry systems used for industrial irradiation processing. Many studies have been
performed on the effect of these influence quantities under controlled conditions [2-12]. The
performance of these studies is encouraged since the data provide an indication of the possible
magnitude of errors from the effects of influence quantities and may provide insight into ways to
minimize these effects. However, these studies are limited in determining the actual combined effects
experienced in the routine operation of industrial irradiation facilities and tests should also be conducted
in the industrial irradiators where the dosimeters will be used.

The response of most reference standard and routine dosimetry systems is affected by the
irradiation temperature. Many liquid chemical reference standard dosimeters, including the Fricke,
ceric-cerous, and dichromate dosimeters, have small negative temperature coefficients. The alanine-
EPR dosimeter supplied as a transfer standard dosimeter by several calibration laboratories has a small
positive temperature coefficient. When these dosimeters are used for measurements where the
irradiation temperature is not constant, the average temperature must be estimated and a temperature
correction factor applied. The ethanol-chlorobenzene dosimeter is the only reference standard dosimeter
which has a response which is independent of the temperature for the temperature ranges used for
radiation processing [13].

The response of commercial routine dosimeters may be affected not only by the irradiation
temperature but also by the post-irradiation storage temperature. The radiation-induced response, such
as formation of colour centres in plastics and films used as routine dosimeters, may depend on many
factors related to the production of the dosimeter material. The response may depend on variables such
as the content of dye, matrix material, plasticizer, oxygen and water. Because of the effects of small
differences in the manufacturing parameters, studies performed for one batch of dosimeters may not be
directly applicable to other batches of the same dosimeter. The radiation-induced changes may be
unstable and may continue after the completion of the irradiation. There may be either an increase or
decrease in the measured response and the rate of this change may be influenced by the storage
temperature..

The response of commercial plastic and film routine dosimeters may depend on the dose rate.
Dose rate effects related to oxygen depletion in the dosimeter material may occur at high dose rates and
may indicate differences in the response when the dosimeters are irradiated with electrons or gamma
rays. At lower dose rates experienced in ^Co gamma irradiators with small installed activities or in the
outer passes of multipass irradiators there may be another dose rate effect related to the slow diffusion
of oxygen into the dosimeter. This effect will depend on the water and oxygen content of the dosimeter
and may change with the relative humidity of the environment where the dosimeters are stored or used.
For many plastics and films, water and oxygen content are critical parameters and may need to be
controlled. Variations in water content may result in differences in the dose response functions or
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changes in dose rate dependence or post-irradiation stability. Optimization of the performance may
require the conditioning of the dosimeters to known water content and use of hermetically sealed
packages. Use of hermetically-sealed packages requires very tight quality control on the package
integrity since pin-hole leaks can result in changes in water and oxygen content and result in differences
in the dosimeter response.

Dosimeters may be sensitive to exposure to light, especially to wavelengths in the ultraviolet
region, and require the use of light-tight packaging for storage and use. Some dosimeters will respond to
short exposures to ultraviolet radiation and may require ultraviolet absorbing filters in all areas where
the dosimeters are handled outside of their protective packages.

The response of some dosimeters may be affected by the energy spectrum of the degraded gamma
photons. For dosimeters with high atomic-number components, the difference in the energy absorbed by
the dosimeter and by a reference material such as water can be estimated if the energy spectrum is
known [14]. Most plastic dosimeters are close to water in terms of effective atomic number, but the
complexity of the radiation-induced interactions resulting in the measured response makes it difficult to
assess the effect of the degraded energy spectrum.

The irradiation geometry, including the orientation of the dosimeter relative to the incident
radiation and dose gradients or attenuation through the volume of the dosimeter, may also have some
effect on the dosimeter response. These factors are not normally considered in studies of influence
quantities but may nevertheless have a significant effect on the accuracy of the dosimeter reading.

3. INFLUENCE QUANTITIES IN INDUSTRIAL IRRADIATORS

Product processed in 60Co industrial gamma irradiators usually travel around a centrally located
source in a complex pattern chosen to provide a uniform dose to all parts of the product and to
maximize the gamma energy absorbed. Because of this complex motion, the total dose may be delivered
at widely varying dose rates. In many ^Co gamma irradiators the product moves around a centrally
located source in a stepwise motion. In this type of "shuffle-dwell" irradiator, the total dose received by
different parts of the process load is the sum of the doses received at each irradiation position and the
doses received during the transit between positions. At each irradiation position there is a wide
variation in the dose rate at different parts of the product. As a result, the dose received as a function of
time will vary throughout the product. Some parts of the product are exposed to high dose rates near the
beginning of the irradiation time while other parts begin at lower dose rates. At the end of the
irradiation cycle, all parts of the product receive approximately the same total dose but the dose as a
function of time may differ, resulting in differences in the response of dosimeters located at different
parts of the product volume.

Plane parallel row irradiators with vertical source racks can generally be described as source
overlap or product overlap. For source overlap designs, the height of the source rack is greater than the
height of the process load and product is irradiated without a vertical transfer. To obtain a uniform dose
distribution over the height of the process load, source overlap irradiators usually utilize an augmented
source activity distribution with higher activity per unit area in areas near the top and bottom of the
source rack. The requirement for a high source rack means that the source activity is distributed over a
relatively large area. Source overlap irradiators have the simplest product movement with the high dose
rates occurring near the middle of the total irradiation time..

For product overlap designs, the product is irradiated in two or move levels with the source
activity concentrated at the centre of the irradiation geometry to effectively use the emitted gamma
radiation. This product flow pattern may result in large differences in the dose as a function of time
between positions near the bottom of the product and positions near the top of the product. The desire to
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optimize the radiation utilization efficiency may mean high concentrations of activity in a small area
resulting in dose rates in areas adjacent to the source greater than 100 kGy/h.

The temperature rise experienced by the dosimeters used in production irradiators depends on
many factors. The total dose and the specific heat of surrounding materials will result in heat input
which can be estimated by calculations. However, the actual temperature rise may also be affected by
the air flow past the dosimeter. This cooling depends on the design of the room ventilation and the
temperature of the room air. Dosimeters located on the outer surfaces of product boxes may have
different temperature versus time profiles than those located within the product. If the air entering the
irradiator is not air-conditioned, the room temperature can vary between summer and winter. Some
products may require irradiation at low temperatures and may require refrigeration or use of insulated
totes to maintain the low temperatures during the time the product is in the irradiator.

The response of some plastic and film dosimeters is affected by the time the dosimeter remains at
elevated temperatures. For irradiators with many passes, the dosimeters may receive only a small
fraction of the total dose in the outer passes. If the room temperature is high, the response of the
dosimeters on the product in final outer passes may be affected by time spent at these positions at
elevated temperatures.

Batch versus automatic operation may also have some effect. In batch operation, processed
product is removed from the irradiator and new product is introduced into the irradiator with the source
lowered to the safe storage position. All process loads receive the same total dose but different process
loads begin their irradiation in different positions so that dose versus time is different for different
process loads. In automatic operation all process loads are irradiated in the same sequence resulting in
the same dose versus time relationship.

To reduce the amount of product handling, many irradiators are designed to process the product
on pallets. The irradiation of product on pallets often requires different radiation geometries, with dose
contributions through the four sides of the product. Pallet irradiator designs range from a simple
turntable system with continuous or step-wise rotation or a complex geometry with features like metal
attenuators to improve the dose uniformity. Source geometries used for pallet irradiators include
cylindrical, hexagonal or planar sources.

The design capacity for the source may vary by two orders of magnitude. Often a plant may begin
with only a small fraction of the source capacity and detailed dose mapping may be performed for these
conditions. There will be abrupt incremental increases in activity followed by slow steady decreases due
to source decay. There may also be changes to the source geometry as the number of source capsules in
the source rack increases.

Some irradiators are designed to allow product to re-enter the irradiator so that irradiations may
be repeated for a number of dose increments. The product is removed when it has passed through the
irradiator for sufficient increments to receive the total dose. The incremental dose feature is a useful
feature assisting in the in-plant calibration of dosimeters under actual conditions of use. Dosimeters
can be calibrated by placing all dosimeters in a reference position with small dose gradient at the
beginning of the first increment and removing some of the dosimeters after each increment.

4. RECOMMENDATIONS FOR TESTING OF NEW DOSIMETRY SYSTEMS

Although the studies of the effects of individual influence quantities may have limited value in
determining the overall effect, these studies are definitely required to understand possible sources of
errors. Studies of the effects of individual influence quantities performed at irradiation facilities such as
the Gammacell 220 cobalt-60 irradiator supplied by MDS Nordion provide useful data. These
irradiation facilities provide well-established reproducible dose rates traceable to a national or
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international standard and individual influence quantities such as the irradiation temperature can be
accurately controlled.

The possible effect of influence quantities should be determined during the early stages of the
development of new dosimetry systems. Although it is not possible to determine the effects of all
possible factors by studies performed under conditions of constant temperature and dose rate, these
initial tests can provide an initial indication of the suitability of the dosimetry system for use in
industrial radiation processing These tests can also provide information for optimizing the
manufacturing and analysis conditions for the reading of the dosimeters.

Any dosimeter material which may be influenced by water content should be hermetically sealed.
Tests of the effect of water content can be performed by conditioning and packaging the dosimeters
under conditions of approximately 20%, 55% and 80% relative humidity. Information of the response
mechanism may also be obtained by packaging the dosimeters under different atmospheres.

To determine if the varying dose rates in industrial gamma irradiators may affect the dosimeter
response, studies should be performed at dose rates near the minimum, maximum and average dose
rates expected. Limitations in available dose rates may make this difficult to achieve at calibration
facilities and require testing under the variable dose rate conditions in production irradiators. However,
testing at dose rates of approximately 1, 10 and 50 kGy/h would provide a quick check to confirm that
dose rate effects are small. Fractionation of the total dose over several days will also provide useful
information on potential problems if processing is interrupted because of planned or unplanned
shutdowns with partially irradiated product in the irradiator. Dose fractionation studies should be
performed by giving samples only part of the dose during each irradiation and repeating the irradiations
after dosimeters have been stored for a minimum of several hours.

Modeling of the irradiator by use of Point Kernel or Monte Carlo calculations can provide
estimates of the dose rates at different irradiation positions. The Monte Carlo calculations can also be
used to obtain information on the energy spectrum. Dose rate information can also be obtained by direct
measurement of the dose rates. This can be achieved through static measurements, measurements by the
irradiation of dosimeters passing through different fractions of the irradiation cycle or through direct
real time measurements with the dose rate data transmitted during transit of a detector through the
irradiator.

If the dosimetry system is to be used for electron beam irradiators, studies should be performed
using an accelerator with dose rates similar to those to be used for industrial processing.

All dosimetry systems should be tested to determine the temperature response over the range of
temperatures expected. Tests at 25 °C and 45 °C are recommended if the dosimetry system is to be used
for radiation sterilization, and tests at -20 °C and 4 °C if the dosimetry system is to be used for
refrigerated or frozen foods.

5. CALIBRATION OF DOSIMETRY SYSTEMS FOR RADIATION PROCESSING

Although the calibration laboratory may attempt to provide irradiation conditions similar to the
average conditions in the production irradiator, final confirmation of the performance of the dosimetry
system in industrial irradiators should be based on in-plant studies. A full in-plant calibration performed
against a reference standard dosimeter is recommended for obtaining the response function for the
actual conditions of use. Because of possible differences in the effect of influence quantities with
different batches of the same dosimeter, and variations of the processing conditions because of source
decay or additions to the source activity, in-plant calibrations should be repeated at regular intervals or
whenever there are major changes.
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If it is not possible to perform a complete calibration over the entire range of the dosimetry
system, verification should be performed by irradiations with reference standard dosimeters over at least
three dose values in the intended range of use. Another useful test to confirm the accuracy of the
dosimetry system response function is to compare the response when the dosimeters are irradiated for
multiple dose increments with the response when the dose is given in a single irradiation. This can be
easily performed with batch gamma irradiators or with gamma irradiators with an incremental dose
feature. This test can also be easily performed with electron beam accelerators.

6. CONCLUSIONS

Radiation processing dosimetry presents many challenges because of possible effects caused by
influence quantities. However, by understanding the conditions in which dosimeters may be expected to
provide accurate measurements, tests can be developed which will quickly provide information on the
magnitude of some of these effects.

Because of interactions between the effects of different influence quantities, it may not be possible
to make corrections for the combined effects of different influence quantities. In-plant calibration
performed by irradiations in production irradiators with reference standard dosimeters will provide
calibrations minimizing the contribution of the influence quantity on the overall uncertainty. The
comparison of dose response for multiple dose increments with that for single irradiations also provide
useful information.
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