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Abstract

Since the two United Nations Conferences were held in Geneva in 1955 and 1958 on the
Peaceful Uses of Atomic Energy and the concurrent foundation of the International Atomic Energy
Agency in 1957, the IAEA has fostered high-dose dosimetry and its applications. This field is
represented in industrial radiation processing, agricultural programmes, and therapeutic and
preventative medicine. Such dosimetry is needed specifically for pest and quarantine control and in
the processing of medical products, Pharmaceuticals, blood products, foodstuffs, solid, liquid and
gaseous wastes, and a variety of useful commodities, e.g. polymers, composites, natural rubber and
elastomers, packaging, electronic, and automotive components, as well as in radiotherapy.
Improvements and innovations of dosimetry materials and analytical systems and software continue
to be important goals for these applications. Some of the recent advances in high-dose dosimetry
include tetrazolium salts and substituted polydiacetylene as radiochromic media, on-line real-time
as well as integrating semiconductor and diamond-detector monitors, quantitative label dosimeters,
photofluorescent sensors for broad dose range applications, and improved and simplified parametric
and computational codes for imaging and simulating 3D radiation dose distributions in model
products. The use of certain solid-state devices, e.g. optical quality LiF, at low (down to 4K) and
high (up to 500 K) temperatures, is of interest for materials testing. There have also been notable
developments in experimental dose mapping procedures, e.g. 2D and 3D dose distribution analyses
by fiat-bed optical scanners and software applied to radiochromic and photofluorescent images. In
addition, less expensive EPR spectrometers and new EPR dosimetry materials and high-resolution
semiconductor diode arrays, charge injection devices, and photostimulated storage phosphors have
been introduced.

1. INTRODUCTION

In 1956, a series of articles began to appear in microbiology journals, e.g. J. Bacteriol;
Virol; Appl. Microbiol, on the effects of ionizing radiation on the survival of micro-organisms.
Ten years later, the first recommended "Code of Practice for the Sterilization of Medical Products"
was formulated as a result of an IAEA panel meeting. It was published the following year as a
document appended to the Proceedings of the IAEA Symposium on Radiostehlization of Medical
Products [1]. In reviewing this Code of Practice, L. 0. Kallings of the National Bacteriology
Laboratory of Sweden observed that "Dosimetry should be the backbone of the control procedures
on commissioning [radiation sterilization and processing] or where-ever the process parameters are
altered [and] the dose distribution in a standard package has to be evaluated [2].

From the period of the two UN Peaceful Uses of Atomic Energy conferences in Geneva in
1955 and 1958 and since its foundation in 1957, the IAEA has supported broad and definitive
world-wide programmes in industrial processing (e.g. sterilization and chemical processes), medical
treatments (e.g. disease control and radiotherapy), environmental applications (e.g. waste mediation



and recycling), and agricultural measures (e.g. food irradiation and pest control), involving mainly
high-power electron accelerator beams and large gamma-radiation sources. Radiation
measurements continue to play a vital role in all these applications. This is reflected in the IAEA
Symposia dedicated to dosimetry [3 - 7], as well as in numerous expert missions and training
courses for Member States and Regional Areas, professional exchanges, and co-ordinated research
projects. An example of the early interest in radiation processing and its control is the IAEA
meeting held in Warsaw in September, 1959, on "Applications of Large Radiation Sources in
Industry and Especially Chemical Processes". This took place during the exciting period when
electron accelerators were first commissioned for sterilization of surgical sutures at the 6 MeV,
4 kW Linac at Ethicon, Inc. NJ, USA [8], and for other sterilization and radiation processing
purposes at the 10 MeV, 10 kW Linac at Riso, Denmark, at the 3 MeV, 6 kW van de Graaff
accelerator at Leybold's Hochvakuum Anlagen in Cologne, Germany, and at the 3 MeV 20 kW DC
Dynamitron accelerator at Radiation Dynamics, Inc. in Westbury LI NY, USA. Almost
simultaneously large gamma-ray sources were being commissioned for processing also at Ethicon,
Inc., at the UK Atomic Energy Authority at Wantage, at Conservatome in Dagneux near Lyon,
France, and at Gamma Sterilization Pty, Ltd. in Dandenong near Melbourne, Australia.

Since then, significant advances in radiation processing are represented by major commercial
successes with sterilization, wire and cable manufacturing, heat-shrinkable film and tubing
production, and polymer, elastomer and composite cross-linking. In addition, radiation applied to
quarantine control of meats, seafood, grains, and produce, and to various foods and to pollution
abatement is promising. Dosimetry helps achieve and maintain good manufacturing practice and to
satisfying regulatory requirements, any major radiation application affecting public health and
safety.

2. DOSIMETRY SYSTEMS

From the beginning of this decade, when the IAEA Symposium on High-Dose Dosimetry for
Radiation Processing was held in Vienna [7], notable progress has been made in several key areas.
Many involve the development of numerous standard guides and practices developed by the
American Society for Testing and Materials (ASTM)[9, 10]. A number of new advances are
featured in the present symposium, and lead us to the future of dosimetry for industry, agriculture,
and medicine on an international scale.

Table I lists some of the successful and established dosimetry systems for reference and/or
routine radiation processing applications. Also listed are the analytical methods, approximate useful
ranges of absorbed dose, and the ASTM Standard Practice numbers. Table II presents some newer
dosimeters, detectors, and dose monitoring systems that show promise for the future. The latest
developments of many from both groups are included in these proceedings.

A number of these novel dosimetry systems constitute significant advances in practical
radiation processing, providing more efficient and accurate means of assuring that a given process
is meeting specifications. A sampling of new dosimetry developments is listed as follows:

• Free-radical systems - polyolefins or silicone as binders for EPR analysis of alanine in the
form of pellets or thin films [11, 12].

• Radiochromic films or solutions - Tetrazolium salts for liquid or film systems for broad dose
range applications [13-15] and GafChromic film systems for relatively low doses
(radiotherapy, blood irradiation, insect population control, food irradiation) [16-18], as
measured spectrophotometrically.

• Dye solutions and films - Aqueous alcohol or polyvinyl alcohol solutions of methylene blue,
methyl orange, or congo red, which bleach upon irradiation and are measured with a
spectrophotometer or densitometer. These may be used for either large-scale liquid-phase
dosimetry or for inexpensive routine processing dosimetry [19-21].



TABLE I. DOSIMETRY SYSTEMS FOR RADIATION PROCESSING [9, 56, 57]

System Method of
Analysis

Useful Dose
Range, kGy

ASTM
Practice No.

Calorimeters

Fricke solution

Dichromate sol.

Ceric - cerous sol.

Radiochromic sol.

heat meas. by thermistor
or thermocouple

UV spectrophotometry

UV or vis. spectrophotometry

UV or vis. spectrophotometry
electrochem. potentiometry

vis. spectrophotometry

Ethanol chlorobenzene sol. vis.spectrophot or HF conduct.

Alanine pellets or film

Polymethylmethacrylate

Radiochromic film

Cellulose triacetate film

EPR spectrometry

vis. spectrophotometry

vis. spectrophot. or densitometry

UV or vis. spectrophotometry

Lithium fluoride crystal UV or vis. spectrophotometry

Radiochromic optical
waveguide

vis. spectrophot., densitometry
or photometry

0.001 - 50

0.02 - 0.40

2.0 - 50

0.5-50

0.01-40

0.02 - 2000

0.001 - 100

0.1-100

0.1 - 100

5 - 1000

0.5 - 20,000

0.01-10

E 1631

E 1026

E1401

E 1205

E 1540

E1538

E 1607

E 1276

E1276

E 1650

E1310

TABLE II. NOVEL APPROACHES TO DOSIMETRY AND DOSE MONITORING

System

Radiochromic poly-
diacetylene film

Tetrazolium salt
in polymer

Tetrazolium salt
solution

Bleachable dye i
solution

Optically stimulated
luminescent film

Polyethylene film

Inorganic crystals

Bipolar; MOSFET;
or p-FET transistors

Diamond probe,
film or disk

Sensor Components Method of Analysis Useful

substit. polydiactylene
coating on film

tetrazolium chloride
in polyvinyl alcohol

tetrazolium chloride in
aqueous alcohol

vis. spectrophot.

vis. spectrophot.
or densitometry

vis. spectrophot.

methylene blue, congo red, etc. vis. spectrophot.
in aqueous alcohol

inorganic salts in polymer

low- or high-density
polyethylene

SiO2, A12O3, or CaSO,:Dy
in polymer

silicon- or rare-earth-base
devices

diamond (carbon) crystal
or sintered film

vis. spectrofiuorimetry

Fourier-transform
IR spectrophot.

EPR spectrometry

electrical load
(voltage) signal

electrical load
(current) signals

Dose Range, kGy

0.001-50

1-50

1-100

0.05 - 30

0.01 - 100

0.01 - 1000

0.01 - 10,000

0.001-100

dose-rate meas.
up to 103 Gy/min



• Photoluminescent systems - Sunna dosimeter films for single-point or 2D imaging, readout by
spectrofluorimetry, phosphor imaging systems or semiconductor micro-diode arrays [22-
25].

• Opaque radiochromic labels - Diffuse reflection spectrophotometric readout of colour-
changing labels and opalescent media (e.g. dyed paper or coated films) [25-28].

• Optical waveguides - Radiochromic fibre optics for food irradiation dosimetry or for real-
time dose monitoring [29].

• Polymers - Polyethylene film readout by ultraviolet (UV) or Fourier transform infrared
(FTIR) spectrophotometry [30, 31].

• Semiconductor or solid-state chips - bipolar, p-FET, or MOSFET transistors, diamond
detectors, or pure LiF crystals, as active or passive dosimeters for broad dose and dose-rate
ranges [32-36].

• Conductimetric systems - Liquid solutions or solid matrices which can be readout by high-
frequency (oscillometric) or steady-state conductimetry [25].

3. STANDARDIZATION AND TRACEABILITY

The Bureau International des Poids et Mesures (BIPM) in Sevres near Paris has recently
announced plans to coordinate a high-dose dosimetry intercomparison for national standards
laboratories. This will expand its scope beyond radiotherapy-level doses to those of interest here,
especially for radiation processing with ionizing photons and electrons.

National and reference standard transfer dosimetry systems, such as calorimeters and
dedicated chemical systems (e.g. Fricke, dichromate, ethanol-chlorobenzene, and alanine), have
undergone significant advances. Examples of new calorimeters for electron beam calibrations are
the portable graphite system at NPL (UK) [37], graphite, water, and polystyrene calorimeters for
day-to-day routine monitoring of beam parameters, supplied by Risa National Laboratory
(Denmark) [38], and modular graphite calorimeters developed at NIST (USA) [39]. The
alanine/EPR system has also been further refined for transfer reference and routine dosimetry of
gamma rays, electrons, and heavy particles, for doses ranging from radiotherapy levels and food
irradiation to the highest sterilizing doses [40].

4. PROCESS VALIDATION AND VERIFICATION

As essential dosimetric components of the commissioning and implementing of radiation
processes, important developments have been made in experimental dose-mapping procedures [41,
42], and mathematical modeling of dose distributions and minimum and maximum doses in
irradiated products [43-46]. Some of the available computational codes for mathematical modeling
of processing facility design, dose mapping, and dose prediction are shown in Table III.

TABLE III. AVAILABLE COMPUTATIONAL SOFTWARE CODES FOR MATHEMATICAL
MODELING (EMPHASIS IS GIVEN TO THOSE IN BOLDFACE) [43 - 46]

ADEPT
GEANT
EDMULT
ETRAN
EGS4
CEPXS/ONELD
SANDYL

EZTRAN
ZTRAN
TIGER
ACCEPT
CLYTRAN
XGEN
MCNP4A&B

ITSv3.0



Studies of the effects on high-dose dosimeters of various influence parameters, e.g. dose rate,
temperature, relative humidity, ambient light, storage conditions, have been made [47].

Novel methods to measure doses within liquid, grain, aerosol, or sludge flow systems have
been devised, involving powder/EPR analysis, dye film, or electronic sensors [19, 48-50].
Quantitative label dosimeters are finally reaching a viable stage for routine use in radiation
processing, especially for food and pharmaceutical processing [26-28].

5. KEY LITERATURE SOURCES

The scientific journal, Radiation Physics and Chemistry (RPC), published by Elsevier
Science Ltd., Amsterdam, publishes monthly international peer-reviewed articles on radiation
processing and dosimetry related to this field. The IAEA symposia proceedings and other technical
documents, the ASTM standard guides and practices [9], the reports of the Panel on Gamma and
Electron Irradiation [51], the Newsletter of the Association Internationale d'Irradiation Industrielle
(AIII) [52], International Standards Organization (ISO) standards and technical reports [53],
European Committee for Standardization (CEN) standards [54], technical information reports of
the US Association for the Advancement of Medical Instrumentation (AAMI) [55], and the series of
ten (so far) proceedings of the International Radiation Processing Meetings (which began in 1977
and are published by RPC), continue to provide essential recognition and processing guidelines to
practitioners and users of high-dose dosimetry. The widely used Manual on Food Irradiation
Dosimetry was published in 1977 by the IAEA [56] and is presently being revised. A
comprehensive text covering dosimetry for radiation processing is found in reference [57],
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