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ABSTRACT

Correct applications of radiation processing depend on accurate
measurements of absorbed radiation dose. Radiation dosimetry plays several
important roles in radiation processing. In particular, there are three
stages for any radiation process during which dosimetry is a key to success:
basic laboratory research, commissioning of the process and quality control.

Radiation dosimeters may be divided into various classes depending
upon their areas of applications and their relative quality: primary stan-
dard dosimeter, reference standard dosimeter, transfer standard dosimeter
and routine in-house dosimeter. Several commercially available dosimeters
are described under each class, and their advantages and limitations are
discussed. Finally, recommendations are made as to which dosimeter is most
suitable for each of the three stages of electron-beam processing.
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1. INTRODUCTION

Correct applications of radiation processing for food preservation
or other industrial uses depend to a large extent on accurate and reproduci-
ble radiation dosimetry and measurement of the related desired effects. The
important quantity in dosimetry is the energy imparted (i.e., absorbed
radiation dose) to the material of interest. Therefore, the measurement of
the absorbed dose must be as accurate as possible.

Radiation dosimetry plays several key roles in radiation process-
ing. It is particularly important where the health and safety of the public
depends on a properly executed radiation process, such as radiation
sterilization of medical products and irradiation of some food items. In
such cases, it should be shown with a high degree of confidence that speci-
fied minimum and/or maximum doses were administered; dosimetry provides
documentation that this has been achieved. For other applications legal
requirements may not exist, but industrial quality control may place strin-
gent requirements on the radiation process, and dosimetry again would pro-
vide the process control. In particular, there are three stages for any
radiation process where dosimetry plays an important function: research,
commissioning and quality control.

Basic laboratory research establishes the feasibility of a pro-
cess. One of the objectives is to determine the minimum and maximum dose
values for the product, in order to achieve the desired effect. The value
of the minimum dose is specified as the absorbed dose in the product that
is sufficient to achieve the desired effect. The value of the maximum dose
is usually specified as the absorbed dose at which there may be undesirable
effects on the product. The magnitude of these two dose levels for each
radiation process is generally established by extensive research in the
relevant science.

During commissioning it is necessary to characterize the irradia-
tion facility in regards to its capability to process within these dose
limits. Also, a given product should be qualified; it should be shown that
the design of the product unit is such that the dose at any point is within
the two dose limits.

The techniques of dosimetry are now sufficiently established in
radiation processing to provide one of the most reliable means of quality
control. Thus, dosimetry is used to assure that the product has received
the radiation dose within the set specifications.

The types of radiation used in industrial processing include gamma
rays from cobalt-60 and cesium-137, X-rays of several MeVs (s5 for food) and
accelerated electrons over an energy range of about 0.1 to several HeVs
(£10 MeV for food). Absorbed doses range generally from 10 to 10s Gy.
Measurements within this range must be made not only with precision but also
with accuracy.

Calculations of the absorbed dose in the product based solely on
estimates of the incident radiation flux density, spectra, and radiation
absorption properties of the product and its surroundings are difficult to



achieve, except perhaps in the case of a homogeneous product, and mono-
directional, monoenergetic radiation beams. In general, experimental dosi-
metry is preferred over calculational methods, because of the intrinsic
heterogeneity of the radiation field and the product. Calculations, on the
other hand, are useful in predicting differences in measured absorbed do3e
in different materials, since it is relatively simple to apply ratios of
photon energy absorption coefficients and electron stopping powers averaged
over estimated radiation spectra at the regions of interest.

Based on their function in radiation processing, dosimeters are
generally divided into various classes; Section 2 describes these classifi-
cations and their functions. Section 3 describes the principles, functional
characteristics, classification, etc., for several dosimeters, which are
being used in the industry at present. Up to that point, the discussion is
general in that it is applicable to both gammas and electrons. Section A,
however, deals specifically with the role dosimetry plays in a radiation
processing facility utilizing an electron beam. Conclusions are given in
Section 5, and guidelines are listed that should help a facility operator
select dosimetry systems for his applications.

2. CLASSES OF DOSIMETERS

The primary aim of dosimetry is to determine absorbed dose at
points of interest in a given absorbing medium [1 to 4]. Absorbed dose is
defined as the incremental energy imparted by radiation to a small volume of
matter divided by the mass of that volume element. The measurement methods
and systems that may be used in radiation processing cover a vast range of
procedures and materials. Based on areas of application and their relative
quality, radiation dosimeters may be divided into various classes. Rough
dose monitors, such as go/no-go visual radiation indicators, are not
included here.

The primary standard dosimeter has the highest metrological quali-
ties in the field of radiation dosimetry and its reading is based on the
measurement of basic physical quantities, such as ionization current, elec-
tric charge, or temperature. A primary standard dosimeter does not need
calibration against another standard dosimeter system, and it is usually
established and maintained by national standards laboratories. The two most
commonly used primary standard dosimeters are ionization chambers and
calorimeters.

The reference standard dosimeter is traceable to the national pri-
mary standard and is generally of the highest metrological quality available
at a given irradiation facility. It may be either an ionization chamber or
a calorimeter, but more than likely it is a dosimeter whose reading is based
on the measurements of radiation chemical yields from standard solutions,
which are readily available from stock and are reproducible at any time from
one laboratory to another. The reference dosimeter most widely used is the
ferrous sulphate (Fricke) aqueous solution. A few reference standard dosi-
meters are given in Table 1; many others may be found in literature.
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The transfer standard dosimeter possesses the same quality as the
reference standard. It is prepared in a stable and rugged form suitable for
mailing and upon analysis shows a reproducible signal (e.g., optical trans-
mission density change, electron spin resonance (ESR) spectrum) as a func-
tion of absorbed dose. The transfer standard dosimeter is used for calibra-
ting the local reference standard against the national primary standard*.
It is also very useful for intercomparison studies between two or more
laboratories. Table 2 lists desirable characteristics of transfer standard
dosimeters [18].

Under certain conditions, some routine dosimeters may be used as
transfer standard dosimeters; however, it should be verified that these
routine dosimeters meet all of the essential criteria listed in Table 2 for
the specific application before being utilized.

None of the reference standard dosimeters or routine dosimeters
listed have all of the desirable characteristics given in Table 2 for an
"ideal" transfer standard dosimeter. Such dosimeters may be used, as trans-
fer standard dosimeters, if the absence of some desirable characteristics
has negligible effect on the response of the dosimeter, or if correction
factors can be applied to bring the dosimeter's, response into conformity
within the necessary limits of uncertainty of the applications.

The routine in-house dosimeter is used regularly at an irradiation
facility for dose mapping, monitoring and quality assurance. A routine
dosimeter may be moderately unstable, but show a reproducible signal, which
upon analysis within a facility, can give adequate dose interpretations as
long as (1) the response is properly calibrated in terms of radiation
effect-versus-dose using a reference standard dosimeter, and (2) sources of
systematic error are accounted for (e.g., instability, environmental
factors, batch differences). A general precaution for the use of these
dosimeters is to limit their use to conditions similar to those under which
they have been calibrated. A few routine dosimeters are given in Table 3
[18]; many others may be found in the literature.

Typically the uncertainty, at a 95% confidence level, in the ab-
sorbed dose for the hierarchy of dosimeters is as follows [18]:

Primary standard : ±1%
Reference standard : ±3%
Transfer standard : ±5%
Routine dosimeter : ±10%

3. DESCRIPTION OF DOSIMETERS

In this section various dosimetry systems currently in use are
described. The classifications as well as the advantages, limitations and

In general, the calibration of standard dosimeters by national standards
laboratories is provided in terms of absorbed dose in water, especially
for applications in food irradiation processing.
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method of employment are discussed. There is a vast amount of literature
available on this subject; therefore, only essentials are discussed here and
references are provided for more detailed information.

It should, however, be noted that a vast majority of these dosi-
meters were developed for gamma applications. Thus certain precautions must
be taken before they can be used for electron beam. This point is further
discussed in Section 4.

3.1 CALORIMETRIC DOSIMETRY (Class; Primary Standard)

One of the most direct and useful dosimetry methods employed in
radiation processing is calorimetry. It was developed for low-intensity
photon fields, but calorimetry is applied to high-intensity fields as well.
In fact there is no upper dose-rate limit for calorimetry, since the calori-
meter response can be made, and most often is, independent of dose rate.
Calorimetric dosimetry may involve either complex arrangements using adiaba-
tic enclosures containing reference cells and calibration heat sources or
relatively simple quasi-adiabatic or bare heat sensors that lose heat to
their surroundings. One of the most practical, simple calorimeters consists
of an insulated graphite disc and a thermocouple or a thermistor, which
gives a reading of temperature rise in graphite due to absorbed radiation.
The surrounding insulation, e.g., polystyrene foam, guards against rapid
heat losses during and following irradiation. The absorbed dose, D, is then
calculated as follows: D = c • AT, where AT is the change in temperature of
the graphite disc and c is the specific heat of graphite. Calorimetic dosi-
meters have been used routinely at industrial electron accelerators, with
energies between 6 and 10 MeV, for several years [31 to 33]. The high rate
of energy deposition of an electron accelerator is an advantage here, making
the thermal isolation less critical. Measurements may be made either on-
line or at very short times before and after irradiation. The size of a
calorimeter and the range of its operation depend upon the type of design,
the materials used and the method of temperature measurement, e.g., for a
graphite calorimeter, the temperature rise is about l°C/700 Gy. Several
types of calorimeters are treated in detail in the literature [5 to 10].

3.2 FRICKE DOSIMETRY (Class: Reference Standard)

In radiation processing applications, particularly with gamma-ray
sources, one of the most useful reference dosimeters is an aqueous sulfuric
acid solution of ferrous sulfate (generally known as 'Fricke' dosimeter) [34
to 36]. Procedures for its use may be found in the literature for both
photon and electron radiations [35,37 to 39]. The dosimetry solution is
generally contained in an ampoule approximately 1 cm in diameter and 4 cm
long. This dosimeter may be used accurately to measure absorbed doses from
30 to 400 Gy (3 to 40 krad).

The Fe2* ions in aqueous solution are oxidized by radiation and
form Fe3* ions, which have an absorption peak in the ultraviolet region of
i3O5 run. By measuring the change in absorbence (optical transmission den-
sity) at this wavelength and knowing the molar absorptivity (extinction
coefficient) of Fe1* ions at 305 nm, as well as the irradiation yield
(G-value) of ferric ions, the absorbed dose in the solution may be deter-
mined within nominal precision limits of about ±1%. To achieve this
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precision, the main requirements are cleanliness and purity of ingredients,
including the use of triply distilled water for the practical elimination of
organic impurities. Demineralized water or singly distilled water is not
acceptable.

The normal range for ferrous ion concentrations is from 0.1- to
10.0-mmol/L ferrous sulfate. G-value decreases for both above and below
this range of concentrations in air-saturated solutions. Oxygen is effec-
tive in oxidizing ferrous ion down to the point of nearly complete oxygen
removal. This happens around 500 Gy, Also the G-value decreases as
absorbed dose rates exceed about 107 Gys" 1 [A0] . For a pulsed electron
accelerator, the dose rate within a pulse could easily exceed this value.
The response of the dosimeter does not vary appreciably with temperature
during irradiation, but there is a variation of optical density reading with
temperature during spectrophotometry (as the extinction coefficient depends
on the temperature of the solution).

The upper range of response of this reference dosimeter may be
extended to 2 kGy (200 krad) by using a higher concentration of ferrous
sulfate or ferrous ammonium sulfate and saturating the solution with oxygen
gas. This system is sometimes called the 'Super Fricke' dosimeter [35].

3.3 CERIC-CEROUS DOSIMETRY (Class; Reference Standard)

This dosimetry system is based on the radiolytic reduction of
eerie ion to cerous ion in dilute sulfuric acid solution [13,34,36,41,42].
The useful dose range depends on the concentration of eerie ion and may
extend from 1 kGy to 1 MGy; this can also be achieved by addition of cerous
ion before irradiation. During irradiation, the eerie ions are reduced to
cerous ions, and cerous ions are oxidized, the net G-value showing the dif-
ference. The concentration of cerous ions before irradiation is therefore
important to the final yield of cerous ions.

Since eerie sulfate is extremely sensitive to organic impurity
because of its intrinsic effectiveness as an oxidizing agent, it is impor-
tant that triply distilled water in quartz glass be used for irradiation and
that exceedingly clean glass containers be used even when handling after
irradiation. With such meticulous care, precision limits of about ±1% and
accuracy limits of about ±3% have been claimed using the spectrophotometric
method of measuring the cerous concentration [29].

The solutions are somewhat sensitive to light, especially after
dilution, so that spectrophotometric analysis and handling must take place
under subdued illuminations [43]. Dose-rate dependence of response in the
form of increase of cerous ion yield occurs at absorbed dose rates exceeding
106 Gy's"1 [36,44]. This may restrict the use of this dosimeter for a
pulsed electron accelerator, since the dose rate within a pulse could easily
exceed 106 Gy's"1. Temperature dependence of response is variable, depend-
ing on oxygen concentration [45]. G-values have generally been found to
decrease by ^0.2%/°C rise in temperature. Because of fairly high concentra-
tion of cerium in the dosimetry solution, the radiation response of the
dosimeter has a different absorption cross section from water and from most
biological systems, especially for ionizing photons below 100 keV [43,46],
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Matthews [47] has developed a method of analyzing the quantity of
radiolytically reduced cerium by electrochemical potentiometry rather than
by spectrophotometry. The apparatus consists of an electrochemical cell and
a precision voltmeter for reading differences in redox potential between
platinum electrodes separated by a sintered glass ceramic plug for irradi-
ated solution and for unirradiated solution. The apparatus is commercially
available from Atomic Energy of Canada Limited-Radiochemical Company
(AECL-RCC). It is claimed that absorbed dose from 5 to 40 kGy can be
measured witl- nominal precision limits of about ±2%, over an ambient temper-
ature range <.o. 1 to 50°C. The problem of impurities causing error and poor
reproducibility is less with the potentiometric system than with the eerie
sulfate dosimeter that is analyzed spectrophotometrically.

3.4 ALANINE DOSIMETRY (Class; Reference Standard)

By absorption of radiation, free radicals are almost always pro-
duced. In most cases these radicals quickly react to produce various
effects in the irradiated material, e.g., crosslinking or degradation in
polymers. In several substances, however, the free radicals remain stable,
and the measurement of the free-radical concentration can be used for dosi-
metry [48]. The alanine dosimetry is based on evaluating quantitatively the
radiation-induced free radicals by ESR spectroscopy. The useful range for
this dosimetry system is 1 to 10s Gy [11]; the range extends from doses used
in medical therapy to those commonly used in industrial radiation processing
[49]. The dosimeters may be made as small rods 4.9 mm in diameter and 10 mm
in length, consisting of approximately 90% L-alanine by weight suspended in
about 10% paraffin. The alanine can also be suspended in other hydrocarbon
binders, such as cellulose [50,51] or it can be protected by a painted layer
[52]. In order to improve such properties as thermal resistance, flexi-
bility and reproducibility, certain polymers (ethylene-propylene rubber,
low-density polyethylene and polystyrene) have been used as binders [53].

Several properties of alanine (an organic compound) dosimetry make
it suitable for food processing and sterilization. In contrast to the tra-
ditional dosimetry methods that are based on radiation effects in inorganic
materials, (e.g., temperature rise in graphite or metal (calorimetry) and
colouration of chemical solutions (Fricke dosimetry)), the alanine dosimetry
is based on an organic compound. This compound is closely tissue-equivalent
with respect to atomic composition (effective atomic number = 7.2) and
specific gravity (= 1.22 g'cnr3) [11]. Additionally, the generation of free
radicals by radiation is part of the chain of cellular damage in biological
materials. Other advantages are small size, low fading of the signal, small
energy-dependence of response with respect to the absorbed dose in water due
to gamma and electron radiation, and easy (but costly) readout with good
reproducibility [52]. Preparation of the dosimeter samples, however, is not
easy [54].

The yield of free radicals increases with irradiation temperature;
this increase is linear up to 80°C. However, the yield is independent of
the irradiation atmosphere and of the dose rate up to 108 Gy^s"1 [48], The
high precision in the determination of spin concentration using ESR spectro-
scopy makes this dosimetry system useful, with an overall uncertainty of
£5% [11].
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3.5 P0TAS5IUM-DICHR0MATE DOSIMETRY (Class: Reference Standard)

Even though the radiolytic reduction of Cr** species to Cr3* in
acidic aqueous solution has been studied for many years [55], the system has
only recently been accepted as a reference dosimeter [17]. The useful dose
range for this dosimeter is 1 to 100 kGy and depends upon the initial con-
centration of dichromate in the dosimetry solution. The practical range is
10 to 40 kGy, which is of particular interest in radiation sterilization.
The concentration of Cr3* ion is measured spectrophotometrically by measur-
ing the optical density of the solution at 440 nm at a shoulder of the
absorption band [48]. Lower doses may be read, if the concentration is
lowered and the analysis is made at the peak of the absorption band at
350 nm [56]. The sensitivity and accuracy can be varied after the irradia-
tion by choosing proportions of eerie and dosimeter solutions that suit
selected narrower dose ranges [57].

All solid chemicals used in this dosimetry must be of 'Anal R1

grade or equivalent and the solutions are made up of triply distilled water.
In spite of these precautions, it has been reported that trace impurities in
the solution cause random variability in response. This effect can be
eliminated by pre-irradiating the bulk dichromate solution to a dose of, say
1 kGy [17]. No significant change in optical density of irradiated solu-
tions has been detected, even after storage for four weeks at 40°C. Unlike
the ceric-cerous dosimeter, the dichromate system has radiation absorption
properties similar to those of low atomic number materials (as in food);
hence, it is not subject to errors when degraded /-radiation spectrum is
present [58]. There is, however, a potential problem with dissolved hydro-
gen gas in the solution affecting optical density readings made soon after
irradiation. To minimize this effect, measurements should not be made until
24 h after irradiation [17]. The dosimeter's response depends minimally on
the irradiation temperature, the temperature coefficient being approximately
-0.2% per degree Celsius [17]. Dosimetry solutions to which silver ions
have been added are found to be independent of dose rate over a wide range
(up to about 107 Gys"1) [58].

Thus, potassium dichromate dosimetry possesses many characteris-
tics that make it particularly attractive in the 10- to 40-kGy dose range.
Such characteristics include ease of preparation, ease of measurement (no
dilution necessary, unlike spectrophotometric eerie dosimetry), long shelf
life, absence of post-irradiation storage effects, equivalence to water in
terms of radiation absorption properties, dose-rate independence and very
small and known temperature coefficient.

3.6 THERMOLUMINESCENCE DOSIMETRY (TLD) (Class; Transfer Dosimeter)

Many crystalline materials when irradiated store energy in the
form of filled electron and hole traps. These filled traps are often perma-
nent enough at room temperature to provide readings of absorbed dose by the
emission of light photons caused by subsequent heating [59 to 61]. With
proper calibration, measurement of this luminescence gives a determination
of absorbed dose due to the original irradiation. These dosimeters are
rugged and stable—the desirable characteristics of a transfer dosimeter.
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Crystalline materials commonly used as TLD materials are natural
forms of LiF or CaF3 or they may be CaF,, CaSOt or Li3B4O7 to which have
been added trace amounts of manganese or other elements as trapping centres
[29], The material is used either as a powder, pressed pellets, sealed
glass tubes or bulbs containing heaters and TLD material, or impregnated
plastic wafers. The emission spectra generally range between wavelengths of
350 and 600 nm, and the readout is made with a photomultiplier interfaced
with a heating system [29].

To measure doses up to about 103 Gy, LiF and CaF2:Mn can be used
in the form of loose powder or impregnated plastic, e.g., Teflon or poly-
ethylene wafers. For doses up to nearly 10* Gy before saturation effects
occur, Li^B^OjiMn can be used. The material CaFjiDy can be used up to
nearly 103 Gy with no exhaustion effects due to repeated annealing after
total doses up to 2 x lO* Gy [62]. The precision limit for various TLDs is
approximately ±3%.

One of the disadvantages of TLD is that the signal is destroyed in
the process of 'reading' it. This means that after irradiation the detector
can be evaluated only once; in some cases the information might be lost by
error and it is not possibla to repeat the evaluation. Photo-transferred
thermoluminescence (PTTL), however, enables dose re-estimation by utilizing
the 'memory effect' in thermoluminescence (TL) materials [63,64], The phe-
nomenon of PTTL is due to the retention of TL information—on exposure to
ultraviolet (UV) light—from TL materials previously exposed to ionizing
radiation and partially annealed. High-temperature peaks, which are not
thermally annealed during normal readout, enable re-estimation of the dose.
Most of the common TL materials exhibit PTTL properties; A12O3 is one of the
most promising because the peaks on the glow curve are far from one another
[65].

One problem with most TLD for biological applications is that the
response, to ionizing photons and electrons over a broad spectrum, particu-
larly of energies 5150 keV and £10 MeV, shows marked energy dependence.
This is due to differences in absorption characteristics of TLD and most
biological substances [59,61,66],

3.7 RADIOCHROMIC DYE DOSIMETRY

(Class: Transfer and Routine Dosimeter)

Solutions of certain colourless dye precursors, usually leucotri-
phenylmethane dyes, such as the cyanides, carbinols, bases, or methoxides of
pararosaniline, malachite green, new fuchsin, etc., make useful dosimeters
[67 to 69]. They can be made into gels, liquids, thin films, impregnated
papers, or thermoset polymers that form permanent colours upon irradiation,
with increase of optical density (or absorbence) that is approximately lin-
ear with absorbed dose over a wide dose range; the usual method of analysis
is spectrophotometry. Table A lists several forms of this type of dosime-
ter, each with a different form/size and absorbed dose range [70], It is
apparent from the table that, for most radiation processing purposes, the
entire dose range of interest (1 to 106 Gy) can be covered by selecting from
this list. Besides using routine dosimeters for these processes, if proper-
ly calibrated and controlled, they also may be used accurately and reprodu-
cibly for dose mapping, dose setting, and process commissioning procedures.
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as well as for transfer calibration of other routine dosimeters in photon
and electron radiation fields.

These dosimeters may be divided into two general categories:

(1) Liquid radiochromic systems with a useful dose range of about 10
to 10* Gy, and

(2) Solid radiochromic systems with a useful range of about 10J to
10* Gy.

3.7.1 Liquid Radiochromic Systems

These dosimeters are commercially available as small plastic tubes
containing a viscous solution of radiochromic dye, or they may be made using
stock chemicals. They have a specific G-value for dye yield and a specific
molar absorptivity for a given radiolytic product dye at the wavelength of
maximum absorption in the visible spectrum. These dosimeter solutions may
be used and stored either in glass or in certain plastics (such as, poly-
ethylene, polystyrene, polypropylene) and do not require high purity and
extreme cleanliness as do most aqueous chemical dosimeter systems.

One important precaution in using these radiochromic dye solutions
is to protect them from the effects of light, since optical wavelengths
below about 340 nm cause photolytic dye formation. This protection can be
accomplished by storage in amber glass, by using only yellow or indirect
illumination during handling or by placing a clear UV-absorbing plastic film
over windows and light fixtures. Important advantages of these systems are
their stability before and after irradiation [80,81], and the absence of
humidity and dose-rate dependence of response, even for dose rates up to
101* Gy's*1 [82]. Nominal reproducibility of dose readings is specified to
be about ±3% [37].

Recently, a new type of dosimetry system, radiochromic optical
waveguide (0WG) has been developed: a product of substantial improvement
and development in radiochromic solution dosimetry. When exposed to ioniz-
ing radiation, colour centres are formed in the waveguide, and the optical
transmission characteristics are changed. The anomalous dispersion, result-
ing from the colour centres, changes the index of refraction of the wave-
guide solution. The final result is a measurable change in the optical
transmission of specific wavelengths [76], Thus, OWG dosimetry is based on
different characteristics in form, method of operation, principle of
measurement and field of applications than that of conventional solution
dosimetry. Their differences are summarized in Table S [83].

Evans [84] was the first to develop glass-fibre waveguide dosi-
metry in the mid-seventies. By the early eighties, FarWest Technology Inc.
had developed a commercially available OWG dosimeter (Optichromic FWT-70),
which filled the gap in the low-level dose range (101 to 10J Gy) of routine
measurement in radiation processing [76]. This OWG dosimeter was evaluated
extensively by Zhan-Jun et al. [27] and by Radak and McLaughlin [85] at the
Center for Radiation Research, National Bureau of Standards (U.S.). The
temperature dependence in the range 0 to 80°C is about +0.2% per degree rise
during irradiation, but this factor is somewhat greater at temperatures from
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-40 to -3°C, owing to the freezing of the dosimetry liquid at about -3°C.
An increase in effective reading, due to temperature rise during spectro-
metric analysis, was also observed. Because of thermal expansion, the inte-
grity of the dosimeter assembly is disturbed at temperatures exceeding about
60°C. For doses up to about 2 x 103 Gy, the optical absorbance is stable
for at least 50 d after irradiation, but at the highest dose range (2 x 103

to 2 x 10* Gy) it shows a marked increase in optical absorbance with storage
longer than several days. The reproducibility of dose assess- ment in the
dose range 50 to 2 x 10* Gy, for dosimeters selected randomly from a batch
of 300, was about ±3%. It was also demonstrated that the FWT-70 optichromic
dosimeters are rugged and stable enough to be used over a wide temperature
and humidity range, and they can be placed in such environments as inside
citrus fruits without adverse effect on their ability to give satisfactory
dose assessment.

Yuhua et al. [83] have recently developed another OWG dosimeter
(OWG-86) that has the same structure and size as the FWT-70 but with a dif-
ferent radiochromic solution. It is claimed to have a higher refractive
index and higher OWG numerical aperture, leading to higher sensitivity
(vc0%), higher light gathering power and less energy dependence than that of
the commercially available FWT-70.

3.7.2 Solid Radiochromic Systems

This group is commercially available and consists mainly of solid
gels or thermoset polymers from 1- to 10-mm thickness (dose range 10 to
5 x 103 Gy), impregnated papers or plastic (103 to 10s Gy), or thin plastic
films or coated films (103 to 10s Gy). Films may also be made either by
thermosetting a monomer solution of the dye precursor or by casting from
polymer solution of the dye. The most widely used among these is the thin-
film dosimeter, usually a nylon, polyvinyl butyral or polychlorostyrene
matrix containing a dissolved leuco dye [72,81,86]. These films are pro-
duced in an assortment of thicknesses ranging from a few micrometres to
about one millimetre.

The dosimeters are colourless until irradiated, whereupon they
take on a permanent colour, with a prominent absorption band in the visible
spectrum. Since the colour is stable and the response is only moderately
affected by dose rate up to about 1012 Gy's*1 [87] and by temperature varia-
tion during irradiation, these dosimeters are convenient for determining
doses under a wide variety of irradiation conditions, e.g., inter-laboratory
comparisons and routine dose measurements for different radiation fields
(gamma ray sources; continuous, pulsed, or scanned electron beams; or
bremsstrahlung). The dosimeters are relatively stable for long periods
before irradiation when stored in the dark under controlled laboratory con-
ditions, and they are stable enough after irradiation to withstand mailing
and storage over several days to several weeks without change in their
response characteristics [88]. They are also very suitable for determining
three-dimensional dose distributions throughout an irradiated product and
their small size offers a great advantage for electron-beam irradiation.
Moreover thin-film dosimeters are most suitable for measurements with low-
energy electrons, or in situations where dose gradients prevail, such as for
use near interfaces of different materials or at product surfaces [89 to
91].
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Certain precautions, however, are necessary in the use of these
dosimeters. They must be protected against bright ultraviolet illumination
by use of UV-filters over windows and fluorescent light fixtures. Also,
they must be protected against, or response compensated for, excessive mois-
ture or large temperature variation during irradiation, although recent
results with the latest batches of nylon-base films show a negligible
temperature dependence between 20 and 50°C [70].

Advantages in using these film dosimeters, under many irradiation
conditions, are their ruggedness, small size, dose-rate independence and
their ability to cover wide dose ranges at temperatures that typically may
be encountered in most radiation-processing applications.

Newer versions of radiochromic dosimeters include coated films
[73] and impregnated or coated papers [74,75], which cover the dose range
for most food irradiation applications, namely 10a to 2 x 10* Gy (some
papers go as high as 106 Gy). These dosimeters are not nearly so light sen-
sitive or humidity sensitive as the conventional thin-film types. They are
easily calibrated, relatively stable and dose-rate independent, but they
have somewhat more pronounced temperature dependence of response during
irradiation [73].

Thin film or coated film radiochromic dosimeters can also be
suited to special needs. For example, a small grain-size polyethylene
pellet containing a thin dosimeter can be used to measure dose during irra-
diation of grains, feeds or pulses [70]. The pellet pieces are nontoxic and
reusable, and unlike solid-state or ceramic dosimeters used for this purpose
[92,93], they match the radiation absorption properties of typical grains or
feed granules. These pellet dosimeters are small enough to be inserted into
fruits, vegetables, and meats for dosimetry and dose mapping. Also, rela-
tively large sheets of thin radiochromic film can also be used for high-
resolution imaging of dose patterns produced by penetrating radiation beams
passing through nonhomogeneous media [71].

3.8 POLYMETHYLMETHACRYLATE (PMMA) DOSIMETRY

(Class: Routine Dosimeter)

Coloured or clear polymethylmethacrylate (PMMA) has been used for
dosimetry in gamma irradiation facilities for years [19]. Particularly the
red Perspex dosimeter, type 4034 produced by Harwell, U.K., has gained
acceptance as a routine dosimeter [20]. Recently other perspex dosimeters
have become available on the market; these are listed here [94]:

Clear HX
Radix RN-15
4034 Perspex (red)
3042 Perspex (amber)
Gammex, type S

Previously, the dosimeters were cast in large sheets and subsequently cut
into individual dosimeters, typically 3 x 1 cma. Therefore, thickness vari-
ations occurred and individual thickness measurement was needed when reading

Range (kGy)

3
5
5
1
5

to 50
to 60
to 50
to 30
to 50

Measurement Wavelength (nm)

314
314
640
603
650
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the dose with the 4034 Perspex. Some of the new dosimeters are, however,
individually cast, offering the advantage of almost no thickness variation
between individual dosimeters. Thicknesses are approximately 1, 3 or 10 mm.

These dosimeters may be subdivided into colourless or clear, and
dyed PMMA. For both types of dosimeters, the absorbed radiation induces
absorption bands at certain wavelengths. The optical absorption, before and
after irradiation, is measured spectrophotometrically. Also it is important
to measure the thickness or the optical path length for each dosimeter,
since it could vary between dosimeters. The response is thus calibrated in
terms of change of optical density (absorbence) per unit thickness as a
function of absorbed dose. By taking into account instability factors and
environmental effects, nominal precision limits within a batch have been
specified to be approximately ±3%. Recommended detailed procedures for
using this dosimeter are given in the literature [94].

3.8.1 Colourless PMMA

Undyed polymethylmethacrylate (PMMA) in the form of thin plastic
(1 to 3 mm) (having commercial trade names such as Lucite, Perspex,
Plexiglas) has been used with success to measure absorbed doses [95 to 98].
The radiation effect of interest is the formation of a broad absorption band
in the ultraviolet. In a clear HX Perspex made especially for dosimetry,
readings of absorbance change are most successfully carried out at 314 nm,
where wavelength variations in dose reading due to instability are minimal
during the first 24 h of storage after irradiation.

Radix RN-15 uses a special grade of clear PMMA manufactured by a
casting method*. Special care is taken to make the thickness uniform; the
standard deviation from the mean (1.50 mm) is only 0.018 mm (1.2%). It is
claimed to have a negligible dose-rate dependence between 0.3 and 3 Gy's"1.
Response is independent of humidity during irradiation and is only slightly
dependent on irradiation temperature between 0 and 40°C. The radiation-
induced optical density of Radix is stable for 1 or 2 d. During longer
periods of storage, the optical density is influenced by temperature.

3.8.2 Dyed PMMA

Polymethylmethacrylate containing certain dyes can be used to
determine absorbed dose. In this category of dosimeters, red Perspex 4034
is most widely used. It was first employed as a dosimeter in the U.K. pro-
totype cobalt-60 irradiation plant in 1960 [99]. This material was ini-
tially chosen as a result of an in-depth study of radiation-sensitive mate-
rials available in the late 1950's, because of its relative insensitivity to
factors other than dose. Of the factors that could influence the radiation
response characteristics of the material, absorbed water has been shown to
be of primary importance; therefore, the dosimeters are sealed in individual
sachets before use [20]. There is no significant dose rate effect up to
105 Gy»s* (pulsed beam of 4 MeV electrons) [100] except at a very low dose
rate, namely below about 1.5 Gy's"1 [19]. Miller et al. [101] and Miller
and McLaughlin [26] have reported temperature studies on Red 4034 dosimeters

* Supplied by Radia Industry Co. Ltd., Japan.
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over a range of -80 to +80°C finding little dependence (less than 2% change
in response) from -20 to +40°C but significant increase in sensitivity below
-30 and above +50°C. Whittaker [20] has reported that at 640 nm, changes in
absorbance fall within ±2% in 10 d.

Recently, the Gammex, type S dosimeter has been under investiga-
tion at Riso National Laboratory, Denmark. Its absorption spectrum and
response are similar to that of the Red Perspex 4034. The radiation-induced
absorbance is known to change with time, similar to that for the 4034 dosi-
meter [48]. The development/fading curves depend on dose and on temperature
during irradiation.

The currently available PMMA-based dosimeters are not considered
to be sufficiently sensitive for accurate gamma-radiation dosimetry below
3 kGy dose. Recently, a new perspex dosimeter, Gammachrome YR, has been
specifically developed for the 100-Gy to 3-kGy range [102].

3.9 LYOLUMINESCENCE DOSIMETRY (Class; Routine Dosimeter)

Another method of analysis for dosimetry at high doses is lyolumi-
nescence [103,104]. When some irradiated solids (e.g., saccharides, amino
acids, polymers) are dissolved in certain liquids under controlled condi-
tions, light is emitted; the intensity is proportional to the mass of the
material and the absorbed dose up to a saturation limit. The luminescence
is due to chemical reactions of stable radiation-induced free radicals with
the solvent. The useful dose range is quite wide (3 to 105 Gy) depending on
the choice of the material [105 to 108]. The dosimeter consists of encapsu-
lated powder, a pressed tablet or a pellet having a mass of at least several
milligrams. Light emission, occurring during dissolution in a stirred
solvent, is measured over several seconds. The response curve must be
established for each material used; it is influenced by several parameters
including particle size of the powder and temperature of the solvent. This
dosimeter has the advantage of being food-product equivalent because of its
low atomic number.

Several materials have been investigated with respect to their use
for dosimetry, and one of the more sensitive materials, glutamine, may cover
a range from 10 to 10s Gy [48]. The response curve is supralinear at low
doses. This effect may be due to the reactions between the solvent and the
glutamine, since a measurement of the free-radical concentration by ESR does
not show this supralinearity [48]. Glutamine has been investigated both
with electron and gamma radiation, showing no dose-rate dependence up to
approximately 10' Gys" 1 [109], With further development, this system could
become a useful dosimeter for food irradiation and sterilization of medical
supplies.

4. DOSIMETRY REQUIREMENTS

4.1 GENERAL

As mentioned earlier, in an industrial radiation processing facil-
ity, dosimetry is needed at various stages: research, commissioning and
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quality control. Research may or may not be an integral part of the indus-
trial facility; however, it is included here because the technical informa-
tion, which is required for the radiation process under consideration, needs
to be developed, if not at the processing facility, then at a separate
research facility. The commissioning phase involves characterizing the
facility itself and qualifying the product. Subsequent to the commissioning
phase, dosimetry is to be used throughout the process to provide the infor-
mation for quality control.

So far the discussion has been general, such that it can apply to
gamma fields as well as to electron beams. However, the following discus-
sion is restricted to electron-beam facilities, because electron processing
is more relevant to our present requirements and also because such informa-
tion for gammas already exist in literature [110,111].

As mentioned earlier, a vast majority of dosimeters in use today
have been developed for gamma applications, and thus it is important to bear
in mind those differences between gammas and electrons that could affect the
operational value of the dosimeter. Electrons interact differently with
matter than gammas; thus various aspects of the dose within a product are
affected. These differences place extra demands on electron dosimetry. The
following aspects should be considered:

(1) The electron range is much shorter than the gamma range,
(2) Depth dose distributions are quite different for the two cases,
(3) Dose gradient for electrons is very high at certain depths, and
(A) The dose gradient near an interface between two dissimilar materi-

als is very high for electrons.

There are several attributes of a dosimeter that should be consi-
dered when choosing a dosimeter for a pulsed-electron facility. For
example, since several dosimeters discussed in Section 3 have a limited
dose-rate range, they may not be suitable for pulsed-electron dosimetry.
Also the dosimeter must be thin, otherwise it will measure a dose averaged
over its thickness, where there could be a high dose gradient. A somewhat
thicker dosimeter may be used at the position of the peak of the dose-
distribution curve, since here the dose changes only slightly with depth.
The response of the dosimeter must be relatively independent of spectral
energy because the energy spectrum also changes with depth in the material.
A dosimeter, whose material is not equivalent to the material being irradia-
ted, may distort the dose distribution and affect the dose readings.

Dosimetry needs for the various phases are discussed in the
following subsections.

4.2 CHARACTERIZATION OF AN ELECTRON-BEAM FACILITY

During this phase, the aim of the dosimetry is to establish the
characteristics of the electron beam in the radiation zone. The important
attributes are the spatial extent of the radiation zone and the uniformity
of the delivered dose within this zone. It is also necessary to establish
the relationships between these attributes and various accelerator operating
parameters, including scan frequency (if applicable), scan amplitude (if
applicable), product-transport-system speed and electron energy. Dosimetry
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is a key to determining these relationships. Another aspect of this phase,
for which dosimetry is extremely important, is the establishment of dose
distribution within products of expected densities. Also, dosimetry can
provide information regarding the most probable electron energy of the beam.

A calorimeter, either graphite or water, and/or a eerie dosimeter
are most suitable for measuring the delivered dose, for example, dose on the
surface of the conveyor belt. An alanine dosimeter can also be used if ESR
equipment is available. An ideal dosimeter for measuring the uniformity of
the delivered dose across a conveyor belt is a continuous dosimeter such as
a PMMA sheet [112] or a thin-film dosimeter [71,113]. A PMMA sheet, prefer-
ably 3-mm thick, is very convenient because of its mechanical strength and
ease of handling. Optical density of these continuous dosimeters can be
measured after irradiation by pither cutting them into small pieces and
using a standard spectrophotometer or, leaving as is, and using a scanning
optical densitometer [112]. Such a device would scan the entire sheet and
thus not miss any information. Also, it can provide isodose profiles if
needed. This method is very convenient and takes much less time as compared
to cutting the dosimeter into small pieces and analyzing each piece sepa-
rately. Another method to measure uniformity of dose is to place several
diodes within the irradiation zone and measure the on-line response (in mV)
due to irradiation from all the diodes [114,115],

The most probable electron energy can be estimated from the extra-
polated range of the electron beam in a given material, preferably water,
polystyrene, PMMA or graphite. This can be conveniently measured by employ-
ing a phantom made out of any one of these materials and by placing dosi-
meters at various depths in the phantom [112,116]. The dosimeters used
should be thin (in the direction of the electron beam) to achieve the neces-
sary spatial resolution; radioactive dye films, coated films or coated
papers are suitable for this task. A bulky sensor can be considered an
intruding probe, which displaces a portion of the medium of interest, pro-
ducing a discontinuity. Another convenient method of measuring the range is
by means of a 'range-finder' consisting of a continuous dosimeter (acrylic
sheet or a radiochromic dye film) sandwiched between two blocks of similar
materials [112,117,118].

4.3 PRODUCT QUALIFICATION

The primary goal here is to measure absorbed dose within a product
at various points (dose mapping) so as to locate the regions of maximum and
minimum dose and to measure these values. Also of importance is to measure
the dose at some easily accessible location on or within the product unit
and to establish the relationship (to be used later during routine opera-
tion) between this value and the maximum and the minimum values. The
approximate positions of maximum and minimum dose are relatively easy to
determine for containers uniformly loaded with a relatively homogeneous
product and irradiated by a monoenergetic beam. For a practical situation
of a nonhomogeneous product irradiated with a spectral distribution of beam
energy, however, dose mapping is achieved by placement of a large number of
dosimeters throughout the product. A placement pattern of the dosimeters
should be selected that can most probably identify the locations of the
absorbed-dose extremes. More dosimeters should be placed in these areas and
fewer dosimeters placed in areas likely to receive an intermediate absorbed



- 16 -

dose. The number of product units used should be sufficient to determine
the variability of the dose distributions among product units. For a solid
product unit, because of shallow penetration of electrons, thin radiochromic
dye films or small ampules containing radiochromic solution (e.g., optical
waveguides) are most suitable. Cavity theory must be applied properly in
order to convert the dosimeter response to a meaningful interpretation of
absorbed dose in the main absorbing medium (see Appendix A.). For a liquid
product or a particulate product such as grains or flour, a suitably capsu-
lated dosimeter that would flow with the product is required. For this
purpose, a thermoluminescent, lyolyminescent powder or radiochromic film can
be used [70].

4.4. QUALITY CONTROL

With an electron-beam irradiator, process control may be carried
out by monitoring beam energy, beam current, scan width and scan frequency,
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 (sometimes, also to scan
repetition rate and pulse repetition rate), so that at least the minimum
dose is correctly delivered to the product. The International Atomic Energy
Agency (IAEA) Recommendation for Sterilization of Medical Products [119]
contains a discussion of such control factors for electron accelerators,
which can serve as a useful reference for food irradiation and other indus-
trial processes. Although control and proper adjustment of irradiation
parameters can serve to maintain satisfactory performance, it is useful to
be able to measure precisely and accurately the energy deposition throughout
an irradiated medium. Neither the monitoring of electron-beam current and
power, product motion and position, nor the calculation of the dose based on
radiation spectra and product dimensions can give sufficient information to
assure irradiation values within usual specified absorbed dose limits.

Quality control of the radiation processing of materials includes,
among other activities, the routine dosimetry measurements during ths pro-
cess. During a production run, a minimum of one dosimeter should be placed
on at least the first, middle and last units in the production run [120] at
a previously determined location (see Section 4.3). For monitoring during
long production runs, additional dosimeters should be placed on a product
unit at least once every 12 h [120]. Routine dosimetry systems should be
well calibrated and be widely available in large batches. Generally they
are rugged and sufficiently stable for rigorous use in a typical radiation-
processing environment. Several parameters in their response characteris-
tics must be investigated. The limitations must be understood and necessary
corrections made for systematic error, as well as for batch-to-batch and
intra-batch anomalies that arise in routine use. The effects of temperature
and spectral variations on dosimeter response, and nonlinearity are also
important sources of systematic error. Again radiochromic dye films, coated
films, coated papers or optical waveguides satisfy many of these require-
ments and thus are most suitable for solid products, and suitably encapu-
lated dosimeters are ideal for liquid or particulate products.

McLaughlin et al. [87] investigated behaviour of several commer-
cially available plastic and dyed plastic dosimetry systems. When calibrat-
ing with gamma rays, only those plastics containing the radiochromic tri-
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phenylmethane cyanides or methoxides (e.g., FWT-60 films, manufactured by
Far West Technology, Inc.), gave a correct determination of absorbed dose
due to electron-beam irradiation for both cases: continuous irradiation and
10-step fractionated irradiation.

Another component of quality control procedure involves tracking
each product unit through the irradiation zone. This can be accomplished by
a colour-change go/no-go indicator placed (stuck) onto each product unit.
Such indicators change colour on irradiation and provide a positive indica-
tion that the unit has undergone radiation processing, besides assisting in
inventory control. The colour change can be analyzed on-line either manual-
ly or automatically. 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. Miller et
al. [121] have developed a reflected light dosimeter that is fabricated as a
tape. The thin film is cast on a white backing and a UV-protective layer is
coated on the film. The backing is provided with pressure-sensitive adhe-
sive and release paper. Allied Corporation has a similar system where the
dosimeter is part of a bar-code system that also contains information
defining the dose-response curve of the dosimeter along with other relevant
product information [122].

Another quality control activity is to perform a periodic check of
the reference standard against a national primary standard. A few national
standards laboratories provide a calibration service to radiation processing
facilities in their own countries, and the increasing international trade in
irradiated products means that the requirement for reliable dosimetry con-
trol is becoming international in scope. These national laboratories have
facilities and measurement systems that can be used to provide absorbed dos*
calibrations having an uncertainty of less than 1.5% (lo) in photon and
electron fields [123,124]. Such calibration against a national primary
standard can be accomplished by use of a transfer dosimeter; the eerie dosi-
meter has proved to be excellent at high doses for this purpose.

4.5 RESEARCH PHASE

As mentioned earlier, this phase precedes product qualification,
since the research provides information regarding the maximum and the mini-
mum dose values required for the process. It is very likely that the basic
laboratory research may be done in a gamma field, e.g., Gammacell-220.
Suitable care should be taken in transferring the information generated
using a gamma field to the electron-beam situation, especially if the dose-
rate effect is significant for the process. As in the case of routine dosi-
metry, radiochromic dye films or optical waveguides for solid products and
suitably encapsulated dosimeters for fluid products are most suitable.

5. CONCLUSION

In planning correct dosimetry for radiation processing, it is
important to clearly understand the requirement of the process, the relevant
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environmental conditions present during the process and to appreciate the
advantages and limitations of various dosimeters. The following list of
criteria may help a facility operator select appropriate dosimeters for
process applications. The dosimeters should

(1) Have adequate reproducible response at all specified dose levels;

(2) Be capable of reliable calibration;

(3) Have limited dependence of response on energy spectra and absorbed
dose rates used for the process;

(4) Have approximate product-equivalence in terms of radiation absorp-
tion properties;

(5) Have known correction factors for environmental conditions, such
as, temperature and humidity;

(6) Be readily available in reproducible lots with long pre-irradia-
tion shelf life; and

(7) Have low cost, and simple handling and readout procedures.
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TABLE 1

Dosimeter

Calorimeter

Alanine

Ceric-cerous
sulfate solution

Ethanol-
chlorobenzene
solution

Ferrous-sulfate
solution (Fricke
dosimeter)

Potassium
dichromate
solution

EXAMPLES OF REFERENCE STANDARD DOSIMETERS*

Readout System

Thermometer

ESR spectrometer

UV spectrophotometer
or potentiometer

Colourimetric
titrator

UV spectrophotoineter

UV spectrophotometer

Useful Absorbed
Dose Range (Gy)

10> - 10»

1 - 10*

10» - 10*

10» - 10*

10 - 4 x 10*

103 - 10s

Sample
References

5-10

11

12,13

14,15

16

17

* This is not an exhaustive list. Other dosimeters may be found in the
literature.
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TABLE 2

DESIRABLE CHARACTERISTICS FOR TRANSFER STANDARD DOSIMETERS [18]

• Long shelf life

• Easily calibrated

• Stable

• Rugged

• Portable

• Mailable

• Broad absorbed-dose range

• Radiation absorption properties similar to irradiated product

• Relatively insensitive to extremes of environmental conditions

• Correctable systematic errors (e.g., due to temperature, humidity, etc.)

• Produced in reproducible lots

• Reproducible response

• Small dimensions compared to distances over which absorbed dose gradients
become significant
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Dosimeter

Dyed polymethyl
methacrylate

Clear polymethyl-
raethacrylate

Cellulose
triacetate

Lithium borate,
lithium fluoride,
etc.

Radiochromic dye
films, solutions,
papers, optical
waveguide

Ceric-cerous
sulfate solution

Ferrous-cupric
solution

Ethanol-chloro-
benzene solution

Amino acids or
saccharides

TABLE 3

EXAMPLES OF ROUTINE DOSIMETERS* [18]

Readout System

Visible
spectrophotometer

UV spectrophotometer

UV spectrophotometer

Thermoluminescence
reader

Visible spectrophoto-
meter or densitoraeter

Potentiometer

UV spectrophotometer

HF oscillometer

Lyoluminescence

Approximate
Absorbed

Dose Range (Gy)

103 - 4 x 10*

10J - 10s

10* - 4 x 10«

10-*- 10*

1 - 10«

10s - 10»

10* - 3 x 10s

10» - 10«

10 - 5 x 10*

Sample
References

19,20,21

19,22

23

24,25

26,27,28

12

29

15

30

This is not an exhaustive list. Other dosimeters may be found in the
literature.
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TABLE 4

Dosimeter
Form

Thin film

RADIOCHROMIC DOSIMETERS AND THEIR

Description (and Readout)

Colourless plastic film of
various sizes, becoming
coloured upon irradiation
(spectrophotometry or
transmission densitometry)

RESPONSE

Usable
Range

10J -

RANGES

Dose
(Gy)

10«

[70]

Sample
References

71,72

Coated film Coated colourless film 10* - 10* 73
becoming colored (spectro-
photometry or transmission
densitometry)

Impregnated or Impregnated or coated white 10a - 10( 74,75
coated paper paper becoming coloured

(reflection densitometry)

Opti-chromic Small optical waveguides 10* - 3 x 10* 76
(custom densitometer)

Liquid solution Amber glass or plastic 1 - 3 x 10* 77,78,79
ampoules containing colourless
solution becoming coloured
(spectrophotometry)

Pellet Plastic capsule containing 10* - 5 x 103 70,73
thin colourless film becoming
coloured (spectrophotometry)
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TABLE 5

COMPARATIVE CHARACTERISTICS OF RADIOCHROMIC

SOLUTION DOSIMETRY AND OWG* DOSIMETRY [83]

Radiochromic Solution
Dosimetry

Radiochroraic OWG
Dosimetry

Form

Size

Volume

Operation
procedure

Economy

Response
affecting
factor

Average
effective
light path
length

Form of
measuring
light beam

Measuring
method

Measuring
range

Practical
applicability

Irradiating dosimetric
solution separated from
measuring cell

Usually 1 cm light path-
length measuring cell;
maximum: 10 cm

3 - 30 mL

Complicated in solution
transfer, cell washing,
etc., easily contaminated

More expensive in material
and working capacity

Coefficient of absorption

Geometric path length of
measuring cell

Collimated parallel light
beam

Usually single wavelength
spectrophotometer

Relatively large dose

Not convenient in routine
work; commercially
available

Combine irradiating dosimetric
solution with measuring cell
in same OWG

Usually 5 - 1 0 cm, may be
flexible, no limit on length;
diameter: 2 - 4 mm

Approx. 0.3 mL

Simple in operation; without
solution transfer; ruggedness;
convenient in storage

Less expense

Coefficient of absorption and
change of refractive index

Larger than geometrical length
of OWG (dependent on numerical
aperture of OWG)

Collimated or non-collimated
light beam

Dual wavelength reader or
spectrophotometer; single
wavelength spectrophotometer
with simulated dual wavelength
method

Easily extending to low dose
range

Convenient in routine work;
commercially available

optical waveguide
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APPENDIX A

INTERPRETATION OF ABSORBED DOSE IN A PRODUCT*

INTRODUCTION

The absorbed dose in an irradiated food product may be interpreted
from measurements with calibrated dosimeters irradiated under comparable
conditions. Such interpretation depends on the application of cavity theory
[A.I] that takes into account the effect of the size of the dosimeter. The
interpretation also depends on the type and energy spectrum of the
radiation.

GAMMA FIELD

For irradiations using a photon source, the dosimeter may be con-
sidered as a cavity in the material of interest, and the interpretation of
absorbed dose in materials is as follows:

1. If a dosimeter (cavity) is very thin compared to the range of the
highest energy secondary electrons, then most of the energy
deposited in the dosimeter and in the material surrounding it
results from secondary electrons produced outside the dosimeter
(i.e., in the equilibrium layer of material). Thus, the absorbed
dose in the material, D m, is given by

D f f l D d (1)
m (S/p)d

 d

where (S/p)m and (S/p)d = mass collision stopping power for the
surrounding material and dosimeter, respectively, and D d =
absorbed dose in the dosimeter. Values of mass collision stopping
powers are given in reference A.2.

If a dosimeter (cavity) has a thickness much greater than the
range of the highest energy secondary electrons, then most of the
energy deposited in it results from the secondary electron pro-
duced within the dosimeter itself. Thus, the absorbed dose in the
material is given by

where (y e n/p) m and ("or/P^d
 = mass energy absorption coefficients

for the material and dosimeter, respectively. Values of mass
energy absorption coefficients are given in reference A.3.

* This Appendix is from reference 18. It was specifically written for food
irradiation; however, it is equally valid for any other material being
irradiated.
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3. If a dosimeter (cavity) thickness is intermediate between the two
limits discussed in 1 and 2, then Equations (1) and (2) may be
combined with appropriate weighting factors to reflect the rela-
tive contribution of each term [A.1].

It should be noted that the collision stopping powers and energy
absorption coefficients are energy dependent; however, for low
atomic number materials and for the energy range considered in
this standard (0.1 to 10 MeV), the ratios of the stopping powers
and of energy absorption coefficients do not vary significantly as
a function of energy. For these conditions, the difference in the
absorbed dose given by Equations (1) and (2) is usually less than
10%.

4. If the equilibrium absorbed dose has been determined in a mate-
rial, mlt then the absorbed dose in another material of interest,
m2, irradiated under essentially identical conditions, is given
by

! D (3)

where D_ = absorbed dose in material m., Dm = absorbed dose in
another material of interest, in,, and (H e n/p) m and (u e n/p) m =
mass energy absorption coefficients for the respective materials.
For a photon energy spectrum including energies down to 50 keV,
the ratios in Equations (2) and (3) are essentially equal to one
for tissue equivalent materials compared to water.

5. If the photon energy spectrum at the point of interest in a non-
tissue equivalent material (such as bone) has a significant compo-
nent below 0.2 MeV, then a more accurate absorbed dose value can
be obtained by integration of Equations (2) and (3) over the
entire photon energy spectrum if the spectrum is known.

ELECTRON BEAM

For irradiations using an electron source, the absorbed dose in
the material of interest can be interpreted as follows:

1. If the dosimeter forms a cavity in the material that is thin com-
pared to the range of the incident electrons, then Equation (1)
applies.

2. If the irradiation conditions are such that a dosimeter, forming a
thin cavity, can be positioned throughout the material of interest
up to a distance from the entrance surface equivalent to the range
of the incident electrons, then an absorbed-dose vs. depth pro-
file can be determined. Using such a profile and Equation (1),
the absorbed dose at a particular depth in the material of inter-
est can be determined providing the energy of the electrons tra-
versing the cavity is greater than 0.05 MeV.
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For most cases this method of absorbed dose interpretation
requires an incident beam energy of at least 0.5 MeV. Energies down to
0.1 MeV, however, may be used for surface treatment of food products.
Measurement of absorbed dose in a material at such low incident energies may
be difficult to interpret.
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