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Foreword

The text of document 112/254/FDIS, future edition 3 of [JEC 60544-1), prepared by IEC TC 112 "Evaluation
and qualification of electrical insulating materials and systems" was submitted to the IEC-CENELEC
parallel vote and approved by CENELEC as EN 60544-1:2013.

The following dates are fixed:

e latest date by which the document has (dop) 2014-05-01
to be implemented at national level by
publication of an identical national
standard or by endorsement

e latest date by which the national (dow) 2016-08-01
standards conflicting with the
document have to be withdrawn

This document supersedes EN 60544-1:1994.

EN 60544-1:2013 includes the following significant technical changes with respect to EN 60544-1:1994:

a) recent advances in simulation methods of radiation interaction with different matter enables the
prediction of the energy-deposition profile in matter and design the irradiation procedure;

b) many new dosimetry systems have become available.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC [and/or CEN] shall not be held responsible for identifying any or all such patent
rights.

Endorsement notice

The text of the International Standard IEC 60544-1:2013 was approved by CENELEC as a European
Standard without any modification.

In the official version, for Bibliography, the following note has to be added for the standard indicated:
series NOTE Harmonised in EN ISO 11137 series.
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

NOTE When an international publication has been modified by common modifications, indicated by (mod), the relevant EN/HD

applies.

Publication Year
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-

Title EN/HD Year
Electrical insulating materials - Determination EN 60544-2 -
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INTRODUCTION

The establishment of suitable criteria for the evaluation of the radiation resistance of
insulating materials is very complex, since such criteria depend upon the conditions under
which the materials are used. For instance, if an insulated cable is flexed during a refuelling
operation in a reactor, the service life will be that time during which the cable receives a
radiation dose sufficient to reduce to a specified value one or more of the relevant mechanical
properties. Temperature of operation, composition of the surrounding atmosphere and the
time interval during which the total dose is received (dose rate or flux) are important factors
which also determine the rate and mechanisms of chemical changes. In some applications,
temporary changes may be the limiting factor.

Given this, it becomes necessary to define the radiation fields in which materials are exposed
and the radiation dose subsequently absorbed by the material. It is also necessary to
establish procedures for testing the mechanical and electrical properties of materials which
will define the radiation degradation and link those properties with application requirements in
order to provide an appropriate classification system.
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ELECTRICAL INSULATING MATERIALS -
DETERMINATION OF THE EFFECTS OF IONIZING RADIATION -

Part 1: Radiation interaction and dosimetry

1 Scope

This part of IEC 60544 deals broadly with the aspects to be considered in evaluating the
effects of ionizing radiation on all types of organic insulating materials. It also provides, for X-
rays, y-rays, and electrons, a guide to

— dosimetry terminology,

— methods for dose measurements,

— testing carried out at irradiation facilities,

— evaluation and testing of material characteristics and properties,
— documenting the irradiation process.

Dosimetry that might be carried out at locations of use of the material is not described in this
standard.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

EC 60544-2, Electrical insulating materials — Determination of the effects of ionizing radiation
on insulating materials — Part 2: Procedures for irradiation and test

EC 60544-4, Electrical insulating materials — Determination of the effects of ionizing radiation
— Part 4: Classification system for service in radiation environments

3 Terms and definitions

For the purposes of this document, the terms and definitions in ICRU Report 33 [1]1. as well
as the following definitions apply.

3.1

exposure

X

measure of an electromagnetic radiation field (X- or y-radiation) to which a material is
exposed

Note 1 to entry: The exposure is the quotient obtained by dividing dQ by dm, where dQ is the absolute value of
the total charge of the ions of one sign produced in the air when all of the electrons (and positrons) liberated by
photons in air of mass dm are completely stopped in air:

1 References in square brackets refer to the Bibliography.
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_dQ

X =
dm

(1)

The Sl unit of exposure is the coulomb (C) per kilogram: C/kg. The old unit is the roentgen R:
1R =2,58 x 10 C/kg.

The exposure thus describes the effect of an electromagnetic field on matter in terms of the ionization that the
radiation produces in a standard reference material, air.

3.2

electron charge fluence

Q!

quotient obtained by dividing dQ by dA, where dQ is the electron charge impinging during the
time t on the area dA:

dQ
Q=—- 2
9A (2)
3.3
electron current density
J

quotient obtained by dividing dQ' by dt, where dQ’ is the electron charge fluence during the
time interval dt:

. dQ  d?Q
== (3)
dt dAdt
3.4
absorbed dose
D

measure of the energy imparted to the irradiated material, regardless of the nature of the
radiation field

Note 1 to entry: The absorbed dose D is the quotient obtained by dividing d P by dm where d £ is the mean
energy imparted by ionizing radiation to matter of mass dm:

p.d¢
dm

(4)

The Sl unit is the gray (Gy). The old unit is the rad:
1Gy=1Jxkg" (=102 rad).

Since this definition does not specify the absorbing material, the gray can be used only with reference to a specific
material. The absorbed dose is determined in part by the composition of the irradiated material. When exposed to
the same radiation field, therefore, different materials usually receive different absorbed doses.

Note 2 to entry: For purposes of dosimetry, it has been found convenient to specify dose in terms of dose to water.
The dose to other materials can be found by applying cavity theory.

3.5
absorbed dose rate

D
quotient obtained by dividing dD by dt, where dD is the increment of absorbed dose in the
time interval dt:

dD
dt
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The Sl unit of absorbed dose rate is the gray per second:

1Gyxs'=1W xkg'(=102rad x s'! = 0,36 Mrad x h™1)

4 Radiation-induced changes and their evaluation

4.1 General

Although the various types of radiation interact with matter in different ways, the primary
process is the production of ions and electrically excited states of molecules which, in turn,
may lead to the formation of free radicals. The technique to detect ions, excited states and
radicals (short-lived intermediate species) are briefly described in Clause A.4. Radiation-
generated mobile electrons, which become trapped at sites of low potential energy, are also
produced. The first phenomenon leads to permanent chemical, mechanical, and electrical
changes of the material; the second results in temporary electrical changes in performance [2].

4.2 Permanent changes

In polymeric materials, the formation of free radicals during irradiation leads to scission and
cross-linking processes that modify the chemical structure of the insulation, generally leading
to deterioration of the mechanical properties. This mechanical deterioration frequently gives
rise to significant electrical property changes. However, important electrical property changes
sometimes occur before mechanical degradation becomes serious. For example, a change in
dissipation factor or in permittivity might become serious for the reliable functioning of a
resonant circuit. The extent of scission and cross-linking processes depends on the absorbed
dose, the absorbed dose rate, the material geometry and the environmental conditions
present during the irradiation. Because the free radicals sometimes decay slowly, there may
also be post-irradiation effects.

4.3 Environmental conditions and material geometry

Environmental conditions and test specimen geometry shall be well controlled and
documented during the measurement of radiation effects. Important environmental parameters
include temperature, reactive medium, and mechanical and electrical stresses present during
the irradiation. If air is present, the irradiation time (flux and dose rate) has also been
demonstrated to be a very important experimental parameter because of oxygen diffusion
effects and hydroperoxide breakdown rate constants. Both factors are time dependent. The
conditions that influence oxygen diffusion and equilibrium concentrations in the polymer shall
be controlled. These include: temperature, oxygen pressure, material geometry and the time
during which the dose is applied.

If the effect of simultaneous stresses, e.g. radiation at high temperature, is simulated by
sequential stressing, other results are to be expected. Further, there can be differences in
results if the sample is first irradiated and then heat aged or vice versa.

4.4 Post-irradiation effects

In organic polymers, there may be post-irradiation effects due to the gradual decay of various
reactants, such as residual free radicals. Due allowance shall be made for this type of
behaviour in any evaluation procedure. The tests shall be made at recorded intervals after
irradiation, maintaining specimen storage in a standard laboratory atmosphere. The reaction
of oxygen with residual free radicals can cause further degradation.

4.5 Temporary effects

4.5.1 Performing measurements during irradiation is not within the scope of this part
of IEC 60544. Despite this, some basic aspects will be discussed briefly. The temporary
effects appear primarily as changes in electrical properties such as induced conductivity, both
during and for some time after irradiation. Hence, measurement of the induced conductivity
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could be used as an evaluation property to determine the temporary radiation effects. These
effects are primarily dose-rate dependent.

4.5.2 Experience has shown that the induced conductivity is usually not quite proportional

to the absorbed dose rate D, but varies as D“, where o is smaller than unity. Hence, the
radiation sensitivity is described by the relation:

o=k D* (6)

To determine k and o, at least two measurements are needed. A further complication
comes from the fact that k and o also depend on the integrated dose absorbed by the sample.

The measurement of the induced conductivity is actually quite delicate, since photoelectrons
and Compton electrons in the electrode materials will tend to perturb the intrinsic induced
current of the specimen. lonic currents through the ionized atmosphere will also introduce
errors in the measurement if they are not eliminated. Experimental procedures eliminating
most of the disturbing effects, while remaining relatively simple, shall be defined.

NOTE It is convenient to use a simple figure such as the induced conductivity o; or o/, its ratio to the dark
conductivity o, measured in the same experimental conditions, per unit dose rate to characterize the sensitivity of
the materials to temporary effects.

5 Facilities for irradiation of material samples for evaluation of properties

5.1 General

Irradiation of material samples for evaluation of properties shall be performed at irradiation
facilities that have undergone installation qualification, operational qualification and

performance qualification, see e.g. |[SO 11137 [3].

Three principal types of radiation sources are used:

e gamma radiation from radionuclides such as 60Co (1,25 MeV) and '37Cs (0,66 MeV);
e electrons from accelerators;

e X-rays generated from accelerated electrons.

The design and properties of an irradiation facility have implications for absorbed dose
distribution in the samples and attainable absorbed dose range. Major considerations in the
design of an irradiation facility are the uniformity of the distribution of absorbed dose in the
given product, efficient utilization of radiation energy.

5.2 Gamma-ray irradiators

Large capacity gamma radiation facilities usually use 69Co as the radiation source. The
sources are often in the form of individual source capsules arranged in an array to maximize
the volume available for irradiations. The dose rates that are available will be dependent on
the distance from the sources at which the samples are placed. Typically, dose rates in the
range 10 kGy/h (2,78 Gy/s) down to 1 Gy/h (0,278 mGy/s) are possible. This covers the range
of dose rates that are of particular interest for materials degradation testing.

5.3 Electron-beam irradiators

Electron beam irradiators use accelerators that generate electron beam in the energy-range of
300 KeV — 10 MeV. At present, various types of accelerating procedures are available;
examples include electro-static type and high-frequency (radio-frequency) type. With respect
to radiation resistance testing, electro-static type of (0,5 -3 )MeV is widely used. In an
electro-static accelerating system, thermo-electrons are emitted from a cathode and the
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emitted electrons are accelerated with high voltage applied between electrodes. Electron
beams are electro-magnetically scanned in a scanning horn and taken out from the window
(typically made of a thin foil of Titanium). The operation of electron accelerators is simple and
safe, i.e. there is no radiation if the power is switched off, compared to a 69Co gamma
irradiation facility. Depending on voltage (energy), beam current, scan width, distance
between the window and samples, static or conveyor irradiation, the dose rate may change,
but typically it is in the order of kGy/s, which is much higher compared with gamma irradiator.
Penetration of the electron beam in samples shall be taken into account (see Clause A.3).

5.4 X-ray (Bremsstrahlung) irradiators

X-rays (or Bremsstrahlung) are created when accelerated electrons are slowed down in an
absorbing material. The fraction of kinetic energy of the electrons that is converted into X-rays
(conversion efficiency) is higher for absorbers with a higher atomic number, and therefore
materials such as tungsten are used as X-ray converters. The conversion efficiency also
increases with increasing electron energy. At 5 MeV it is about 5 % in tungsten, increasing to
about 12,5 % at 10 MeV, and the low conversion efficiency at this energy has limited the use
of this type of irradiators. The advent of high-power electron accelerators in the range from
5 MeV to 10 MeV has renewed interest in the use of X-rays for irradiation of products.

In contrast to radionuclide sources, which emit nearly mono-energetic photons, X-ray sources
emit a broad spectrum of photons from the maximum energy of the electrons to zero energy.
For example, an X-ray beam generated by 5 MeV electrons has approximately the same
penetration characteristics as 60Co radiation. Other characteristics of the X-ray beam, such as
scanning and pulsing of the beam, are derived from the characteristics of the electron beam
that generated the X-rays.

6 Dosimetry methods

6.1 General

It is necessary to ensure that the correct absorbed dose is applied during irradiation. The
dose shall be measured, and measurement systems have been developed for this purpose.
Much of the development of these systems rests on the early development of dosimetry
systems for personnel radiation protection and for medical treatment. However, the doses
used in material testing are generally higher, ranging from a few kGy to 100 kGy or more and
new dosimetry systems have been developed for measurements of these doses. Dose shall
be measured with traceability to national standards, and the uncertainty known, including the
effect of influencing parameters.

Absolute methods of dosimetry are maintained as national standards by a number of national
laboratories. These dosimeters provide dose measurement by means of physical
measurements that do not depend on calibration of the dosimeter in a known radiation field.
Other dosimeters are calibrated against these national standard dosimeters, thereby providing
measurement traceability to the national standard dosimeters.

A number of dosimeter systems are in use at irradiation facilities and laboratories for
measurement of dose distribution for facility characterization and in products and samples to
be irradiated. These dosimeters are also used for monitoring the irradiation process. Selection
of a dosimeter system depends on the measurement task to be carried and of the properties
of the dosimeter. Dosimetry methods and dosimeter systems are described in several
ISO/ASTM standards and guides [4 — 18]. More details of several of these dosimetry systems
are found in ICRU 80 [19].
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6.2 Absolute dosimetry methods
6.2.1 Gamma-rays

Free-air ionization chambers are used to measure exposure X up to 3 MeV, i.e. they are
designed to measure the quantity of charge dQ produced in air and the mass dm of air where
the ionizing electrons are liberated. lonization chambers can be used if the dose rate is not
too high [20].

Calorimeters operate by absorbing energy from the radiation field in which they are placed;
they retain this energy until it is converted to thermal energy and this heat quantity is
evaluated by measuring the rise in temperature of the calorimetric absorber [21].

6.2.2 Electron beams

In addition to calorimetric methods, measurement of electron current density has been used to
measure electron charge or current per unit area of radiation fields of electron accelerators.
This method is not a dosimetric method, but enables the calibration of absorbed dose if the
mean electron energy impinging on the charge absorber of the densitometer and the relative
depth-dose distribution in the same absorber material are known.

6.3 Dosimetry systems
6.3.1 Reference standard dosimetry systems

Reference standard dosimetry systems are used as standards to calibrate the dosimetry
systems that are used for routine measurements. The uncertainty of the reference standard
dosimetry system will affect the uncertainty of the system being calibrated and it is therefore
important that the reference standard dosimetry system is of high metrological quality. In this
context, the concept of high metrological quality implies a system with low uncertainty and
with traceability to appropriate national or international standards. It also implies that the
response of the reference standard dosimeter is not significantly influenced by environment.

The expanded uncertainty achievable with measurements made using a reference standard
dosimetry system is typically of the order of + 3 % (k = 2, which corresponds approximately to
a 95 % level of confidence for normally distributed data). In certain specific applications, for
example the use of electrons of energy below 1 MeV, practical limitations of the techniques
may mean that the reference standard dosimetry systems have a larger uncertainty.

Examples of reference standard dosimetry systems are given in Table 1.

NOTE ASTM E 2628-09 “Standard practice for dosimetry for radiation processing” [22] is a valuable guideline
concerning Table 1 and Table 2.
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Table 1 — Examples of reference standard dosimeters

Dosimeter Description Reference Dose Dose rate Influencing
range range parameters
Gy Gyls
Fricke solution Liquid solution of ASTM 20 to <108 Temperature
ferrous and ferric ions E1026 4 x 102
in 0,4 M sulphuric
acid. Measured by (23]
spectrophotometry
Alanine/EPR Pellet or film ISO/ASTM 1 to 10° <108 Temperature
(electron containing alanine. 51607 o
paramagnetic Measured by EPR Humidity
resonance) spectroscopy of (8]
radiation induced
radical
Dichromate Liquid solution of ISO/ASTM 2 x 108 Pulsed: Temperature
chromium ions in 51401 to 5 x 10* < 600 Gy/pulse
0,1 M perchloric acid. (12,5 pps)
Measured by (0] .
spectrophotometry. Continuous:
<7,5x 1073
Ceric-cerous Liquid solution of ISO/ASTM 5 x 102 <108 Temperature
sulphate ceric and cerous ions 51205 to 105
in 0,4 M sulphuric
acid. Measured by (10]
spectrophotometry or
potentiometry
Ethanol Liquid solutions of ISO/ASTM 10 <108 Temperature
chlorobenzene various compositions 51538 to 2 x 108
. containing
(Classification chlorobenzene in [11]
dependent on ethanol. Measured by
solution titration
composition and
method of
measurement)
6.3.2 Routine dosimetry systems

The classification of a dosimetry system as a routine dosimetry system is based on its
application i.e. routine absorbed dose measurements, including dose mapping and process
monitoring. A routine dosimetry system comprises dosimeters and the associated
measurement equipment and quality system documentation necessary to ensure traceability
to appropriate national or international standards. The response of routine dosimeters is often
influenced by the environment in a complex way.

The expanded uncertainty achievable with measurements made using a routine dosimetry
system is typically of the order of £+ 6 % (k = 2).

Examples of routine dosimetry systems are given in Table 2. Dosimeters in Table 1 can also
be used as routine systems.
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Table 2 — Examples of routine dosimeter systems

Dosimeter Description Reference Dose range Dose rate Influencing
Gy range parameters
Gyls
Calorimeter Assembly consisting ISO/ASTM 102 to 10° >~10 Temperature
of calorimetric body 51631
(absorber), thermal
insulation, and [12]
temperature sensor
with wiring
Cellulose Untinted cellulose ISO/ASTM 5x 10° 3x102to Temperature
triacetate triacetate (CTA) film. 51650 to 108 3x 107 -
Measured by Humidity
spectrophotometry [13]
Ethanol Liquid solutions of ISO/ASTM 10 to <108 Temperature
chlorobenzene various compositions 51538 2 x 108
I containing
(classification chlorobenzene in [11]
dependent on ethanol. Measured by
solution spectrophotometry or
composition and oscillometry
method of
measurement)
LiF photo- Lithium fluoride based ASTM 5% 1072 0,3 to Temperature
fluorescent photo-fluorescent E2304 to 3 x 102 2 x 104 o
film. Measured by " Humidity
pho_to-stimulated [24] Ambient light
luminescence
PMMA Specially developed ISO/ASTM 102 to 10° 102 to 107 Temperature
(polymethylmetha | PMMA materials. 51276 o
crylate) Measured by 14 Humidity
spectrophotometry [14] Ambient light
Radiochromic film | Specially prepared ISO/ASTM 10% to 10° <1013 Temperature
film containing dye 51275 o
precursors. Measured 15 Humidity
by spectrophotometry [13] Ambient light
Radiochromic Specially prepared ISO/ASTM 5x 10" to <102 to 10" Temperature
liquid solution containing 51540 4 x 104
dye precursors. [16]
Measured by Ambient light
spectrophotometry
Radiochromic Specially prepared ISO/ASTM 100 to 104 1073 to 10° Temperature
optical waveguide | optical waveguide 51310
containing dye
precursors. Measured (171 Ambient light
by spectrophotometry
TLD A phosphor, alone, ISO/ASTM 10 to 108 102 to 1010 Temperature
(thermoluminesen | or incorporated in a 51956 .
ce detector) material. Measured (18] Humidity
by _ Ambient light
thermoluminescence

6.3.3

Measurement uncertainty

To be meaningful, a measurement of absorbed dose shall be accompanied by an estimate of
uncertainty. Components of uncertainty should be identified as belonging to one of two
categories:

Type A — those evaluated by statistical methods, or

Type B — those evaluated by other means.

Estimates of the expanded uncertainty of an absorbed dose measurement should be made
with a coverage factor k = 2.
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NOTE The identification of Type A and Type B uncertainties is based on the methodology published in 1995 by
the International Organization for Standardization (ISO) in the Guide to the Expression of Uncertainty in
Measurement [25]. The purpose of using this kind of characterization is to promote an understanding of how
uncertainty statements are arrived at and to provide a basis for the international comparison of measurement
results.

6.3.4 Dosimeter calibration

The radiation induced response of dosimeters depends to a larger or smaller extent on the
environment at which they are irradiated. For example, temperature, humidity and dose rate
may affect the response, and it is therefore needed to calibrate dosimeters using conditions
that are as close as possible to the conditions of use of the dosimeters.

Calibration of dosimeters should therefore be carried out using one of the following two
methods:

a) lIrradiation of dosimeters at the irradiation facility where the dosimeters will be used (“in-
plant”) together with transfer standard dosimeters issued and analysed by a national
standards laboratory or an accredited dosimetry calibration laboratory.

b) Irradiations of dosimeters at a national standards laboratory or an accredited dosimetry
calibration laboratory. Calibration irradiations carried out in this way will results in a
calibration curve generated under a single set of influencing parameters. The user of the
dosimeter shall therefore evaluate the effect of influencing parameter values. This is most
readily done by a verification irradiation “in-plant” at selected doses.

Measurement traceability is defined in the International vocabulary of metrology [26] as
follows:

“the property of a result of a measurement whereby it can be related to appropriate standards,
generally international or national standards, through an unbroken chain of comparisons.”

Calibration is an important step in obtaining measurement traceability.

6.3.5 Dosimeter selection

The selection and use of a specific dosimetry system in a given application shall be justified
taking into account at least the following:

e dose range;

e radiation type;

o effect of influencing parameters;

e required level of uncertainty;

e required spatial resolution.

The dosimetry system shall be calibrated in accordance with 6.3.4.

The uncertainty associated with measurements made with the dosimetry system shall be
established and documented. All dose measurements shall be accompanied by an estimate of
uncertainty.

Documentation shall be established and maintained to ensure compliance with the minimum
requirements specified in standards for the dosimetry system. The user’s quality system might
be more detailed than these minimum requirements.

Tables 1 and 2 gives a non-exhaustive list of reference and routine dosimetry methods with
some of their characteristics, such as:

— range of absorbed doses and absorbed dose rates;
— influence of the radiation energy;
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— influence of temperature or humidity;

— material and thickness of dosimeter material;
— type of measurement;

— observations of practical interest;

— bibliographical references.

Clause A.2 gives an example for calculation of absorbed dose.

7 Characterization of irradiation facilities

Irradiation facilities that are to be used for evaluating the behaviour of electrical insulating
materials shall be characterized before use. The parameters that need to be determined will
be dependent on the type of facility being used.

For a gamma irradiation facility, the following parameters shall be determined:

— The dose rate distribution shall be measured within the volume of the facility that will be
used for sample exposure to radiation. This mapping shall be in sufficient detail to enable
the locations available for a specific dose rate to be determined.

— The ambient temperature within the radiation facility shall be measured while the sources
are in their normal operating position.

— The time for which samples are exposed shall be measured. The measurement method
shall have the ability to take into account any interruptions to the irradiation, e.g. retraction
of the sources to allow access for removal of samples.

For electron beam and X-ray facilities, the following parameters shall be determined:

— The dose as a function of the beam current, beam spot size and beam width shall be
measured.

— If a conveyor system is used to transport samples through the radiation field, the dose as
a function of conveyor speed shall also be measured.

NOTE There are a number of standards available for dosimetry and dose mapping specifically for use in radiation
processing facilities [4 — 7, 27].

8 Dose mapping of samples for test

8.1 Charged particle equilibrium

For irradiation in gamma facilities it is recommend to provide secondary electron equilibrium
in the irradiated sample leading to more uniform dose distribution throughout the sample, see
Clause A.1.

8.2 Depth-dose distribution (limitations)

Since the absorbed dose distribution through the specimen being irradiated will vary and is a
function of the thickness of the specimen, its density and the energy of the incident radiation,
it is necessary to decide how much variation in dose one is willing to tolerate as the radiation
penetrates the specimen. The most commonly used irradiation facilities have radiation
sources in the energy range of 0,5 MeV to 1,5 MeV. If, for a point source, one arbitrarily sets
a limit of 25 % for the difference between the absorbed dose at the front and rear of the
specimen (25 % attenuation through the specimen), then the specimen thickness is limited to
2,8 cm for 0,5 MeV and 5,0 cm for 1,5 MeV radiation, assuming no build-up, a specimen of
unit density equal to 1 g/cm3 and unidirectional radiation (see Clause A.1). For other source
geometries (e.g. slab sources) these thicknesses will be significantly different.
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9 Monitoring of the irradiation

Irradiation testing of insulating materials can require long term testing under low dose rate
conditions that are best carried out in a gamma irradiation facility. The decay of the
radionuclide used in the sources shall be taken into account when performing such tests. It is
recommended that dose rate mapping of gamma facilities (as described in Clause 7) be
carried out at intervals not exceeding the half-life of the radionuclide in use.

In electron beam and X-ray facilities, the electron beam characteristics shall be monitored
during irradiation and any interruptions or changes in characteristics shall be recorded,
together with any actions taken.
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Annex A
(informative)

Radiation chemical aspects in interaction and dosimetry

A.1  Charged-particle equilibrium thickness

Whenever a material is irradiated from one side only with X- or y-rays uncontaminated with
secondary electrons, there is initially (in the first absorber) a build-up of energy deposition
(absorbed dose) as the radiation penetrates the material. After some finite thickness, the
radiation-energy deposition decreases. The thickness necessary to reach the maximum
energy deposition is commonly called the charged-particle equilibrium thickness, and is a
function of the radiation energy and the electron density of the material being irradiated. For
larger thicknesses there is charged-particle equilibrium in the material.

Figure A.1 is a typical plot of energy deposition as a function of thickness. Whenever one is
irradiating a specimen from all sides, it is necessary to surround the specimen with an
absorber in order to ensure charged-particle equilibrium throughout the specimen. In practical
cases with highly scattered radiation, build-up is not observed. It is recommended however to
use built-up layers in order to provide well-defined irradiation conditions.

Figure A.2 is a plot of absorber thickness as a function of energy for material of electron
density 3,3 x 1023 cm3. Figure A.3 is a plot of thickness of water (or a material of the same
electron density) as a function of energy for a given attenuation of unidirectional irradiation.

NOTE The electron density n of any material can be evaluated from:

N N
n=p=2-3 Zilem®] =—2-3 Z (g (A.1)

i

0 is the density of material (g/cm3);

N is the 6,023 x 1023 mol-!, Avogadro's constant;
M is the molar mass (g/mol);

Z; is the atomic number of element j;

ZZ; is the total number of electrons per molecule.

Since 1/M (X;Z;) is about 1/2 for elements up to Z =17 (excluding H), for organic materials,
this equation can be simplified to read:

N
n= pTA 3x10% plem=3] =3x 102 g A2)

Figures A.1 to A.3 are calculated with this approximation.

The curve in Figure A.2 will shift to the left as the electron density of the absorber increases
above this calculated value and to the right for materials of lesser electron density. Therefore,
an equivalent thickness to use is that obtained from Figure A.2 divided by the ratio of the
electron density of the absorber to 3,3 x 1023 cm=3 (electron density of water).

For example, it is required to irradiate polytetrafluoroethylene (PTFE) film with 1,1 MeV
photons. Referring to Figure A.2, it is noted that 0,5 cm of material of electron density of
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3,3 x 1023 cm3 is needed to ensure charged-particle equilibrium. Therefore, this thickness of
water shall surround the film.

For PTFE with a density of p = 2,2 g/cm3 one calculates:

nprre 3 x 102 x22

- =2 (A.3)
NH,0 3,3 x 1023
and
d
dorrg = ——2°  _ 025 cm (A.4)
NPTFE /MH,0

This means that 0,25 cm of PTFE has to surround the film.

Figure A.3 is a plot of thickness as a function of energy of a sample for 10 % and 25 %
attenuation through a specimen of unit density equal to 1 g/cm3 for unidirectional radiation.
The curves will shift to the left for higher-density material and to the right for lower-density
material. The accurate thickness for 10 % or 25 % attenuation in the specimen will be the
value obtained from Figure A.3 divided by the ratio of the electron density of the specimen to
3,3 x 1023 g-1. Since the curves are calculated on the basis of attenuation only, and build-up
in the thicker specimens is neglected, the curves represent a maximum attenuation for a given
energy and thickness, and for unidirectional radiation. Non-unidirectional radiation results in
larger attenuation.

Useful region

Energy deposition

Build-up region

Thickness (cm) EC 1460015

Figure A.1 — Absorbed dose as a function of thickness

The part of the curve to the left of the maximum is not well known; therefore, it is necessary
to have a sample of sufficient thickness to fall either at or to the right of the maximum.
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Figure A.2 — Absorber thickness for charged-particle equilibrium as a function of
energy for a material with an electron density of 3,3 x 1023 cm-3 (water)
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Figure A.3 — Thickness of water (1 g/cm3) as a function of photon energy
for a given attenuation of unidirectional X-ray or y-ray radiation

A.2 Calculation of absorbed dose

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

If the sensitive region of the dosimeter 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 (that
is, in the equilibrium layer of material). Thus, the absorbed dose in the material, D, is given

by:

Dy = (S/P) | (S/p)a x Dy (A.5)

where
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(S/p)m and (S/p)q is the mass collision stopping power for the surrounding material and
dosimeter, respectively;

Dy is the absorbed dose in the dosimeter.
Values of mass collision stopping powers are given in Table A.1.

If the sensitive region of the dosimeter 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 electrons produced within the dosimeter itself. Thus, the absorbed dose in the
material is given by:

Dm = (/uen/p)m / (/uen/p)d x Dd (A.6)

where

(ten!P)m and (ugn/p)gy are the mass energy-absorption coefficients for the material and
dosimeter, respectively.

Values of mass energy absorption coefficient are given in Table A.2.

If the sensitive region of the dosimeter has a thickness between the two limits discussed
above then the equations may be combined with appropriate weighing factors to reflect the
relative contribution of each term.

The collision stopping powers and energy absorption coefficients are energy dependent.
Ratios of mass energy absorption coefficients can be plotted. Similarly, ratios of mass
collision stopping powers can be plotted.

NOTE Such tables and figures are available, for example, at the following web sites: Stopping power (electrons):
http://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html Energy absorption (x-ray):
http://srdata.nist.gov/gateway/gateway?keyword=mass-+energy+absorption+coefficient.

For a photon energy spectrum including energies down to 50 keV, the ratios of mass energy
absorption coefficient are essentially equal to unity for most polymer materials compared to
water.

A correction for radiation energy dependence may be necessary in the case of materials
having photon absorption properties greatly different from water (such as bone or metal). If
the photon energy spectrum at the point of interest has a significant component below
0,2 MeV and if the spectrum is known, then a more accurate absorbed dose value can be
obtained by integration of Equation (A.6) over the entire photon energy spectrum.

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

At any given depth in a material of interest, the dose may be determined with a dosimeter that
is thin compared to the range of the incident electrons. The absorbed dose may be calculated
using Equation (A.5). However, all of the following conditions are necessary:

a) the depth in the material shall be less than the incident electron range;

b) the ratio of mass collision stopping powers (material/dosimeter) shall be essentially
constant;

c) the degraded electrons at a given depth shall have sufficient energy to traverse the
dosimeter thickness.


http://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html
http://srdata.nist.gov/gateway/gateway?keywordmass+energy+absorption+coefficient
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Therefore, for materials considered in this standard, Equation (A.5) is valid for electron
energies from about 0,05 MeV to 0,1 MeV.

For most cases, this method of absorbed dose interpretation requires an incident beam
energy of at least 0,5 MeV. However, energies down to 0,1 MeV may be used for surface
irradiation products. Measurements of absorbed dose in a material at such low incident
energies may be difficult to interpret.

Table A.1 — Electron mass collision stopping powers, S/p (MeV cm?/g)

Electron
energy Air Water Polystyrene LiF
MeV
0,01 19,75 22,56 22,23 17,96
0,02 11,57 13,17 12,96 10,55
0,04 6,848 7,777 7,637 6,252
0,06 5,111 5,797 5,688 4,670
0,08 4,198 4,757 4,666 3,838
0,1 3,633 4,115 4,034 3,323
0,2 2,470 2,793 2,735 2,261
0,4 1,902 2,145 2,101 1,737
0,6 1,743 1,956 1,911 1,583
0,8 1,683 1,879 1,832 1,521
1 1,661 1,844 1,794 1,491
2 1,684 1,825 1,768 1,474
4 1,790 1,877 1,816 1,513
6 1,870 1,919 1,859 1,547
8 1,931 1,951 1,891 1,572
10 1,979 1,976 1,916 1,592
20 2,134 2,051 1,989 1,654
40 2,282 2,120 2,053 1,711
60 2,347 2,157 2,089 1,742
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Table A.2 — Photon mass energy absorption coefficients, x4, /p (cm2/g)

Photon
energy Air Water Polystyrene LiF
MeV
0,01 4,742 4,944 1,918 5,733
0,02 0,538 9 0,550 3 0,207 5 0,649 4
0,04 0,068 33 0,069 47 0,032 64 0,078 90
0,06 0,030 41 0,031 90 0,021 72 0,032 23
0,08 0,024 07 0,025 97 0,021 60 0,023 85
0,1 0,023 25 0,025 46 0,022 96 0,022 29
0,2 0,026 72 0,031 92 0,028 57 0,024 84
0,4 0,029 49 0,032 79 0,031 75 0,027 34
0,6 0,029 53 0,032 84 0,031 82 0,027 36
0,8 0,028 82 0,032 06 0,031 06 0,026 71
1 0,027 89 0,031 03 0,030 06 0,025 85
2 0,023 45 0,026 08 0,025 24 0,021 73
4 0,018 70 0,020 66 0,019 79 0,017 33
6 0,016 47 0,018 06 0,017 08 0,015 28
8 0,015 25 0,016 58 0,015 50 0,014 14
10 0,014 50 0,015 66 0,014 48 0,013 45
20 0,013 11 0,013 82 0,012 32 0,012 11
40 0,012 62 0,012 98 0,011 28 0,011 54
60 0,012 42 0,012 61 0,010 86 0,011 23

A.3 Depth-dose distribution for electron beam irradiation

Recently, many calculation codes have become available to estimate energy deposition of
electrons in materials as a function of depth. The examples include free or commercial
software such as ED MULTI, EGS 5 (Electron gamma shower, version 5), PENELOPE
(penetration and energy loss of positron and electron) etc. By using these codes, depth-dose
distribution curves such as those shown in Figures A.4 to Figure A.6 would be obtained.
Comparisons between simulation and experimental results (with stack of thin film, as
indicated Figures A.7 and Figure A.8) show reasonably sufficient agreement. These codes
would be useful to design irradiation conditions.

NOTE 1 ED MULTI and PENELOPE are OECD (Organisation for Economic Cooperation and Development)/NEA
(Nuclear Energy Agency) codes, available through: http://www.oecd-nea.org/dbprog/ .

NOTE 2 EGS 5 is a free software, see URL at http://rcwww.kek.jp/research/egs/egs5.html


http://www.oecd-nea.org/dbprog/
http://rcwww.kek.jp/research/egs/egs5.html
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IEC 1472113

NOTE Acceleration voltage > 0,5 MV, R, = useful range.

Figure A.4 — Typical depth-dose distribution in a homogeneous material
obtained with electron accelerators for radiation processing
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Figure A.5 — Example of calculated results of energy deposition function, /(z’),
for a slab layer of polyethylene exposed to 1 MeV electron
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Figure A.6 — Example of calculated results of energy deposition function, /(z’),
for typical organic insulators exposed to 1 MeV electron
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Figure A.7a) — Specimen and a backplate of the equivalent material
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Figure A.7b) — Specimen sandwiched between two plates of the equivalent material

Figure A.7 — Two methods of arranging the irradiation samples in order to take
into account the typical depth-dose distributions
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Figure A.8 — Methods of arranging the irradiation samples for measuring
electron depth-dose distributions with a stack of slab insulating materials
and wedge-shape insulating materials

Fundamental aspect of radiation chemistry

A.4.1 Radiation and materials

The

definition of radiation is, typically, electro-magnetic waves or corpuscular beams that can

ionise material (in a typical case, air), that is, eject an electron.

Examples of radiation include

a)
b)

c)

d)
e)
f)

alpha-ray (nucleus of helium He from radioisotope),
beta-ray (electron from radio-isotope),

gamma-ray (electro-magnetic wave resulting from transition between energy levels of a
nucleus),

X-ray (electro-magnetic wave resulting from transition between energy levels of an atom),
neutron beam,

electron beam (accelerated with a particle-accelerator),
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g) ion beam (such as proton, helium and other heavier nuclei accelerated with a particle-
accelerator), etc.

Among them, from the viewpoint of current radiation resistance test, the most widely used
radiations are gamma-rays and electron beams.

A.4.2 Interactions of radiation with materials

Interaction of radiation with materials depends on the energy of radiation; the interaction
scheme varies from implantation (when the energy of incident electro-magnetic wave/particle
is low), sputtering, excitation, ionization and nuclear reaction (when the energy of incident
radiation is sufficiently high). In radiation chemical degradation, ionization and excitation are
most fundamental events. In the case of Co-60 gamma ray irradiation, secondary electrons
are ejected through the Compton effect, and these secondary electrons can interact with the
material. In the case of electron beam irradiation, the incident electrons can interact with the
material directly. High energy (incident and secondary) electrons interact directly or indirectly
with electrons (of the irradiated material) through Coulomb interaction, and results in
ionization and excitation. lonized or excited species can form radicals (chemically reactive
atoms or molecules having an unpaired electron) and the radicals induce subsequent
reactions. The analysing technique is described in A.4.3. In the case of polymer, the final
events are cross-linking (new bond formation between two polymer chains), scission
(fragmentation into two or more smaller pieces), un-saturation (formation of double bond,
other functional bonds, etc.) and graft-polymerization. With respect to radiation resistance test,
cross-linking and scission are of primary interest. This scheme is illustrated in Figure A.9.

M~ ——

IEC 1482/13

Figure A.9a) — Cross-linking

AN~

IEC 1483/13

Figure A.9b) — Degradation
Figure A.9 — Scheme of radiation effects of polymers

NOTE Some concerns may exist on the effect of beta-rays relative to gamma rays, especially in the case of
accidents. However, since the beta rays are electrons having energies in the range of keV — MeV, the effect can be
sufficiently represented by electron beams.

A.4.3 Techniques to analyse intermediate short-lived species
A.4.3.1 ESR (electron spin resonance)

Polymers undergo radical formation upon irradiation. If radicals, having an un-paired electron,
are placed in an electro-magnetic field, their energy levels split in two stages of higher and
lower energy, known as the Zeeman effect. This splitting width is proportional to the magnetic
field applied. If the sample is subjected to microwaves and the magnetic field is scanned, the
resonant condition is satisfied as follows:

hxv=gxpxH

where

h is Planck’s constant (6,6 x 10-34 Js);
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is the frequency of microwave (in s™1);
is the g-factor of the radical,
is Bohr's magneton (9,3 x 10724 J/T; Tesla);

is the magnetic field (in T), respectively.

T ™ @ <

At this resonant condition, the microwave is absorbed by radicals to transit from lower energy
level towards a higher one. Depending on the structure of the radical, especially the presence
and distance of H and/or C atoms having nuclear spin, fine and/or super-fine structure are
often observed and can be indicative of specific chemical structure. Interpretation of the
absorption spectra and assignments of radicals are sometimes not an easy task. Stability of
radicals is evaluated through annealing at a fixed temperature as a function of storage time or
at a fixed storage time with raising the temperature.

A.4.3.2 Laser flash photolysis and pulse radiolysis

Laser flash photolysis uses eximer laser (excited dimer laser, such as from Ar-F or Kr-F) that
provides pulsed laser light and pulse radiolysis uses a linear electron accelerator (linac,
typically in MeV) that generates a pulsed electron beam. Analysing light from Xe flash lamp, it
generates pulsed light in the wide wavelength of 200 — 900 nm, but pulse width is much
longer than that of subsequent pulsed laser light or electron; Xe light can be presumed as
stable. When pulsed laser or electron beam are applied to the samples as a solution in a
quartz glass cell, it causes ionization and excitation within a very short time, and subsequent
diffusion and chemical reaction takes place. This technique focuses on a rather shorter time
region than the ESR.

The intermediates absorb analysing light according to Lambert-Beer’s law: logqy(/y//) (defined
as absorbance or optical density) = ¢C(t)?

where

Ig is the intensity of the incident analysing light;

/ is the intensity of out-coming light through the cell;

€ is the molar absorption coefficient (in #mol-'cm-1) unique to the chemicals and function
of wavelength;

4 is the length of the glass cell (in cm).

By scanning the wavelength, the absorption band specific to intermediate species of interest
can be found. Through observing the change of absorbance at the wavelength as a function of
time, the change in concentration, and therefore life-time or reactivity, as well as the rate
constant with other chemicals or additives, if any, can be evaluated. Time resolution,
according to the state-of-the-art is in the order of femto (10-15) s or faster, from the moment of
energy deposition from radiation to material.



BS EN 60544-1:2013
60544-1 © IEC:2013 -31-

(1]
[2]

(3]

[4]

(5]

[6]

(7]

(8]
(9]
[10]
[11]

[12]

[13]
[14]
[15]
[16]

[17]

(18]

(19]

[20]

[21]

[22]

Bibliography
ICRU Report 33:1980, Radiation quantities and units

DOLE, M., The radiation-chemistry of macromolecules, Academic Press, Volume 1
(1972), Volume Il, 1973

SO 11137, Sterilization of health care products — Radiation

ISO/ASTM 51702, Practice for dosimetry in gamma irradiation facilities for radiation
processing

ISO/ASTM 51649, Practice for dosimetry in an electron beam facility for radiation
processing at energies between 300 keV and 25 MeV

ISO/ASTM 51818, Practice for dosimetry in an electron beam facility for radiation
processing at energies between 80 and 300 keV

ISO/ASTM 51608, Practice for dosimetry in an X-ray (Bremsstrahlung) facility for
radiation processing

ISO/ASTM 51607, Practice for use of the alanine-EPR dosimetry system
ISO/ASTM 51401, Practice for use of a dichromate dosimetry system

ISO/ASTM 51205, Practice for use of a ceric-cerous sulfate dosimetry system
ISO/ASTM 51538, Practice for use of the ethanol-chlorobenzene dosimetry system

ISO/ASTM 51631, Practice for use of calorimetric dosimetry systems for electron beam
dose measurements and dosimeter calibrations

ISO/ASTM 51650, Practice for use of a cellulose triacetate dosimetry system
ISO/ASTM 51276, Practice for use of a polymethylmethacrylate dosimetry system
ISO/ASTM 51275, Practice for use of a radiochromic film dosimetry system
ISO/ASTM 51540, Practice for use of a radiochromic liquid dosimetry system

ISO/ASTM 51310, Practice for use of a radiochromic optical waveguide dosimetry
system

ISO/ASTM 51956, Practice for use of thermoluminescence dosimetry (TLD) systems for
radiation processing

ICRU 80:2008, Dosimetry system for use in radiation processing

DIN 6800, Methods for dose measurements by radiological technique, Beuth-Vertrieb
GmbH (Berlin)

ATTIX, F.H. and ROESCH, W.C., Radiation dosimetry, Academic Press, Vol. | (1968),
Vol. Il (1966), Vol. Il (1969)

ASTM E2628-09, Standard practice for dosimetry for radiation processing


http://dx.doi.org/10.3403/BSENISO11137

[23]

[24]

[25]

[26]

[27]

BS EN 60544-1:2013
-32 - 60544-1 © IEC:2013

ASTM E1026, Standard practice for using the Fricke reference — Standard dosimetry
system

ASTM E2304-03, Standard practice for use of a LiF photo-fluorescent film dosimetry
system

ISO 51707, Guide for estimating uncertainties in dosimetry for radiation processing

JCGM 200, International vocabulary of metrology — Basic and general concepts and
associated terms (VIM)

ASTM E 2303-03, Standard guide for absorbed-dose mapping in radiation processing
facilities



This page deliberately left blank



NO COPYING WITHOUT BSI PERMISSION EXCEPT AS PERMITTED BY COPYRIGHT LAW

British Standards Institution (BSI)

BSI is the national body responsible for preparing British Standards and other
standards-related publications, information and services.

BSI is incorporated by Royal Charter. British Standards and other standardization
products are published by BSI Standards Limited.

About us

We bring together business, industry, government, consumers, innovators
and others to shape their combined experience and expertise into standards
-based solutions.

The knowledge embodied in our standards has been carefully assembled in
a dependable format and refined through our open consultation process.
Organizations of all sizes and across all sectors choose standards to help
them achieve their goals.

Information on standards

We can provide you with the knowledge that your organization needs
to succeed. Find out more about British Standards by visiting our website at
bsiaroun.com/standards or contacting our Customer Services team or

Knowledge Centre.

Buying standards

You can buy and download PDF versions of BSI publications, including British
and adopted European and international standards, through our website at
bsiaroun.com/shop, where hard copies can also be purchased.

If you need international and foreign standards from other Standards Development
Organizations, hard copies can be ordered from our Customer Services team.

Subscriptions

Our range of subscription services are designed to make using standards
easier for you. For further information on our subscription products go to
bsiaroun.com/subscrintions.

With British Standards Online (BSOL) you'll have instant access to over 55,000
British and adopted European and international standards from your desktop.

It's available 24/7 and is refreshed daily so you'll always be up to date.

You can keep in touch with standards developments and receive substantial
discounts on the purchase price of standards, both in single copy and subscription
format, by becoming a BSI Subscribing Member.

PLUS is an updating service exclusive to BSI Subscribing Members. You will
automatically receive the latest hard copy of your standards when they're

revised or replaced.

To find out more about becoming a BSI Subscribing Member and the benefits

of membership, please visit bsiaroun.com/shop.

With a Multi-User Network Licence (MUNL) you are able to host standards
publications on your intranet. Licences can cover as few or as many users as you
wish. With updates supplied as soon as they're available, you can be sure your
documentation is current. For further information, email bsmusales@bsigroup.com.

BSI Group Headquarters
389 Chiswick High Road London W4 4AL UK

bsi.

Revisions
Our British Standards and other publications are updated by amendment or revision.
We continually improve the quality of our products and services to benefit your

business. If you find an inaccuracy or ambiguity within a British Standard or other
BSI publication please inform the Knowledge Centre.

Copyright

All the data, software and documentation set out in all British Standards and
other BSI publications are the property of and copyrighted by BSI, or some person
or entity that owns copyright in the information used (such as the international
standardization bodies) and has formally licensed such information to BSI for
commercial publication and use. Except as permitted under the Copyright, Designs
and Patents Act 1988 no extract may be reproduced, stored in a retrieval system
or transmitted in any form or by any means — electronic, photocopying, recording
or otherwise — without prior written permission from BSI. Details and advice can
be obtained from the Copyright & Licensing Department.

Useful Contacts:

Customer Services

Tel: +44 845 086 9001

Email (orders): orders@bsigroup.com
Email (enquiries): cservices@bsigroup.com

Subscriptions
Tel: +44 845 086 9001
Email: subscriptions@bsigroup.com

Knowledge Centre
Tel: +44 20 8996 7004
Email: knowledgecentre@bsigroup.com

Copyright & Licensing
Tel: +44 20 8996 7070
Email: copyright@bsigroup.com

..making excellence a habit’


www.bsigroup.com/standards
www.bsigroup.com/shop
www.bsigroup.com/shop
www.bsigroup.com/subscriptions

	30286764-VOR.pdf
	English
	CONTENTS
	FOREWORD
	INTRODUCTION
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Radiation-induced changes and their evaluation
	4.1 General
	4.2 Permanent changes
	4.3 Environmental conditions and material geometry
	4.4 Post-irradiation effects
	4.5 Temporary effects

	5 Facilities for irradiation of material samples for evaluation of properties
	5.1 General
	5.2 Gamma-ray irradiators
	5.3 Electron-beam irradiators
	5.4 X-ray (Bremsstrahlung) irradiators

	6 Dosimetry methods
	6.1 General
	6.2 Absolute dosimetry methods
	6.2.1 Gamma-rays
	6.2.2 Electron beams

	6.3 Dosimetry systems
	6.3.1 Reference standard dosimetry systems
	6.3.2 Routine dosimetry systems
	6.3.3 Measurement uncertainty
	6.3.4 Dosimeter calibration
	6.3.5 Dosimeter selection


	7 Characterization of irradiation facilities
	8 Dose mapping of samples for test
	8.1 Charged particle equilibrium
	8.2 Depth-dose distribution (limitations)

	9 Monitoring of the irradiation
	Annex A (informative) Radiation chemical aspects in interaction and dosimetry
	Bibliography
	Figures
	Figure A.1 – Absorbed dose as a function of thickness 
	Figure A.2 – Absorber thickness for charged-particle equilibrium as a function of energy for a material with an electron density of 3,3 × 1023 cm3 (water)
	Figure A.3 – Thickness of water (1 g/cm3) as a function of photon energy for a given attenuation of unidirectional X-ray or γ-ray radiation
	Figure A.4 – Typical depth-dose distribution in a homogeneous materialobtained with electron accelerators for radiation processing 
	Figure A.5 – Example of calculated results of energy deposition function, I(z′), for a
slab layer of polyethylene exposed to 1 MeV electron
	Figure A.6 – Example of calculated results of energy deposition function, I(z′),
for typical organic insulators exposed to 1 MeV electron
	Figure A.7 – Two methods of arranging the irradiation samples in order to take
into account the typical depth-dose distributions
	Figure A.8 – Methods of arranging the irradiation samples for measuring electron depth-dose distributions with a stack of slab insulating materialsand wedge-shape insulating materials
	Figure A.9 – Scheme of radiation effects of polymers

	Tables
	Table 1 – Examples of reference standard dosimeters
	Table 2 – Examples of routine dosimeter systems
	Table A.1 – Electron mass collision stopping powers, S/ρ (MeV cm2/g)
	Table A.2 – Photon mass energy absorption coefficients, μen /ρ (cm2/g)


	Français
	SOMMAIRE
	AVANT-PROPOS
	INTRODUCTION
	1 Domaine d’application
	2 Références normatives
	3 Termes et définitions
	4 Modifications provoquées par le rayonnement et leur évaluation
	4.1 Généralités
	4.2 Modifications permanentes
	4.3 Conditions environnementales et géométrie du matériau
	4.4 Effets post-irradiation
	4.5 Effets temporaires

	5 Installations d’irradiation des éprouvettes de matériau pour l’évaluation des propriétés
	5.1 Généralités
	5.2 Sources de rayonnement gamma
	5.3 Sources de faisceaux d’électrons
	5.4 Sources de rayonnement X (Bremsstrahlung)

	6 Méthodes de dosimétrie
	6.1 Généralités
	6.2 Méthodes de dosimétrie absolues
	6.2.1 Rayonnements gamma
	6.2.2 Faisceaux d’électrons

	6.3 Systèmes de dosimétrie
	6.3.1 Systèmes de dosimétrie étalons de référence
	6.3.2 Systèmes de dosimétrie courants
	6.3.3 Incertitude de mesure
	6.3.4 Etalonnage des dosimètres
	6.3.5 Choix des dosimètres


	7 Caractérisation des installations d’irradiation
	8 Cartographie dosimétrique des éprouvettes pour l’essai
	8.1 Equilibre des particules chargées
	8.2 Distribution de dose en profondeur (limites)

	9 Surveillance de l’irradiation
	Annexe A (informative) Aspects chimiques du rayonnement en interaction et dosimétrie
	Bibliographie
	Figures
	Figure A.1 – Dose absorbée en fonction de l’épaisseur
	Figure A.2 – Epaisseur d’absorbant pour l’équilibre de particules chargées en fonction de l’énergie pour un matériau ayant une densité d’électrons de 3,3 × 1023 cm3 (eau)
	Figure A.3 – Epaisseur d’eau (1 g/cm3) en fonction de l’énergie des photons pour une atténuation donnée des rayons X ou γ unidirectionnels
	Figure A.4 – Distribution type de dose en profondeur dans un matériau homogène obtenue avec des accélérateurs à électrons pour le traitement par rayonnement 
	Figure A.5 – Exemple de résultats calculés de la fonction de dépôt d’énergie, I(z′), pour une plaque de polyéthylène exposée à un faisceau d’électrons de 1 MeV
	Figure A.6 – Exemple de résultats calculés de la fonction de dépôt d’énergie, I(z′), pour des isolants organiques types exposés à un faisceau d’électrons de 1 MeV
	Figure A.7 – Deux façons de disposer les éprouvettes à irradier afin de tenir compte des distributions de dose en profondeur types
	Figure A.8 – Différentes façons de disposer les éprouvettes à irradierpour mesurer les distributions de dose d’électrons en profondeurdans une pile d’isolants en forme de plaques et de coins
	Figure A.9 – Schéma des effets du rayonnement sur les polymères

	Tableaux
	Tableau 1 – Exemples de dosimètres étalons de référence
	Tableau 2 – Exemples de systèmes de dosimètre courants
	Tableau A.1 – Pouvoirs massiques d’arrêt par collision des électrons, S/ρ (MeV cm2/g)
	Tableau A.2 – Coefficients d’absorption massique d’énergie des photons, μen /ρ (cm2/g)





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




