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INTRODUCTION

The radioactive decay of Co60 results in the
production of very energetic and highly penetrating gamma
rays which will pass through matter causing ionizations as
they lose energy. Numerous effects are produced by the
absorption of ionizing energy depending on the material
being treated and the amount of radiation absorbed.
Typical effects in food include extension of shelf life

and delayed ripening.

For gamma rays having energy greater than 200 KeV
the predominant absorption process is Compton scattering.
This occurs when the incident gamma ray or photon interacts

with the orbital electrons of an atom. Part of the photon
energy is transferred to the orbital electron which is

ejected from the atom and the photon is deflected with
reduced energy. The degraded photon then goes on to produce
more of these ionizations. The minimum photon energy for
gamma radiation to interact with the nucleus to produce
radioactivity in the target material is at least 1.7 MeV.
Cobalt 60 emits a 0.31 MeV beta ray and gamma rays with

energies of 1.1 and 1.3 MeV and does not therefore induce
radioactivity in or contaminate the irradiated material in

any way.

The safe use of ionizing energy in any application

necessitates a properly designed and constructed
irradiation facility and extensive process controls to

monitor safety and performance.



IRRADIATOR DESIGN

The design of an irradiation facility must provide a

safe source storage area, a safe irradiation area, safety

controls and interlocks to prevent accidental exposure of

personnel, some form of product handling system within the

irradiation chamber and storage facilities to separate

irradiated and unirradiated material.

Operational parameters to be considered include size

of the radiation source and its form, material throughput

(the rate at which material can be treated), radiation

doses required, uniformity of the radiation field and

over-dose ratio (the ratio of maximum to minimum dose

delivered to the target material). The irradiator should

deliver to a range of target materials as uniform a dose

distribution as possible in the shortest practicable time.

Radiation doses encountered in radiation processing

range from 0.05 kGy to 1 MGy and can be divided into a

number of dose levels. For example very low doses from

0.05 to 0.15 kGy prevent sprouting in potatoes, onions

and garlic. Fruits, vegetables and cereals can be

disinfested by doses up to 1 kGy. Doses from 1 to 5 kGy

will pasteurize various foods by reducing the number of

microorganisms present. Higher doses will sterilize foods

and medical products and doses 100 Ky and higher can produce

cross-linking in polymers.

Although most early commercial irradiators were

designed for a specific purpose such as the sterilization of

medical products and were as a result limited in their

usefulness for other applications, there is now a developing

demand for multi-purpose irradiators that can be conveniently

operated at low, medium and high doses.



Four types of irradiator are in use around the world

today, and they can be classified according to their

irradiation and storage compartments.

Source Storage Irradiation Chamber

Deep water tank Source raised into concrete

shielded cell

Deep water tank . ' Material lowered in watertight

containers into storage tank

Concrete shielded chamber Source transferred into

adjacent concrete shielded

chamber

Lead shielded container Lead shielded cavity in th°

same container

RADIATION SOURCES

Two radioisotopes are currently in use in radiation

processing plants. They are cobalt-60 as the metal and

cesium-137 as recrystallized cesium chloride.

A comparison of their properties is shown below:-

Co-60 Cs-137

Radiation energy 1.17 and 1.33 MeV 0.66 MeV

Half life 5.66y 26.99y_i _i
Specific activity 50 - 100 Ci g 24 Ci g

Annual replenishment 12.5% 2.3%

The more commonly used iosotpe is cobalt-60 produced by

neutron irradiation of pure metallic cobalt-59. The cobalt

for use in irradiation facilities is usually in the form of

rods or discs doubly encapsulated in stainless steel source

holders containing several thousand curies.



The half-life of cobalt-60 is 5.66 years meaning its

activity decreases by 50% over each 5.66 y period or by

approximately 1% per month. Annual replenishment of 12.5%

of the cobalt will return the source to its original

activity.

GAMMA TECHNOLOGY RESEARCH IRRADIATOR (GATRI)

GATRI consists o f a 3 m x 4 m irradiation chamber

shielded by 1.5 m concrete walls, roof and access door.

The source is a 1 m x 1 m plaque containing 3 PBq of

cobalt 60 in the form of rods and discs housed in twenty

1 m long vertical source holders. Various safety interlocks

prevent raising of the source when the irradiation chamber

door is open.

Material to be irradiated is placed on benches or

turntables located on isodose curves around the source.

The benches and turntables can be positioned between

300 mm and 1500 mm from the source to produce the required

dose rate.

A

Very low dose rates can be' obtained by irradiating
the target material behind lead brick walls.

DOSE RATE DISTRIBUTION IN AN IRRADIATOR

Uniformity of dose rate distribution within the

irradiation chamber will depend on source configuration and

source to target separation.

Dose rate distribution will be symetrical about point

sources and will decrease exponentially with distance from

the source according to the inverse square law:

Dose (d2) = Dose (dl)/(dl/d2)2



The dose rate distribution around line and plaque sources

depends on the source to target distance and distribution

of activity within the source. The inverse square law may

not hold for large sources operated with small source to

target distances.

DOSE DISTRIBUTION WITHIN THE PRODUCT

Depth dose rate distribution or degree of uniformity

within a rectangular target depends on source to target

geometry, target thickness and orientation. Maximum

practicable target thickness i.e. the dimension normal to

the plane of the source, depends on the allowable variation

in the ratio of maximum to minimum dose to be delivered to

the product, which in turn depends on target density and

atomic number of the absorbing material.

If a target is irradiated in a fixed position then the

maximum dose rate will always occur on the outside of the

target in that plane nearest the source i.e. the front face,

and the minimum dose rate will be on the rear face i.e. that

plane farthest from the source. The dose rate at the mid

plane of the target will depend on the thickness and density

of the target and to a lesser extent on dose build-up within

the target.

Depth dose variation can be minimized by irradiating

the target at greater source to target separation or by

employing two sided or multi-sided irradiations.

The total dose is generally delivered in two equal

irradiation periods. After the first the material is

rotated through 180 degrees and re-irradiated. Some

further improvement in dose uniformity may be gained by

irradiating from more than two sides or by inverting and

rotating the package halfway through the irradiation.



In a fixed position irradiator packages are usually
aligned to present minimum thickness to the source to

improve depth dose uniformity.

Lateral and vertical dose uniformity within, the
target depend on the alignment of the target with respect

to the source. They can be improved by source overlap,
by increasing the horizontal and vertical dimensions of the
source so that it overlaps the product in both directions.

Lateral and vertical dose uniformity may also be
improved by utilizing product overlap, that is by moving

the product along the X and/or Y axis parallel to the
source plaque during the irradiation.

If the target is rotated continually during irradiation
the maximum dose rate is at the surface and minimum dose
rate is at the centre of the target for a target of any
size and density.

In any irradiator, as the source to target distance
increases, depth dose uniformity and vertical and lateral

dose uniformity improve.

IRRADIATION PROCEDURES '

Three product parameters determine the irradiating
conditions for most material, they are:-

(i) dose required,

(ii) density of the package and
(iii) package dimensions.

Once these are determined a location in the irradiation

chamber can be chosen at which there is a suitable dose rate
to allow a convenient irradiation period with minimum over-

dose. Similar packages should be irradiated on isodose
curves around the source to achieve dose uniformity

throughout the package stack.



In a fixed position batch irradiator like GATRI depth

dose variations are minimized by employing two side

irradiation of the product.

Extensive radiation dosimetry is necessary to calibrate

the facility, to set irradiation parameters and to measure

absorbed dose in irradiated material.

Inventory control is critical in a radiation processing

plant as there is unlikely to be any visible changes

following irradiation. So that irradiated and unirradiated

material cannot be mixed a coloured go-no-go dosimeter

should be attached to each package before irradiation. A

colour change will indicate that the package has been

processed.

MEASUREMENT OF RADIATION DOSE

The radiation dose is the' amount of energy absorbed by

the target during irradiation, expressed as energy per unit

mass e.g. J Kg~ and for any gamma ray depends on the energy

of the incident gamma ray and the atomic number of the

absorber. For example an exposure to 2.5 C Kg of gamma

rays with energy of 1.602 x 10~1UJ will deposit 87 J Kg"

in air and 100 J Kg" in water.

The quantitative measurement of absorbed dose is

termed radiation dosimetry and.it is essential for

calibration of an irradiation facility and as a process

control during the irradiation treatment.

The absolute methods for measuring absorbed radiation

dose are calorimetric determination of heat produced or

measurement of the number of ions produced in a gas under

standard conditions. However because of practical

difficulties in using these methods, secondary dosimeter

systems are more commonly used. Chemical systems used at

AAEC for most applications are the Fricke ferrous sulphate



and the ceric/cerous dosimeters. Perspex dosimeters
are also used for dose verification during some commercial

irradiations.

A primary dosemeter used for calibration of the GATRI
irradiation facility is the Baldwin-Farmer ionization
chamber. This instrument measures the ionization produced
in a small detector chamber that can be easily positioned
anywhere in the irradiation cell. Radiation induced
ionization charges a capacitor, one terminal of which is
connected to an electrometer null detector. As the
capacitor is charged the .potential at the other terminal is

adjusted to restore null balance and the potential required
is indicated on a meter as radiation dose.

The performance of chemical dosemeters depends on
reaction between the added solute ions and reactive species
formed by irradiation in the surrounding water. Radiolysis

products formed during irradiation of water include solvated
electrons/ various radicals as well as hydrogen, hydrogen

ions and hydrogen peroxide.

A solute may react with any of these short lived and
very reactive radiolysis products to form a more stable
measurable product

Solute + solvated electron •*• Stable Product

(OH")
(H)

If the concentration of the final product is proportional
to the radiation dose absorbed and can be conveniently

measured the system may be suitable for use as a radiation

dosimeter.



The short lived reactive radicals produced during

irradiation act as reducing and oxidizing agents towards

solute ions. A hydroxyl radical can accept electrons i.e.

act as an oxidizing agent

OH + electron -»• OH~

and a hydrogen atom can donate electrons as a reducing agent

H + H20 ~> H3O~*" + electron

In the case of the Fricke dosimeter each water molecule

decomposed by radiation can oxidize four ferrous ions. A

hydroxyl radical can oxidize a ferrous ion and the remaining

hydrogen atom can react with oxygen to produce the HO radical

which causes the oxidation of another three ferrous ions.

Fe2+ + OH •»• Fe3+ + OH~

H + O2 •> HO2

H02 + H
+ -v H202 + Fe

3+

+Fe2 + H202 -> Fe3+ + OH + OH~

Fe2+ + OH -> Fe3+ + OH"

In the eerie dosimeter a eerie ion is reduced by a hydrogen

atom

H H+ + Ce3+

and a cerous ion is oxidized in a back reaction by a hydroxyl

radical

Ce3+ +-OH ->• Ce*+ + OH~
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A difference in reaction rates favours the eerie to

cerous conversion so there is a net increase in the

concentration of cerous ions.

The concentration of stable prc-cJuct is dependent on the

radiation dose and is defined as a G value or the number of

solute molecules transformed per 16.02 attojoule (100 eV) of

absorbed energy.

The dose range of the dosimeter depends on the G value.

The minimum dose must be high enough to produce sufficient

product for measurement and the maximum dose is limited

by the supply of reacting species.

The Fricke ferrous sulphate dosimeter is based on

spectrophotometric determination of the concentration of

the ferric ions produced during irradiation. The dose

range is 50 to 400 Gy and response is independent of dose

rate between 1 and 400 Gy -s~ . It is used extensively to

set the irradiation parameters in GATRI but because of its

limited dose range it is not suitable for verification of

doses used in routine commercial irradiations such as

ionizing energy treatment of food or sterilization of

medical products.

The eerie/cerous dosimeter is based on the production

of cerous ions during irradiation of eerie sulphate and may

be prepared at various•concentrations to measure doses from

10 to 106Gy, the actual range being dependent on the

concentration of eerie ions in the dosimeter before

irradiation. The change in concentration of eerie ions

following irradiation can be determined spectrophotometrically

or by differential potentiometry in a simple electrochemical

cell.
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The respective G values are approximately 15.6 for

ferric ion and 2.5 for cerous ion. Because the rate of
loss of eerie ion per unit of absorbed dose is so much

lower than that of ferrous ion, the eerie dosimeter can be
irradiated to much higher doses without exhausting the
dosimeter.

Perspex (polymethylmethacrylate, PMMA) in the form of
small thin (1-3 mm) strips is used as a dosimeter for doses
between 5 and 50 kGy. When irradiated, degradation products
of the polymer form in the matrix and their concentration
can ê measured spectrophometrically at 300 to 320 nm.
Red perspex contains a dye, which reacts with polymer

radicals to produce absorbance changes measured spectro-
photometrically between 600 to 650 nm. Because of variations
in radiation response and environmental conditions the
absorbance changes in these dosimeters following irradiation,
must be calibrated against other dosimeters such as the
Fricke or ceric/cerous dosimeter.

Radiation dosimetry is absolutely essential for the
proper calibration and operation of an irradiation plant.
Because the radioactive decay of cobalt is constant, dose

rates within the irradiation-chamber can be estimated
accurately any time after the initial calibration. However
the variability of products, and packages to be treated and
the range of doses and dose rates required demand frequent
evaluation of absorbed dose by some straight forward method
to ensure that the treatment is as required by the customer

and regulatory authorities.


