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RAPPORTS DES COMITÉS

Since the 1950's the Atomic Energy Control Board has made
use of advisory committees of independent experts to assist it
in its decision-making process. In 1979 the Board restructured
the organization of these consultative groups, resulting in the
creation of two senior level scientific committees charged with
providing the Board with independent advice on principles,
standards and general practices related to radiation protection
and the safety of nuclear facilities. The two committees are
the Advisory Committee on Radiological Protection (ACRP),
formed in 1979, and the Advisory Committee on Nuclear
Safety (ACNS), which was established a year later.
Summaries of meetings of the committees are available to the
public in the AECB library in Ottawa,

Depuis les années cinquante, la Commission de contrôle
de l'énergie atomique fait appel à des comités consultatifs
composés d'experts indépendants pour l'aider dans ses prises
de décision. En 1979, la CCEA a restructuré l'organisation de
ces groupes de consultation pour former deux comités scientifiques supérieurs chargés de lui fournir des conseils indépendants concernant les principes, les normes et les méthodes
générales touchant la radioprotection et la sûreté des installations nucléaires : ce sont le Comité consultatif de la radioprotection (CCRP), formé en 1979, et le Comité consultatif de
la sûreté nucléaire (CCSN), établi l'année suivante. Le public
peut consulter les comptes rendus des réunions de ces comités
à la bibliothèque de la CCEA, à Ottawa.

From time to time the committees issue reports which are
normally published by th; AECB and catalogued within the
AECB's public document iiystem. Committee reports, bound
with a distinctive cover, carry both a committee-designated
reference number, e.g. ACRP-1, and an AECB reference
number in the "INFO" series. The reports generally fall into
two broad categories: (i) recommendations to the Board on a
particular technical topic, and (ii) background studies. Unless
specifically stated otherwise, publication by the AECB of a
committee report does not imply endorsement by the Board
of the content, nor acceptance of any recommendations made
therein.

Les comités rédigent à l'occasion des rapports qui sont normalement publiés par la CCEA et catalogués dans la collection des documents publics de la CCEA. Reliés avec une
couverture distincte, les rapports des comités se reconnaissent
à leur numéro de référence du comité d'origine (comme
CCRP-1) et à leur numéro de référence de la CCEA dans la
série «INFO». Ils se divisent habituellement en deux catégories
générales : (i) les recommandations présentées à la Commission au sujet d'une question technique particulière; (ii) les
études générales. À moins d'indication contraire, la publication par la CCEA du rapport d'un comité ne signifie pas que
la Commission approuve le contenu de la publication, ni
qu'elle en accepte les recommandations.
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EXECUTIVE SUMMARY

In light of the new recommendations of the ICRP in Report #60 on dose quantities
and dose limits, this working group was set up to examine the implications for
external dosimetry in Canada. The operational quantities proposed by the ICRU
are discussed in detail with regard to their applicability in Canada.
The current occupational dosimetry services available in Canada are described as
well as the several performance intercomparisons that have been carried out
within the country as well as internationally. Recommendations are given with
respect to standards for dosimetry, including accuracy and precision.
More practical advice is given on the choice of dosimeter to use for external
dosinetry, frequency of monitoring, and who should be monitored. Specific advice
is given on the monitoring of pregnant workers and the problem of non-uniform
irradiation. Accident and emergency dosimetry are dealt with briefly.
Suggestions are given regarding record keeping both for employers and for the
national dose registry.
Appendices give details of the dosimetry systems currently in use in Canada, and
further details of the intercomparison studies. Eleven recommendations are given:
1.

The AECB should require dosimetry services to design and calibrate their
dosimeters to measure the ]
ICRU operational quantities H (10) and H (0.07)
for photons and electrons.

2.

The AECB should act as lead agency and work with provinces and other
agencies in developing appropriate guidelines.

3.

The AECB should require a dosimetry type test and performance test similar
to that required by the EC, The requirements must be specified in a way
that is clear and unambiguous, so that operators of dosimetry services
will know what is required to obtain (or renew) approval of their service.

4.

The AECB should require that the QA program of each dosimetry service
include blind performance testing, in which the test dosimeters are not
identified to the processing laboratory. At least one test irradiation
should be done at a low dose, close to the minimum reporting level of the
service.

5.

The calibration of a dosimetry system intended to measure Hp(10) should be
traceable to a Canadian national exposure standard for gamma rays, and
that traceability should be verified periodically through blind testing.

6.

The calibration of a dosimetry system intended to measure Hf(0.07) should
be traceable to a Canadian national dose standard for beta rays, and that
traceability should be verified periodically through blind testing. The
source(s) and procedures to be used should be developed by the AECB, in
consultation with the NRC and the external dosimetry services affected.

7.

The dosimetry period for routine monitoring should be a minimum of one
month, a maximum of one year.
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8.

Dosimetry services should ensure that a sufficient number of control
dosimeters should be kept at each dosimeter storage location to permit an
estimate of the background radiation dose.

9.

When multiple dosimeters are used in novi-uniform exposure conditions, a
weighted sum of their readings should be used to obtain a more accurate
estimate of E.

10.

Records of dose to the skin should be sufficiently detailed to permit
separate tallies of doses received by different areas of the body.

11.

The National Dose Registry should work with AECB staff to improve the
definition of job categories and to establish a standard format.
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iv LIST OF SYMBOLS AND ACRONYMS
CRL

Chalk River Laboratories

E

effective dose

Fluence (*)

the quotient of the number of particles or photons which enter
a defined cross-sectional area

H*(d)

ambient dose equivalent at depth d mm

H'(d,û)

directional dose equivalent at depth d mm and angle Ci

H (d)

personal dose equivalent at depth d mm

Hsi(d)

personal dose equivalent measured on the ICRIJ slab phantom

HC

Health Canada

HQ

Hydro-Québec

ICRP

International Commission on Radiological Protection

ICRU

International Commission on Radiation Units and Measurements

Kerma(K)

the quotient of the sum of the initial kinetic energies of all
the charged particles in a specified volume of the particular
material

NBP

New Brunswick Power

NDR

National Dose Registry

NDS

National Dosimetry Service

NRC

National Research Council of Canada

OH

Ontario Hydro

RPB

Radiation Protection Bureau

TLD

thermoluminescent dosimeter

1.

INTRODUCTION

1.1

Purpose and Scope

The International Commission on Radiological Protection (ICRP) in their 1990
recommendations [IC91] has proposed new radiation protection dose concepts and
reduced occupational dose limits. As a result of these recommendations, new
demands have been placed on external dosimetry systems, both in terms of the dose
quantities they are designed to measure and in terms of the accuracy and sensitivity they are expected to achieve. In the past, conservative (i.e., high)
estimates of dose were acceptable, since the higher limits of the time were
rarely exceeded in any case.
With substantially lower limits, dosimetric
accuracy becomes more important if false reports of overexposure are to be
avoided.
This report is directed to providers and users of occupational external dosimetry
services in Canada. It includes:
•

a review of external dosimetry systems presently in operation,

0

guidance on the measurement of radiation dose due to sources external to
the body,

•

recommendations for good operational monitoring and external dosimetry
practices,

•

recommendations on the contents and retention requirements of personal
dose records, and

•

recommendations on quality and quality assurance testing for external
dosimetry systems.

The scope of this report is confined to the measurement of occupational doses
from external photon and electron radiation. It excludes the estimation of dose
due to contamination of skin or clothing.
1.2

Historical Background

Many of the early observed physical and chemical effects of ionizing radiation
were used to measure x rays shortly after their discovery by Roentgen in 1895.
In the year after his discovery of these new rays, Roentgen demonstrated that x
rays would discharge an electrified body. The device he used in his experiments
is now known as an ionization chamber. The name resulted from the findings of
subsequent investigators that x rays produce ions (i.e., electrically charged
atoms or molecules) in gases they traverse. This method for detecting x rays,
based on electrical measurement, was simple and reproducible, and it quickly
became the primary method used. In the early part of this century when x rays
were first being used for diagnosis and treatment there was no general agreement
on the best units to use for the measurement of radiation. As early as 1908 the
French physicist Villard proposed a unit for x-ray measurement based on ionization. His proposal was almost identical to the unit, namely the roentgen, which
was subsequently recommended as the unit of radiation quantity for x radiation
by the Second International Congress of Radiology in Stockholm in 1928 [IC28],
The unit agreed upon, the roentgen (R), was defined in terms of the ionization

- 2produced in a volume of air, and measured the quantity 'exposure'. Excellent
detailed reviews of this early historical development have been given by Wyckoff
[Wy80] and Parker and Roesch [Pa63].
While exposure appeared to be a satisfactory quantity for the early practice of
radiation measurement, it soon became apparent that the effects of radiation
depended on the type of material being irradiated. This led to the development
of the concept of absorbed dose, the energy deposited per unit mass of material.
The first unit to be defined was the rad, for radiation absorbed dose, and corresponding to an energy deposition of 0.01 J.kg"1 (originally expressed as 100
erg.g"1). This was subsequently replaced by the SI unit, the gray (Gy), corresponding to an energy deposition of 1 J.kg"1.
There has been continuous improvement and refinement of the measurement of radiation. Radiation protection quantities have been gradually revised to correlate
more closely with harmful radiation effects, specifically delayed genetic and
somatic effects. The most influential recommendations in this regard have come
from the ICRP in their Reports 26 and 60. In ICRP 26 account was taken of the
different radiobiological of different radiations by multiplying absorbed dose
by a modifying factor, Q, to give the dose equivalent; account was taken of the
radiobiological sensitivity of a tissue or organ by multiplying the dose
equivalent by W-p to give the effective dose equivalent. These quantities have
been simplified somewhat in ICRP 60 and the factors that are currently considered
important in determining the harm that might arise from exposure to ionizing
radiation are:
•

The absorbed dose received by an organ or tissue, measured in Gy.

•

The pattern of energy deposition by the radiation being absorbed: for the
same absorbed dose in a tissue or organ, the harmful effect varies
depending on the type of radiation. Radiations that have high energy
deposition per unit track length, i.e., high linear energy transfer (LET),
are more effective in producing effects than radiations with low LET. This
is allowed for by multiplying the absorbed dose by a radiation weighting
factor, wR.
The resulting organ or tissue dose is measured in sievert
(Sv) and is known as the 'equivalent dose'.

•

The sensitivity of the tissue or organ: some are more radiosensitive than
others, so that for the same equivalent dose, the harmful radiation
effects differ. This is allowed for by multiplying the equivalent dose
received by each organ or tissue by a tissue weighting factor, wT, and
summing the resulting doses to obtain a dose value that is considered
appropriate for radiation protection purposes. This dose is known as the
'effective dose', E, and is defined by the equation:

E

-

where DTR is the absorbed dose in organ or tissue T due to radiation R.
A full discussion of this concept is provided in ICRP Publication 60
[IC91]. In this publication, the ICRP recommends dose limits for workers
and the public in terms of the effective dose, E. The proposed ICRP limit
for radiation workers is 20 mSv per year, and for the general public 1
mSv.
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Ideally, to measure effective dose, it would be necessary to assess the absorbed
dose in each organ and apply the appropriate factors described above. This is
obviously impossible in routine radiation protection programs in medical,
industrial and other work situations, although some attempts have been made to
determine an appropriate calibration factor using this concept [Wa84a]. Compromises and simplifications have to be made in routine dosimetry programs to
estimate effective dose. The International Commission on Radiation Units and
Measurements (ICRU) has made recommendations in their Reports 39 [IC85], 43
[IC88a], 47 [IC92a] and 51 [IC93] for operational quantities that provide
reasonable estimates of the effective dose (upper limits under most irradiation
conditions). The new operational dose quantities are defined in the following
section.
Recently, the Atomic Energy Control Board (AECB) issued for public comment Consultative Document C-106 [AE94], which requires external dosimetry services to
demonstrate their ability to measure these new operational quantities. C-106
also imposes other technical and quality assurance requirements for external and
internal dosimetry.
2.

OPERATIONAL DOSE QUANTITIES

There have been several attempts by the ICRP and ICRU to define operational dose
quantities that would be widely accepted by the radiation protection community.
Many of the rroposed quantities proved to be difficult to use in practice, or to
have fundamental limitations. In their Report 47 [IC92a], the ICRU defined a set
of quantities that appear to be receiving widespread support.
Two quantities are defined for purposes of area monitoring. They are based on the
ICRU sphere, which is a phantom 30 cm in diameter and made of tissue equivalent
material. The definitions also include the concepts of 'expanded' and 'aligned'
radiation fields. The 'expanded' field is a hypothetical field derived from the
actual radiation field in which respectively the fluence and its directional and
energy distributions have the same values throughout the volume of interest as
in the actual field at the point of reference. In the 'aligned' field the fluence
is unidirectional. The quantities are defined as follows:
•

The ambient dose equivalent, H*(d), at a point in a radiation field, is
the dose equivalent that would be produced by the corresponding expanded
and aligned field in the ICRU sphere at depth d on the radius opposing the
direction of radiation. The suggested values of d for monitoring in terms
of H*(d) are 10 mm for strongly penetrating radiation and 0.07 mm for
weakly penetrating radiation incident on the skin.

•

The directional dose equivalent, H'(d,Q), at a point in a radiation field,
is the dose equivalent that would be produced by the corresponding
expanded field in the ICRU sphere at depth, d, on a radius in a specified
direction, Û. The recommended values of d are as described above.

For individual monitoring, the ICRU defined another quantity:
•

The personal dose equivalent, H (d), is the dose equivalent in soft tissue
below a specified point on the body at an appropriate depth,d. (10 mm or
0.07 mm, as above)

The relationships between primary limit quantities, physical quantities and
operational quantities are shown in Figure 1 [page 14 of NR93],

FIGURE 1
RELATIONSHIPS BETWEEN PRIMARY LIMIT
QUANTITIES, PHYSICAL QUANTITIES AND
OPERATIONAL QUANTITIES

Primary physical quantities
Fluence. ${E. il)
Kcrma. Kr. Kt
Absorbed dose. Dr. Da

Calculated using wK and
anthropomorphic phantoms

Primary limit quantities
Effective dose. E
Organ equivalent dose. HT
i

Estimated by
measurement and
calculations using wR
and anthropomorphic
phantoms

Calculated using Q[L)
and simple phantoms
(sphere or slab)
validated by
measurement
Operational quantities
Ambient dose equivalent, ff (d)
Directional dose equjvalent. H'ld. fi)
Personal dose equivalent. Hu[d)
Related by type
test and calculation

fionltored quantities
Actual signals measured:
these are device-specific

- 5 -

3.

DOSIMETRY SERVICES IN CANADA

There are five Canadian external dosimetry services currently in operation.
Three of these are operated by the nuclear utilities Ontario Hydro (OH), HydroQuébec (HQ) and New Brunswick Power (NBP); one by AECL Research; and one by the
Radiation Protection Bureau (RPB) of the federal Department of Health. The
utilities and AECL provide dosimeters only to their own employees and to visitors
to their facilities. Of the five, RPB provides the only public, commercial dosimetry service, and it is by far the largest. The majority of the users of RPB
dosimeters are x-ray workers under provincial jurisdiction; only about 20% come
under the Atomic Energy Control Act. In addition to these five Canadian-based
dosimetry services, a US-based company, Landauer Inc., has recently received AECB
approval to provide their dosimetry service in Canada.
All of the Canadian-based dosimetry services provide thermoluminescent dosimeters
(TLDs) to measure dose from photons (gamma and x rays) and electrons (including
beta rays). Dosimeters from two of the services (NBP and AECL) are also sensitive to neutrons so should be used with caution in mixed fields of photons and
neutrons. Two of the services (RPB and AECL) also provide neutron dosimeters
based on electrochemical etching of plastic film; neutron dosimetry is less
commonly needed and will not be considered further in this report.
The Landauer dosimetry service offers both film and thermo luminescent dosimeters
for photons and electrons. They can also provide neutron-sensitive TLDs and
etched-track films.
In this section, a general description of the technology used by the dosimetry
services is given. More detailed technical information on each service is given
in Appendix A.
Four of the Canadian-based services use TLD systems based on an original design
from the Chalk River Laboratories of AECL Research. (A TLD "system" includes the
dosimeters and the reader.)
Although these systems have evolved from the
original 1970's design in different ways, they still share many common features:
1.

The dosimeter contains two TLD elements, a thicker one to measure penetrating or deep dose and a thinner one to measure nonpenetrating or
shallow dose. These elements are mounted on a heat-resistant plastic
(Kapton) that is attached to an aluminum plaque or card.

2.

The TLD elements are chips of lithium fluoride, doped with magnesium and
titanium (LiF:Mg,Ti). The isotopic composition of lithium and the sensitivity of the material varies from service to service (see Appendix A ) .

3.

The plaque is inserted into a plastic badge case for use. The case contains filters over the elements: 2 mm (540 mg.cm"2) of aluminum over the
deep-dose element and thin aluminized Mylar film (7 mg.cm'2) over the
shallow-dose element.

4.

For reading, the plaques are removed from the badge cases, stacked into a
magazine, and fed into an automatic reader. Each element is heated in
turn by a hot metal anvil, which is raised into contact with the Kapton
film under the chip. Light from the heated chip passes through a light
pipe to a photomultiplier, where it is measured. The total amount of
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light emitted is proportional to the dose received by the chip since it
was last read or otherwise heated.
(AECL Research at Chalk River has
recently changed to commercial readers made by Harshaw/Bicron, which heat
the chips with a jet of nitrogen gas whose temperature is raised in a controlled way. RPB is currently in the process of making the same change.
However, neither service is changing the design of their dosimeter.)
The fifth Canadian-based dosimetry service, at NBP, uses a commercial TLD system
from Panasonic Industrial Company. The badge contains four elements, and the
thermoluminescent material is lithium borate in the form of a thin layer of
granules on a plastic substrate. Heating in the automatic reader is done with
infrared light focussed onto the substrate in relatively short pulses. Lithium
borate is more sensitive to ultraviolet light than is lithium fluoride, so the
elements are removed from their case only inside the reader.
Landauer uses TLD technology developed by the Finnish company Rados (formerly
Alnor). In their standard dosimeter, three LiF:Mg,Ti chips are contained in
cavities inside a plastic holder. The holder is opened inside the reader, and
each chip is raised in turn into a jet of hot nitrogen gas. Unlike the Harshaw
readers, the gas in the Rados readers is maintained at a constant high temperature.
4.

DOSIMETRY INTERCOMPARISONS

4.1

Canadian Dosimetrv Intercomparison

In early 1982, at a meeting of representatives of the five Canadian external
dosimetry services, concern was expressed at the lack of uniformity In the interrelationship of measurements. Among the five services, four different quantities
were being measured and officially reported as whole-body or deep dose. It was
therefore proposed by the AECB that a small Working Group on External Dosimetry
be formed to try to resolve the differences and to recommend a common dose
quantity that would be accepted by the AECB and adopted by the services. The
Working Group was established, and its members were dosimetry specialists from
each of the services.
Over the course of the Working Group's first three meetings, the theoretical
aspects and the rationale for each dosimetry method were discussed extensively.
At the fourth meeting, in June 1984, agreement was reached that the quantity to
be determined by dosimeters should be effective dose equivalent (the predecessor
quantity to effective dose, defined in ICRP Publication 26 [IC77]) or a conservative estimate of that quantity. It was further decided at that meeting that an
external dosimetry intercomparison be done amongst the five services. This
intercomparison was done in two stages. In the first stage, dosimeters from the
services were simultaneously irradiated to known photon and beta fields, under
controlled laboratory conditions. This technique permitted a comparison to be
made between a given service's results and the conventionally true doses, as well
as among the results of the different services. The energy range of the photons
was 33-1250 keV - one energy per irradiation. The beta particles came from an
encapsulated ^ S r - 9 ^ source and were used alone as well as in combination with
photons of specified energies. The second stage was performed under real, "in
the field" conditions, on a phantom, in the presence of mixed radiation fields
in power reactor work environments. This allowed an examination of the relative
responses of the different dosimeters under such circumstances; conventionally

- 7true doses could not be determined in the absence of an ideal, reference dosimeter.
Once all dose evaluations were completed, the results were analyzed at subsequent
Working Group meetings. A report of the results for whole-body or deep dose was
published in 1989 as AECB INFO-0331-01 [AE89]. Results of the analysis of the
more complex skin or shallow dose data were published in a second report, INFO0331-2 [AE91]. A paper summarizing the field intercomparison was also published
in the open literature [Fa92a].
The whole-body or deep dose results from the laboratory intercomparison can be
summarized by a quote from first report: "Despite dosimeter and calibration
differences, the effective dose equivalent is estimated within the range (-15%,
+342) over the whole photon energy range and for all services". (This range
represents the minimum and maximum values of all reported doses relative to the
corresponding conventionally true effective dose equivalent.) The results for
the field intercomparison can be summarized by a quote from the same source:
"The mean values, . . show that the five services agree to within a range of (-10%,
+21X), averaged over a wide variety of exposure conditions". (Mean reported doses
were calculated for each run, and the dose reported by each service relative to
this mean was calculated. The relative reported doses for each service were
averaged over all 36 runs, and these varied from 0.90-1.21.) From these results,
it was concluded that the "... average differences in reported dose among the
five Canadian external dosimetry services are much less than the uncertainty
limits recommended by the ICRP" and that, therefore, "changes to the present
dosimetry systems are not necessary to meet the recommendations of the ICRP".
For the skin or shallow doses, all laboratory intercomparison results fell within
the range (-20%, +91%), when compared with the known given doses. The field
intercomparison yielded mean results in the range (-20%, +15%), when the performance of each participant was compared to the average for all five. (These
ranges were calculated in the same way as the corresponding ranges for whole-body
data, described in the previous paragraph.) It was concluded from the skin dose
results that, "Discrepancies among processors arise ... because of differences
in dosimeter design and handling procedures, and in the data processing
algorithms" [AE91].
As a result of this two-stage intercomparison, a series of recommendations were
made. These can be summarized as follows:
i)

With respect to whole-body/deep doses, each service should participate in
an annual blind test conducted by the national standards laboratory;

ii)

With respect to skin/shallow doses, further tests should be performed with
lower-energy electrons in order to study the electron-energy dependence of
the dosimeters.
In addition, the validity and applicability of the
algorithms used should be re-evaluated for complex and variable radiation
field conditions;

iii)

Services should always strive for technological improvements;

iv)

Canadian external dosimetry services should determine how well they can
measure the new ICRU operational quantities [IC92a].
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4.2

CANDU Owners Group (COO Intercomparison

The CANDU Owners Group (COG) is an organization that was formed to encourage and
facilitate the sharing of information among designers and operators of CANDU
reactors, and to support research and development relevant to CANDU. The R&D
part of the COG operation is jointly funded by AECL, Ontario Hydro, Hydro-Québec
and New Brunswick Power. One of the COG R&D programs is Health and Safety, and
that program includes research on radiation dosimetry.
Two COG-funded projects were carried out in 1992-95 to obtain additional information about the responses of the TLDs used by COG participants. These projects
provided data on the absolute and relative responses of some of the dosimeters
used in Canada, and they are summarized in this section.
(a)

Cs-137 Versus Co-60 Response

This project was intended to determine whether the response of TLDs to gamma rays
from 137Cs (energy 662 keV) is significantly different from their response to
gamma rays from "'Co (average energy 1250 keV). In theory, there should be very
little difference in the two responses. However, a number of international
intercomparisons of TLDs for environmental monitoring performed in the U.S. have
shown that dosimeters calibrated with 137Cs gamma rays usually underestimate
exposures from Co gamma rays by about 5% [MA95], No satisfactory explanation
has yet been found for this observation. Although an uncertainty of 52 is not
large in the context of routine personal dosimetry, it may be significant for QA
testing and dosimetry intercomparisons.
Each of the four COG participants provided 100 of their routine dosimeters for
the project. The dosimeters were irradiated to a range of exposures from 137Cs
and °°Co gamma rays at the Chalk River Laboratories (CRL) , and returned to their
respective organizations for reading. The results were reported in terms of
exposure, and were corrected for background and transit exposure. The mean
response (reported exposure divided by delivered exposure) for each source was
determined, and the relative response to the two sources calculated. The results
from the deep-dose elements are summarized in Table 1.

TABLE 1
Summary of the Response per unit Exposure of the Deep-Dose Element
to ^Co Gamma Rays Relative to 1^7Cs Gamma Rays,
Mean Relative Response ± 1 S.D.
Participant

NBP

1.016 ± 0.008

H-Q

0.957 ± 0.008

OH

0.951 ± 0.004

AECL

0.994 ± 0.004

- 9Both HQ and OH calibrate their dosimeters with 137 Cs, and their results show an
under-response of about 5% for ^Co compared with 137 Cs. AECL calibrates its
dosimeters with ^ C o , and its results show no significant difference. These
results are consistent with those observed in the U.S. intercomparisons, mentioned above. However, NBP uses 137Cs for calibration, and their results show
no significant difference in response. This may be due to the different TL
material used in the NBP dosimeters (lithium borate) compared with the other
participants (lithium fluoride), or due to differences in scattering conditions.
It is also the case that the sensitized lithium fluoride used by AECL (see
Section A.3) is more similar in its energy response characteristics to lithium
borate than it is to unsensitized lithium fluoride [AC89].
Staff of the National Research Council of Canada have also been involved in this
project, and are planning further experiments to try to verify and explain the
results obtained so far. They have installed and calibrated a 137Cs source at
their laboratory to permit comparisons with their ^Co primary standard source.
(b)

Measurement of ICRU Quantities

The purpose of this project was to determine whether the dosimeters presently in
use in Canada can be used to measure the new operational dose quantities H (10)
and Hp(0.07).
If these quantities can be measured with sufficient accuracy
simply by modifying the dosimeter calibration factors, then their adoption would
be easier and less costly than if a change in dosimeter design were required.
Dosimeters from each of the COG participants were sent to CRL. They were mounted
on a phantom (made from a polymethylmethacrylate (PMMA) shell of dimensions 30
x 30 x 15 cm3 and filled with water), and irradiated with photons and beta rays
with a range of energies and at angles of incidence of 0, 20, 40, and 60°,
relative to normal incidence.
They were returned to the participants for
reading, and the results were converted to dose using the participant's usual
algorithm. These quantities were divided by the conventionally true values of
the operational dose quantities to obtain the response of the dosimeter. Conventionally true dose values for photons were obtained by measuring air kerma free
in air, and multiplying the result by conversion factors from a recent European
Commission (EC) report [Ch94] . The effective photon energies ranged from 33-1250
keV. Average responses at each energy were calculated by taking the average
result for the four different angles of incidence. The three standard beta
sources that were used were l47Pm, ^ T l and ^°Y, with nominal maximum energies of
0.224, 0.766 and 2.27 MeV, respectively. They had been calibrated by their
supplier against a primary standard for H(0.07) at normal incidence. Relative
responses for off-normal angles of incidence were taken from the EC report
[Ch94].
The results of these tests have not yet been finalized. However, initial results'
suggest that all four dosimetry services can measure Hp(10) to within ±30X over
the energy range 33-1250 keV, if the dosimeters are suitably calibrated. The
measurement of Kn(Q.Q7) for photons is also possible to within ±30% over this
energy range, but one of the services would have to change their algorithm to
achieve these limits of accuracy. Measurement of Hp(0.07) for beta radiation is

Private communication from P.S. Yuen, Chalk River Laboratories,
Chalk River, Ontario
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more difficult, with angle-averaged responses ranging from 0.1 for 147Pm beta
rays to 1.6 for 90Sr/90Y beta rays. The low values are due to dosimeter elements
that are too thick or too heavily filtered, while the high values result from
overcorrecting for high-energy beta rays. For none of the services was the range
of angle-averaged responses less than a factor of seven.
The preliminary results of these tests confirm what would be expected from basic
dosimetric principles: the present dosimeter designs work well for penetrating
radiation, but not for beta rays. To measure H (0.07) more accurately in a betaray field, thinner sensitive elements and/or less filtration would be necessary.
It is worth mentioning that the depth at which the skin dose is to be measured,
0.07 mm, is a somewhat arbitrary choice that is not well supported by radiobiological evidence. Originally, this depth was taken to be the depth of the layer
of basal cells, which are the most radiosensitive cells of the skin. However,
the depth of the basal-cell layer varies widely over the body, covering a range
of at least 0.02-0.10 mm. In addition, the basal-cell layer follows the undulations of the hair follicles in the skin, so that some fraction of the basal cells
are at a significantly greater depth than the average. More recent evidence is
that the relevant depth in the skin depends on the biological effect of concern:
the basal cells may be the relevant target for erythema, desquamation and carcinogenesis, but the more serious deterministic effects, both acute and late,
arise from the dose received at depths of about 0.3-0.5 mm (ICRP Publication 60,
Section B.10.2 [IC91.NC89]). It is therefore possible that current skin dose
limits are unnecessarily restrictive when applied to the dose at 0.07 mm depth,
and that attempts to measure the dose due to all radiations capable of penetrating to this depth are not appropriate. This question needs further study and
international agreement on an appropriate depth at which measurement should be
made.
4.3

IAEA Intercomparisons

In 1988, the International Atomic Energy Agency (IAEA), following release in 1985
by the ICRU of its recommendation to adopt a new system of operational quantities
for reporting occupational exposure [IC85], organized a Coordinated Research
Programme (CRP) on the Intercomparison for Individual Monitoring. The National
Dosimetry Service (NDS) participated in both phases of the CRP. The CRP was
organized so that participants would be able to assess:
1)

their ability to measure external photon radiation fields, and

2)

the potential impact of introduction of the new operational quantities on
their dosimetry programmes (Hp(10) and Hp(0.07)).

The CRP was conducted in two phases. For the first phase there were twenty-one
laboratories from nineteen countries. Irradiations were conducted in May and
June of 1988, using the photon energies shown in Appendix B, Table Bl. Following
evaluation by the participants and compilation by the IAEA, a research coordinating meeting was held April 24-28, 1989 in Vienna to review the progress of the
CRP. The presentations made at this meeting and the conclusions from the work
performed in this phase are summarized in a document published on behalf of the
IAEA by the Physikalisch-Technische Bundesanstalt [PT91].
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The first phase also concluded with the recommendation that further work be
undertaken to address issues of phantom and angular dependence and that further
work be done on energy dependence, in particular that mixed-energy irradiations
be performed so that more practical conditions of use are tested.
The second phase irradiations were done in October and November, 1990. This time
there were twenty-four participants from eighteen countries and three international organizations. The irradiations performed are listed in Appendix B,
Table B2. In the first phase, all irradiations were performed on a 30-cm cube
water-filled phantom.
This was in contrast to the ICRU-recommended tissueequivalent sphere, and necessitated the calculation of new conversion factors.
The sphere was recognized as presenting practical difficulties for routine use,
and subsequently the ICRU issued guidelines that recommend use of a 30 cm x 30
cm x 15 cm PMMA slab phantom for calibration of dosimeters used for individual
monitoring [IC92b] . The second phase of the CRP addressed the application of this
phantom, including effects of energy and angular response. Effect of dosimeter
placement on an anthropomorphic (body-like) phantom [IC92bJ and comparison of
response between the slab and anthropomorphic phantoms were studied as well.
The conclusions from both phases of the CRP as well as the results of the second
phase exposures are summarized in the final report of the programme published by
the IAEA in its technical document series. The key points from that report
[IA93, pp. 180-181] are quoted below:
"A. Impact of the ICRU operational quantities
The results of the intercomparison demonstrated that a number of dosimetry
systems are capable of measuring the new ICRU quantities to an acceptable
degree of accuracy. Specifically,
1.

It is possible to measure Hs((0.07) and Hs((10) with TLD, film and
photo-luminescent glass [Hs((d) is equivalent to HJ)(d) for the
phantom.] However, nearly all participants with film dosimeters
found difficulty meeting the ICRP requirements [stated in
paragraph 109 of reference IC82].

2. A number of participants will need to modify their evaluation
techniques to properly measure the new quantities."
"B. Dosimeter Performance
1.

In this intercomparison, the performance of TLD systems was
superior to film based systems. However, the success of at least
one film dosimeter demonstrates that it is possible to use film
with satisfactory accuracy.

2.

Differences in evaluation technique had an important effect on
dosimetry system performance.

3.

Dosimeter complexity did not significantly affect the accuracy of
results.
Dosimeters with simple designs performed as well as
their more sophisticated counterparts.
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4.

The ability of a dosimetry system to determine energy did not
necessarily lead to improved accuracy."

"C. Phantom Influence
1. The phantom influence on participant results is highly dependent
on dosimeter design and the associated sensitivity to backscattered photons.
2.

For dosimeters that performed well (small dependence of the
response on the mean photon energy, sufficient response to
backscattered radiation), the following trend was observed. In
the case of a broad photon spectrum (mean energy 57 keV), the
backscatter on the PMMA slab phantom increases the dosimeter
reading by about 10% compared with dosimeters irradiated over the
lung of the Alderson phantom, while the results for dosimeters
irradiated on the Alderson phantom abdomen are about 5% higher
than over the lung.

3. The PMMA slab phantom and the 30 cm water filled cube are suitable
backscatter phantoms for calibration of dosimeters in terms of the
ICRU operational quantities. However, in the interest of harmonization, the slab phantom recommended by the ICRU is preferred.
Differences of up to 85! between the backscatter factors for the
PMMA and the ICRU tissue slab phantoms can be regarded to be of
minor importance for calibration, but might be relevant for typetesting."
"D. Energy Dependence
1. The dosimeters vary widely in the energy response characteristics,
depending on design and evaluation techniques.
2.

The energy dependence of film systems was much more pronounced
than the TLD systems.

3.

20 keV was the most difficult energy to measure and only about 1/3
of the systems performed satisfactorily at this low energy.

4. Accurate measurement in the mixed energy fields presented more
difficulty for film than TLD."
"E. Angular Dependence
Measurements at angles from 0° to 60°, and on a rotating phantom were not
a severe problem. Many of the dosimeters performed satisfactorily at
these angles of incidence."
The National Dosimetry Service performed well in both phases of the intercomparison. Using the ICRP requirement referred to above, all exposure categories
except for one were passed. The results of exposures performed at energies less
than 20 keV showed an under-response of about 80X for Hsl(10).
This is not
surprising, given the higher atomic number of the aluminum filter relative to
tissue. If one can extrapolate from the results of the national intercomparison
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done by the five services in Canada [AE89,AE91c], then one can conclude that the
four other organizations doing dosimetry would have performed at least as well
as the NDS.
5.

RECOMMENDED STANDARDS FOR OCCUPATIONAL DOSIMETRY IN CANADA

The AECB is presently in the process of establishing standards for dosimetry
services in Canada, for both external and internal dosimetry.
The latest
revision of the proposed standards appeared in March, 1994, as Consultative
Document C-106, Revision 1 [AE94]. The standards contained in this document are
consistent with some, but not all, of the standards recommended below.
5.1

Dose Quantities to be Measured

As described in Appendix A of this report, each of the six organizations
providing dosimetry services in Canada reports a different deep dose quantity.
This results in systematic differences in the doses that would be reported for
identical irradiation conditions, but all of these doses are being entered into
a common data base as though they represented the same quantity.
Given that there appears to be no good reason for each dosimetry service to
maintain its own, unique dose model, and given that there seems to be no
technical difficulty in measuring the ICRU operational dose quantities, E(10),
for photons, it is appropriate that this quantity be adopted as the Canadian
standard. Only Landauer is presently reporting Hp(10). Each of the other five
dosimetry services will need to establish and document a calibration technique
and dose calculation algorithm to optimize the accuracy with which they measure
this quantity. For example, if calibration measurements are done on a PMMA
phantom, corrections may need to be applied to correct for the difference in
backscatter between this type of phantom and an ICRU tissue phantom.
For shallow or skin dose, adoption of Hp(0.07) would not represent a significant
change from what several of the dosimetry services now claim to be measuring.
However, it was shown in Section 4.2(b) that present dosimeter designs are not
capable of measuring this quantity over a wide range of beta-ray energies. To
achieve this objective, thinner, tissue-equivalent dosimeters under thin filters
are necessary.
RECOMMENDATION 1:

5.2

The AECB should require dosimetry services to design and
calibrate their dosimeters to measure the ICRU operational
quantities H (10) and H (0.07) for photons and electrons.

Accuracy and Precision Required

The overall uncertainty in the measurement of a person's dose with a personal
dosimeter depends on many factors. Some of these factors are related to the
design of the dosimeter (energy and angular response, fading, linearity,
sensitivity to environmental factors), some are determined by the reading and
analysis processes (reader stability, calibration accuracy, dose model), and
still others arise from the conditions of use of the dosimeter (dosimeter
orientation and position on the body, field uniformity, background controls).
Some factors may produce a persistent bias, resulting in decreased accuracy, and
others may produce greater variability, resulting in decreased precision.
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There is no widespread consensus on how many or which factors to include in a
definition of uncertainty in dosimetry. In the U.S., there are two national
dosimetry laboratory accreditation programs. One, the National Voluntary Laboratory Accreditation Program (NVLAP) for dosimetry, is required of all dosimetry
services that supply dosimeters to licensees of the Nuclear Regulatory Commission.
The other, the Department of Energy Laboratory Accreditation Program
(DOELAP), applies to all facilities funded by the Department of Energy. These
two programs are similar, in that they prescribe test irradiations to a variety
of radiation types over a range of doses (both type of radiation and range of
dose are unknown to the services) , and in that they set limits on the sum of the
bias (mean relative error) and relative standard deviation for each set of
dosimeters irradiated with the same radiation type. They differ in some of the
radiation types specified and in the magnitude of the limits they require.
Neither test is truly blind, in that the service knows the conditions under which
the test dosimeters are exposed and may even apply a special dose algorithm
designed for the test conditions. For both tests, all irradiations are done only
under normal environmental conditions. Consequently, only a few of the factors
that might contribute to overall uncertainty are tested.
The European Commission has taken a different approach [Ch94]. They start from
the ICRP [IC82] recommendation that overall uncertainties in measured doses
should not exceed a factor of 1.5 at the 95% confidence level for doses near the
annual limits, increasing to a factor of 2 for doses less than 1/5 of the annual
limit (i.e., 4 mSv for Hp(10) and 100 mSv for Hp(0.07)). From these limits and
the minimum doses to be measured, they derive upper and lower limit curves as
functions of dose. Ratios of measured doses to conventionally true doses should
fall between these two curves. The limits include uncertainties that are due to
dosimeter design and the readout process, but not those that are due to interpreting dosimeter readings as E or dose to a specific tissue. The total uncertainty in a dose measurement, expressed as a standard deviation, is taken to
be the sum in quadrature of the random and systematic uncertainties, and the
systematic uncertainty is taken to be the sum in quadrature of all of the component systematic uncertainties. It is assumed that the predominant contributions
to the systematic uncertainty come from the energy and angular response of the
dosimeter. If the total contribution of all other systematic uncertainties and
the random uncertainties can be estimated, then limits can be set on the uncertainties attributable to the energy and angular response. The EC recommends
that these uncertainties be combined by averaging the dosimeter response at each
energy over four angles of incidence: 0, 20, 40 and 60° from normal.
The EC also recommends a variety of different categories of testing, including
type testing of specific dosimetry systems, performance approval testing by the
regulatory authority to verify the type-test results, performance routine testing
using a single radiation type to check accuracy and precision, and quality
assurance testing, including blind testing of the dosimetry system. These tests
result in a comprehensive characterization of the dosimetry system.
RECOMMENDATION 2:

The AECB should act as lead agency and work with provinces
and other agencies in developing appropriate guidelines.

RECOMMENDATION 3:

The AECB should require a dosimetry type test and performance test similar to that required by the EC. The requirements must be specified in a way that is clear and unam-
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biguous, so that operators of dosimetry services will know
what is required to obtain (or renew) approval of their
service.
RECOMMENDATION 4:

5.3

The AECB should require that the QA program of each dosimetry service include blind performance testing, in which
the test dosimeters are not identified to the processing
laboratory. At least one test irradiation should be done at
a low dose, close to the minimum reporting level of the
service.

Traceability of Calibrations

All personal dose measurements must be traceable to a recognized standard. In
Canada, the National Research Council of Canada (NRC) maintains standards for air
kerma in ^ C o beams.
The usual process for transferring the standard is for the dosimetry service to
have a high-quality ionization chamber calibrated at NRC, and then to use it to
calibrate the gamma-ray field in which standard dosimeters will be irradiated to
known doses. Since TIDs are relative measurement devices, their readings must
be compared to readings from similar devices exposed to known doses and read with
the same instrument.
An alternative procedure, used by the dosimetry services at CRL and H-Q, is to
have a well-characterized set of dosimeters irradiated at NRC, and then to
compare their readings with a similar set irradiated at the service.
This
establishes the field calibration.
Dosimeters may be irradiated in free air to a known exposure or air kerma, and
this exposure or air kerma converted to the corresponding dose that would be
received if the dosimeter were irradiated on a standard phantom.
Verification of the dosimetry system's calibration for QA should be done with
"blind" irradiations (i.e., the delivered exposures are not known by the
dosimetry service) at the NRC to known exposures of gamma rays. A potential
problem with this approach is that most dosimetry services use 13^Cs gamma rays
for routine calibration irradiations, but the NRC has established a gamma-ray
exposure standard only with ^Co gamma rays. There may be a difference in the
response of some TLD designs to the two different gamma-ray energies, as
described in Section 4.2. If the planned tests mentioned in that Section confirm
the existence of a difference in response, this difference should be taken into
account either in reporting the test results or in evaluating them.
RECOMMENDATION 5:

The calibration of a dosimetry system intended to measure
Hp(10) should be traceable to a Canadian national exposure
standard for gamma rays, and that traceability should be
verified periodically through blind testing.

RECOMMENDATION 6:

The calibration of a dosimetry system intended to measure
Hp(0.07) should be traceable to a Canadian national dose
standard for beta rays, and that traceability should be
verified periodically through blind testing. The source(s)
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and procedures to be used should be developed by the AECB,
in consultation with the NRC and the external dosimetry
services affected.
High-energy gamma rays are not an appropriate type of radiation with which to
demonstrate the traceability of measurement of Hp(0.07). Their use would lead
to problems with electronic equilibrium within the detector, and it would not
reveal problems related to filter or detector thickness. Instead, standard betaray sources, such as those described in Section 4.2(b) should be used. Although
such sources are maintained by the NRC, they have not been used to demonstrate
traceability of calibration for H(0.07) to date.
6.

RECOMMENDED GOOD PRACTICES

6.1

Who should be monitored

In Publication 60 [IC91], the ICRP recommends that individual monitoring for
external radiation be provided to all workers who may be occupationally exposed.
Exceptions may be allowed for radiation workers :
who work in well controlled conditions and for whom a dose assessment
clearly indicates that their doses will be consistently low, or
who work in circumstances which prevent their dose from exceeding a
identified value.
This recommendation is based on the relative simplicity and low cost of
monitoring for external exposures, compared with intakes of radioactivity.
Certain AECB licensees such as nuclear power utilities and AECL research
facilities have adopted the practice of monitoring essentially all staff. Consequently, regardless of any change in regulatory requirements or dose limits,
there can be no additional persons to monitor. The situation is quite different
in health care institutions, where many workers who have ancillary contact with
radiation sources (particularly sources in nuclear medicine patients) are not
required to be monitored. This practice has largely resulted from the expectation
that very few workers would receive measurable doses and that no workers would
receive annual doses above the existing 5 mSv public dose limit.
Evidence
supporting this expectation was provided through a recent AECB-funded research
project [AE93]. Other considerations were the administrative difficulties and
costs associated with issuing dosimeters to many more thousands of workers.
Under the recommended new dose limits [ICRP 60], many additional workers in
radiology, nuclear medicine and research within hospitals nay have to be
monitored. Certain hospital personnel who provide nursing care for brachytherapy
patients may also wish to be monitored, since about 20% of these personnel are
likely to receive more than 1 mSv per year [Da89]. On the other hand, some
health care workers are currently being monitored without apparent justification.
For example, the National Dose Registry statistics for 1990 show that there were
over 31,000 health care workers (occupationally exposed to x rays) [As93]. This
number represents 835É of those monitored.
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Ancillary workers, including some nurses and porters who might be unknowingly
exposed by portable x-ray machines or who work where there is a large flow of
nuclear medicine patients, may have to be monitored on a trial basis, to
establish what level of radiation exposure they actually receive. Their doses
would certainly be less than the current 5 mSv dose limit for members of the
public, but may exceed the recommended 1 mSv limit.
In the case of AECB licensees, AECB Regulatory Document R-91, entitled
"Monitoring and Dose Recording for the Individual" [AE90] should be consulted in
order to help an organization determine if any or all of its staff need to be
monitored.
6.2

Choice of Dosimeter

Once it has been established that external dosimetry must be provided to an
organization's staff, the next step is to characterize, as much as possible, the
radiation field to which personnel will be exposed. Knowledge of the type(s) of
radiation involved is essential, and quantitative information on the energy
spectrum may also be necessary. If a dosimeter is designed to measure doses due
to beta and gamma radiation, it will not likely measure doses due to neutron
radiation - but it may be sensitive to at least part of the neutron spectrum.
For example, the thermoluminescent material LiF:Mg,Ti containing the natural
isotopic mixture of Li (often referred to by Harshaw's designation TLD 100) is
commonly used to measure beta and gamma doses, but it exhibits an unwanted
sensitivity to thermal neutrons. Consequently, TLD 100 should not be used where
thermal neutrons are present. This illustrates the importance of knowing the
characteristics of the radiation field; only then is it possible to make an
informed decision on the type of dosimeter to use.
The dosimeter selected should be capable of measuring Hp(à) at the required
depth(s) for each type, energy range and dose rate of the radiation for which
monitoring must be performed. In order to measure both Hp(10) and H(0.07), a
single dosimeter with two or more sensitive elements is normally used. The
dosimeter characteristics can be established through type testing, and performance can be verified by means of periodic independent testing as suggested in
Section 5.2. In particular, the precision of dose measurement as a function of
dose should be determined under normal operating conditions for low doses, using
the calibration radiation at normal incidence. Doses for which the relative
precision (one standard deviation) exceeds 50% should not be reported. For more
detailed recommendations concerning specification of the low-dose performance of
TLD systems, see the paper by Hirning [Hi92].
Another important feature to consider for a dosimeter which is to be worn on the
torso is ease of use. A dosimeter should have physical characteristics which
make it easy to wear without interfering with the wearers' activities. Size,
weight, robustness and ability to stay where it is attached are all features to
be carefully considered.
If work is performed in highly non-uniform fields, then the wearing of more than
one dosimeter may be preferred (see Section 6.5). However, if only one dosimeter
is used, it should be placed in the area on the surface of the trunk of the body
thought to receive the highest dose. This will help ensure that the effective
dose is not underestimated. Because workers usually face the radiation sources
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with which they are working, the dosimeter should be worn on the front of the
body between the neck and the waist.
Passive dosimeters, such as TLD or film, require processing and are not generally
used for dose control. Consequently, it is recommended that the minimum wearing
period for such dosimeters be one month. Special circumstances may dictate a
shorter dosimetry period or a reading before the end of the normal dosimetry
period. In order to prevent excessive loss of dose signal, the dosimetry period
should not exceed one year. The selection of the wearing period should be made
after consideration of the characteristics of the dosimeter type being used, the
expected magnitude of the doses, and the temporal and spatial stability of the
radiation environment.
RECOMMENDATION 7:

The dosimetry period for routine monitoring should be a
minimum of one month, a maximum of one year.

Much of the above discussion on dosimeters that may be used for regulatory
purposes pertains to passive devices. Most of these have undergone extensive
testing and their capabilities and their limitations have been well documented.
In recent years, however, active dosimeters have been developed, and they do not
need to be processed to give the dose. Most active dosimeters are electronic
devices that detect radiation with a silicon diode detector or a Geiger-Mueller
tube, and immediately display the dose and dose rate. The strong points of
electronic dosimeters include high sensitivity and immediate readings, thus
permitting them to also be used as dose control devices. Their weak points may
include initial cost, larger size and weight, lack of ruggedness and, in some
cases, dose-rate dependent readings. Some information on the performance of some
of these devices has been published. However, a considerable amount of testing
is still ongoing.
6.3

Background Subtraction

To achieve accurate occupational dosimetry at low doses, it is essential to have
a good measure of the background dose received by the dosimeter. In this context,
"background radiation" is natural or man-made radiation that is received by the
dosimeter while it is not being worn by its designated user. It may also include
natural radiation that is received by the dosimeter while it is being worn. Background radiation varies considerably from place to place and from time to time,
so it may not be adequate to make bulk corrections based solely on time of issue
and geographical region. More accurate corrections require the use of control
dosimeters, which are identical to the dosimeters used by the workers and which
are kept in the normal storage location of the workers' dosimeters when they are
not in use. This implies that dosimeters should be stored in specified, central
locations, and not kept in desk drawers or taken home.
Where there are multiple storage areas, there should be a separate set of control
dosimeters for each. The number of control dosimeters at each location should
be sufficient to give a statistically good estimate of the background dose.
Dosimeter storage locations should be areas of low background, and not likely to
be subject to occasional high dose rates such as radioactive shipments passing
through the area. A radiation safety officer, a health physicist, a medical
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physicist, or the dosimetry service should be consulted on the selection of an
appropriate location.
If appropriate control dosimeters are not provided, the detection limit of the
dosimetry system will be higher, and this should be reflected in a higher
reporting limit.
RECOMMENDATION 8:

6.4

Dosimetry services should ensure that a sufficient number of
control dosimeters should be kept at each dosimeter storage
location to permit an estimate of the background radiation
dose.

Verification of Element Correction Factors

Although modern TLDs are manufactured in batches with quite uniform properties,
there are variations in sensitivity from one dosimeter to another. In order to
improve the accuracy of a dose measurement, readings are corrected for the
difference between the sensitivity of the individual dosimeter element and the
mean sensitivity of that element in the dosimeter population. This is done by
applying a factor called the element correction factor2 (ECF) to the raw
dosimeter reading. ECFs are determined for new dosimeters before they are put
into service.
With use, the sensitivity of a TLD may change and the ECF associated with it
become invalid. It is therefore necessary to verify the accuracy of ECFs on a
regular basis. The frequency of verification needed to maintain accuracy may be
different from one service to another, depending on factors such as heating
technique and period length. It is important that each service determine the
frequency appropriate to its own system and needs. This can be done by analysis
of performance test results or by periodically verifying the ECFs of a subset of
the dosimeter population.
An initial verification interval (for the whole
population) of one year is recommended, until sufficient operating experience is
acquired to demonstrate that a shorter or longer interval would be appropriate.
6.5

Dosimetry for Non-Uniform Exposures

This section addresses the use of both multiple dosimeters on the torso and
extremity dosimetry on the hands or feet.
6.5.1 Introduction
When routine, external dosimetry is done with a single dosimeter worn on the
front of the worker's torso, an implicit assumption is made about the expected
exposure conditions. The assumption is that the worker's whole body will be
irradiated approximately uniformly, so that the reading of the dosimeter is
representative of the average dose to the worker. (In this context, "average
dose" may be taken to mean either the effective dose, for penetrating radiation,
or the average dose to the skin of the whole body, for weakly penetrating
radiation).

This is one name; others are also used, such as individual sensitivity factor and element correction coefficient. Some of these are
true "factors", i.e., they multiply the raw dosimeter reading, while
others are divisors.
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For many conditions of work with sources of radiation, this assumption will be
valid. Most workers are exposed to low levels of radiation over the duration of
the monitoring period, and will be moving about relative to the direction of the
radiation. This will tend to average out the dose received by different parts
of the body.
There are a number of situations, however, where the assumption will not be
valid. These include:
(i)

Use of protective clothing or partial-body shields. This is common in
radiology, where lead aprons are used to afford protection to a worker who
is required to be in an x-ray room at the time of an exposure. It also
applies to radioisotope laboratories, where bench-top shielding may be
used to protect workers preparing radiopharmaceuticals or radioisotopic
tracers. Another situation, less commonly recognized, is where workers may
be exposed to low-energy electrons. In this case, even ordinary clothing
may provide significant shielding from the radiation. The superficial
dose, Hp(0.07), measured by a dosimeter on the outside of the clothing is
then representative only of the unclothed parts of the body, typically the
face and hands.

(ii)

Work in highly non-uniform fields. There are cases where workers are
required to maintain a fairly constant position with respect to a localized field. An example is boiler maintenance in a nuclear generating
station, where the upper part of a worker's body may be in much more
intense field than the lower part. Another case is where a worker is
working in close proximity to a small source of radiation, so that the
parts of the body closest to the source (commonly the hands) are in a much
more intense field than the rest of the body.

(iii) Accidental exposures. When a significant dose is received as the result
of a single exposure of very short duration, it is more likely to be
distributed non-uniformly over the body.
For work in the first two situations, better estimates of the dose received by
the worker can be obtained by issuing additional dosimeters, to be worn on
different parts of the body.
Since the third situation is, by definition, unexpected, it is unlikely to be
possible to provide suitable multiple dosimeters in advance. It is more likely
that a simulation of the accident will be necessary, possibly using a human-like
phantom fitted with multiple dosimeters to reconstruct the distribution of dose
received by the worker. In this case, the dose indicated by the single dosimeter
the worker was wearing can serve to normalize the reconstructed distribution.
Section 7 on alternative methods for accident dosimetry provides further information on this subject.
It is common to distinguish between the use of multiple dosimeters on the torso
and head, and the use of extremity dosimeters on the arms, hands, legs and feet.
This distinction will be maintained in what follows.
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6.5.2 When to use multiple dosimeters
Since the use of multiple dosimeters results in additional costs to the employer
and, possibly, in inconvenience to the worker, it should be done only in
situations where it is warranted. These situations are when: (a) the dose likely
to be received by some part of the head or torso is at least 30X greater than the
dose that would be measured with the dosimeter in its usual wearing location; and
(b) the resulting effective dose, organ dose or skin dose may exceed 10X of a
legal limit, prorated for the length of the dosimetry period. This recommendation
and those in the next section are adapted from a draft standard for multiple
dosimetry that is currently in the process of being approved by the American
National Standards Institute3.
If a worker wears multiple dosimeters only under occasional, special circumstances, then they should be used in place of the normal dosimeter, not in
addition to it. This practice will prevent "double accounting" of the dose
received while wearing multiple dosimeters.
6.5.3 How to interpret and record the results from multiple dosimeters
It has been common practice in the nuclear power industry simply to record the
highest penetrating dose measured by two or more dosimeters as the dose to the
whole body. Where there are large differences in the dosimeter readings (as
there should be, otherwise there would no need for multiple dosimeters), this
practice will result in large overestimates of E. As regulatory and administrative dose limits continue to decrease, dose overestimation may result in costly
and unnecessary limitations being imposed on the work that any one worker may
perform. Overestimation is also undesirable for epidemiological and legal purposes, since it may result in biased risk estimates or inappropriate judgements.
A better alternative is to combine the penetrating-dose readings of the multiple
dosimeters using a weighted sum to obtain a more accurate estimate of E. To do
this, the body is considered to be made up of two or more compartments, and each
compartment is monitored by one or more dosimeters. The ICRP-recommended tissue
weighting factors for the organs in each compartment are summed to obtain a
tissue weighting factor for the compartment. The maximum dose measured by the
dosimeters for each compartment is multiplied by the corresponding weighting
factor, and the weighted doses are summed to give the effective dose, E.
RECOMMENDATION 9:

When multiple dosimeters are used in non-uniform exposure
conditions, a weighted sum of their readings should be used
to obtain a more accurate estimate of E.

The choice of compartments will depend upon the particular exposure conditions
expected.
An example of a three-compartment model is given here, both to
illustrate the principles and to provide a specific model that will be adequate
in many cases.

Private communication from C.B. Berger, chair of the Health Physics
Society committee that drafted the standard. The standard is expected
to receive final approval in mid-1995.
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The process of determining compartment weighting factors is shown in Table 2,
which was adapted from a similar table in the draft standard (see Footnote 3 ) .
The three compartments are named Head/Neck, Thorax and Abdomen. The organs and
tissues listed in the second column and their weighting factors in the third
column are taken from Table 2 of ICRP Publication 60 [IC91] . Those that are in
more than one compartment are divided according to the fraction of their mass
that is in each compartment; this fraction is given in the fourth column. The
product of the weighting factor and the compartment fraction are shown in the
fifth column, as is the sum of these products for each compartment. This last
value is the compartment weighting factor, by which the dose for each compartment
is weighted in the calculation of E. For uniform irradiation of the organs this
approach is a good approximation to E. In the case of fluoroscopy used in
radiology a number of studies have looked at the problem of estimating effective
dose from personnel dosimeters [Fa88,Fa93,Ro94]. In summary these studies [Ro94]
indicate that it is possible to estimate E acceptably using two badges, one at
waist level under the protective apron and one at the neck over the apron using
the formula
^(estimate) - 0.5 U^ + 0.025 H N
where H^ and H^ are the values of H_(10) for the personal monitors worn at the
waist and neck respectively. This same paper also indicates that where only one
dosimeter is worn at the neck above the apron a conservative overestimate of E
can be obtained by dividing HJ^J by 21. These real-life measurements are in surprisingly good agreement with the simpler concept of compartments for weighting
effective dose described above.
The case of superficial dose estimation is different. Here, the purpose of the
dose limit is to prevent deterministic effects, i.e., damage to the skin. The
limit therefore applies to the dose received by a small area of skin (1 cm 2 ),
rather than to the average dose to the skin of the whole body. (It should be
noted that the definition of E includes a weighting factor of 0.01 for skin dose,
which presumably means average dose to the skin of the whole body since it is
intended to account for the stochastic risk of skin cancer.) In this case, it
is appropriate to consider the highest measured superficial dose as the skin
dose. However, a potential problem arises when these doses are being accumulated
in a person's dose record: it is not logical to add together skin doses received
by different parts of the body to obtain a cumulative skin dose. Dose records
should be sufficiently detailed to permit separate tallies of skin doses received
by different parts of the body.
RECOMMENDATION 10:

Records of dose to the skin should be sufficiently detailed
to permit separate tallies of doses received by different
areas of the body.

6.5.4 When to use extremity dosimeters
The extremities most commonly monitored are the fingers and wrists, but
occasionally the feet and ankles may also be monitored. Monitoring is most
commonly done with small TLDs, but there is growing interest in the use of
electronic detectors for this purpose.
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TABLE 2
A Three-Compartment Model

Compartment
Name

Associated Organs
and Tissues

W T from
ICRP 60

Head/Neck

Bone marrow (red)
Esophagus
Thyroid
Skin
Bone surface

0.12
0.05
0.05
0.01
0.01

Fraction of W T
Assigned to
Compartment
0.18
0.60
1.00
0.40
0.33

Total for
Compartment
(Rounded)
Thorax

Bone marrow (red)
Lung
Stomach
Breast
Liver
Esophagus
Skin
Bone surface

Gonads
Bone marrow (red)
Colon
Stomach
Bladder
Liver
Skin
Bone surface
Remainder*
Total for
Compartment
(Rounded)

0.022
0.030
0.050
0.004
0.003
0.11

0.12
0.12
0.12
0.05
0.05
0.05
0.01
0.01

0.41
1.00
0.40
1.00
0.40
0.40
0.30
0.33

Total for
Compartment
(Rounded)
Abdomen

Weighting
Factor for
Compartment

0.049
0.120
0.048
0.050
0.020
0.020
0.003
0.003
0.31

0.20
0.12
0.12
0.12
0.05
0.05
0.01
0.01
0.05

1.00
0.41
1.00
0.60

1.00
0.60
0.30
0.33
1.00

0.200
0.048
0.120
0.072
0.050
0.030
0.003
0.003
0.050
0.58

Since many of the remainder organs are in the abdomen (intestine, kidney,
uterus), all of the weight has been assigned to this compartment.

The present Atomic Energy Control Regulations set dose limits on the extremities
of 750 mSv y"1 and 380 mSv quarter'1. The proposed new regulation, based on ICRP
Publications 26 and 60 recommendations, will also include specific dose limits
for the extremities. These will be the same as the new skin dose limits (500 mSv
y"1 at 7 mg cm'2 or to any single organ or tissue).

- 24 Extremity dosimeters should be worn next to the skin, inside any clothing. This
is to ensure that they are measuring the dose to the skin, for weakly penetrating
radiation, and to provide protection to the dosimeter, in any case.
The decision on when to use extremity dosimeters is based on the same type of
considerations as the decision on when to use multiple dosimeters, and raises the
same issues. In many situations the need will be clear; e.g. nuclear workers
handling uranium fuel pellets or contaminated reactor components and medical
workers handling significant quantities of radionuclides will require dosimeters
on their hands, while nuclear workers standing or walking on a contaminated floor
may require dosimeters on their feet. In general, the extremity dosimeters should
be worn at the location of the highest expected dose. However, the precise
location on the extremity where the dosimeter is worn will depend on the type of
work being done, and may be limited by other considerations. For example, it may
be that the tip of the index finger is expected to receive the highest dose, but
attaching a dosimeter there would interfere with performance of the task and
thereby increase the total dose the worker receives. In such a case, the dosimeter may be attached farther down on the index finger, or on the tip of the next
finger.
6.5.5 How to interpret and record the results from extremity dosimeters
The extremity dosimeter should be designed, and its reading interpreted, to give
the dose to the skin of the extremity (i.e. the dose at a tissue depth of 0.07
mm). Doses to different extremities must be recorded separately, to ensure that
the total dose to each one is correctly tallied.
6.6

Monitoring of Pregnant Workers

ICRP Publication 60 recommends that the dose to the surface of the abdomen of a
pregnant worker be limited to 2 mSv for the remainder of pregnancy (after the
pregnancy has been declared). The current AEC Regulations limit the dose to the
fetus to 10 mSv for the remainder of the pregnancy, accumulated at a rate not
exceeding 0.6 mSv per two weeks. A proposed AECB regulatory revision will impose
a limit of 4 mSv to the surface of the abdomen for the remainder of pregnancy and
remove the dose-rate constraint.
To demonstrate compliance with any of these limits, a dosimeter should be worn
on the abdomen, and it may be worn in addition to the normal dosimeter(s) elsewhere on the body. The dose quantity to be measured is H (10). The principal
concern related to fetal dosimetry is the most appropriate length of the
dosimetry period. More frequent monitoring provides assurance that any dose is
being received at a uniformly low rate. However, the detection limit for TLD is
approximately independent of the length of the dosimetry period, and so the minimum dose that can be measured over the full term of pregnancy increases with the
number of dosimeters issued during that time. A reasonable compromise between
the two constraints would be a dosimetry period of one month if no other direct
reading dosimeter is provided.
When fetal dose monitoring is done, the measured doses should be kept with the
mother's dose record. The total dose measured for each pregnancy must be recorded
separately and retained for a long term, to permit future epidemiological studies
and in case of any legal actions.
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7.

ACCIDENT AND EMERGENCY DOSIMETRY

In most cases of accidental radiation exposure, personnel will be wearing
personnel dosimeters or there will be area monitors. These physical methods of
dosimetry provide an accurate and fairly inexpensive measure of dose, and it
should be possible to estimate the dose to personnel with sufficient accuracy by
dose reconstruction methods. However, there are circumstances where a biological
dosimeter may be indicated. This could be when no dosimeter was otherwise available or where confirmatory measurements are required to determine the level of
medical intervention.
A number of changes may be observed in cells, tissues or the whole body after
irradiation. None is sufficiently sensitive that it could be used for general
surveillance of radiation workers at the level of a few millisieverts. However,
there are several which may be of interest in suspected or known overexposures.
A brief description is given here. Further information can be found in "Guidelines on Radiation Exposure Levels for Emergency Situations" produced by the
Group of Medical Advisers to the AECB [GM92].
7.1

Indicators of Acute High Doses

For whole-body doses in excess of 2 Gy one has to assume a possible lethal outcome and an early indication of dose level is required. A crude indicator is the
severity and speed of onset of nausea and vomiting, but vomiting can also be
caused just by the anxiety of the trauma. In the first few days after exposure,
differential blood count is the simplest and most readily available technique.
Lymphocyte counts provide a reliable indicator of dose, and the degree of
depression is dose related [Hu80]. Continued monitoring of neutrophils over the
following weeks gives a useful index of the severity of damage and recovery in
the bone narrow stem cells.
7.2

Doses Below 1 Gv

For radiation doses below 1 Gy there will be no symptoms, and the chances of bone
marrow-related death are negligible. However, such exposures may be associated
with late stochastic effects. As most accidental overexposures are in the order
of 0.1 Gy, a biological dosimeter with this sort of sensitivity would be most
useful.
There are a number of biochemical and cellular effects which have been examined.
However, very few have been actually used in the determination of doses during
accidental overexposure.
The only generally accepted method of reliable biological dosimetry is the
cytogenetic technique. This uses the measurement of gross abnormalities, such
as rings and dicentrics in the chromosomes.
The technique is capable of
measuring doses as low as 0.1 Gy for low-LET radiation. Because the technique
currently depends upon the visual examination of cells it is very time consuming.
It takes a skilled observer approximately 50 hours to score 500 cells which are
required for one measurement. Automation of this process seems possible but has
not yet been achieved.
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This method is maintained as a limited procedure in national laboratories
including the Radiation Protection Bureau of Health Canada in Ottawa, Oak Ridge
in the US and Harwell in the UK.
8.

USE OF SURVEY METERS FOR DOSE ESTIMATION

It may occasionally happen that a person receives a radiation dose while not
wearing a dosimeter, or that the dosimeter is lost or damaged. In such a case,
the dose may be estimated by measuring the dose rates in the areas where the
person was exposed, multiplying by the time spent in each, and summing the
component doses to obtain a total dose.
A radiation survey meter that is used for this purpose must have appropriate
characteristics, i.e., it must respond to the type and energy of radiation of
interest. It must also have a directly traceable, current calibration to a
standard radiation source. The AECB has issued guidelines to its licensees on
calibration of gamma radiation survey meters (R-117). Survey meters presently
in use in Canada may be designed and calibrated to measure exposure in roentgen,
air kerma in gray, "dose" in rem (often assuming 1 rem - 1 roentgen), or the
ICRU-recommended quantities, ambient or directional dose equivalent. It may be
appropriate to convert the survey meter reading to the desired dose quantity, if
the properties of the radiation field and the instrument are sufficiently well
known. It may also be appropriate to correct the survey meter reading for known
differences between its response to the calibration radiation and the field of
interest. Such calculations should be done only by persons with training and
experience in health or medical physics.
9.

RECORD KEEPING REQUIREMENTS

The recording and retention of personal dose records is an essential part of the
process of monitoring the exposures of individuals to ionizing radiation. In
addition to providing an effective means of assessing the efficacy of the workplace safety programmes and compliance with legal dose limits, they are also used
for the following additional purposes:
to allow analysis of dose distributions in the workplace;
to identify exposure trends as they relate to occupational categories ;
to provide a database of information for the further refinement of
monitoring procedures and practices;
to provide data for civil litigation, medical and workers compensation
purposes; and
to develop a database for epidemiological studies.
In order to enable the above objectives to be met, it is necessary to record the
results of all monitoring performed.
A null result is as valid a piece of
information as an exposure estimate that exceeds a prescribed limit. A record
keeping system must then be established so that all monitoring data can be
properly recorded, attributed to the correct individual and easily accessible for
subsequent follow-up.
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There are two facets of a record keeping system that should be recognized at the
outset. Firstly, a recording system is desirable at the employing organization
to meet the day to day demands of the in-house radiation protection procedures
and secondly, one is highly desirable at the national level to ensure that
exposures from many different locations and those received by transient workers
are duly recorded and tracked. These two facets need not be at odds with one
another, and in fact there is considerable overlap and room for the sharing of
data. The specific requirements of each of these two systems are outlined in the
text that follows.
9.1

Employer-based Record Keeping Systems

Records maintained by the employer should be sufficiently detailed so as to
provide unequivocal identification of workers, a complete record of all measurements made for each worker and a means of identifying instances of potential noncompliance as soon as they arise. Specifically, as a minimum, the following data
should constitute a dose record for a single individual:
Surname (family name)
First Given Name
Second Given Name
Previous Surname
Sex
Date of Birth
Employee Number
Job Type (category)
Record Type
Monitoring Year and Time Period
Monitoring Frequency
Dose 1
Dose 2
Most of the items listed above are self-explanatory.
further clarification.

A few, however, require

Job Type (category) : A standardized classification of the type of work performed. The present system is not satisfactory, because
the categories are difficult to assign.

RECOMMENDATION 11:

The National Dose Registry should work with AECB staff to
improve the definition of job categories and to establish
a standard format.

Record Type:

This element will identify the type of exposure estimate
being recorded. Possible types are: whole body (including
skin), extremity, head, internal (such as tritium or
iodine), and radon daughters.
Extremity should allow
specific Identification of the target extremity, i.e.,
left or right arm and left or right leg.
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Monitoring Year
and Time Period:

The time period should be standardized and recorded as the
start of the monitoring period. A simple and convenient
way would be to divide each month into two parts starting
on the 1st and 15th.

Monitoring Period:

The period over which an exposure estimate is made.

Dose 1 and Dose 2:

Two separate elements are required to allow the recording
of "body and skin" results.
Other results should be
captured in either of the fields, but once again a
standardized approach is required.

The above items constitute the primary dose record. In addition to these, it is
necessary to retain the basic data from which the dose information was derived.
The additional data that are required depend upon the type of record and exposure
assessment made. It may be necessary to reconstruct an exposure determination
at some point in the future, therefore, all variables of the dose calculation
should be retrievable.
Any reports or data generated as a result of the investigation of high or unusual
exposures should also be retained. In the event that such investigations demonstrate clearly that the initial exposure estimate should be modified, all data
pertaining to this decision must be retained as part of the dose record.
9.2

Centralized National Record Keeping System

Generally speaking, the workforce is mobile. If one is to have an effective and
efficient means of keeping track of the exposures of workers as they change jobs,
leave and re-enter the workforce or move to a different province, then a
centralized, national system of dose record keeping is highly desirable. In
order to ensure accurate tracking of exposures, a sound system of personal
identification is required. The information specified for the employer-based
system must be augmented by additional identifiers if it is to be used at the
national level.
At the national level, then, the following data will be needed to constitute a
complete dose record:

*

*

*
*

Social Insurance Number
ID number assigned by service (optional)
Surname (family name)
Previous Surname
Surname at Birth (if different from above)
First Given Name
Second Given Name
Sex
Marital Status
Birth Date (DD/MM/YYYY)
Birth Place (Country, or Province if Canada)
Mother's Surname at Birth
Father's First Name
Employer Number (if appropriate)
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Job Type (category)
Record Type
Monitoring Year and Time Period
Monitoring Frequency
Dose Units code
Dose 1 (e.g. Whole Body)
Dose 2 (e.g. Skin)
The items in the list that are marked with an asterisk will be required in the
event that the Social Insurance Number is not useable for the exchange of data
between dosimetry services and the national repository of dose records. This
additional information will be needed to ensure that records for individuals are
not fragmented as they change employers or dosimetry services.
As well as the individual's personal identifiers, organizational identifiers are
required as follows :
Identification dumber
ID Number assigned by the service (optional)
Mailing Address
Postal Code
Contact Person and Telephone Number
Provincial Code
Organizational Type Code
Regulatory Code
10.

THE NATIONAL DOSE REGISTRY

The National Dose Registry (NDR) is a centralized radiation dose record system
for all workers in Canada exposed to ionizing radiation in the workplace [As85].
It is maintained and operated by the Radiation Protection Bureau (RPB) of Health
Canada (HC). The NDR has evolved from the radiation dose records of HC's National
Dosimetry Services which was started in 1951. Since that time the Registry has
grown considerably and now includes records from a number of different sources.
Records generated by the NDS constitute approximately 80% of the data in the NDR.
The balance is made up of the following:
(i)

quarterly summaries of the results of monitoring employees of operators of
nuclear power reactors,

(ii)

estimates of employee exposures to radon daughters from operators of
uranium and non-uranium mines,

(iii) summaries of the doses received by employees of AECL at Chalk River and
Whiteshell Laboratories,
(iv)

records of exposures for Canadians who have worked outside of Canada, and

(v)

records from prior to 1951, as they become available.
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Currently the Registry contains dose records for over 500,000 individuals at
approximately 23,000 organizations. Of these, about 120,000 are being monitored
by the NDS and another 30,000 by the other organizations indicated previously.
There are estimated to be close to 15,000,000 discrete dose estimates in the NDR
and this figure is increasing annually by approximately 700,000. There are 60
employee job categories in 10 different organizational types represented in the
Registry [As89].
The principle use of the Registry is for epideiaiological and health risk studies.
For example, a collaborative study with the Ontario Cancer Treatment and Research
Foundation to analyze the importance of paternal exposure to ionizing radiation
on the incidence of childhood leukemia was concluded and published in 1993
[Mc93]). A large-scale cancer mortality study is in the final stages of completion and the results will be published shortly. Several related papers have
been prepared and are already published or in press [As94a,As94b,As94c,Fa92b].
An annual report summarizing doses in Canada by region and occupation has been
published every year since 1977 (e.g., So93,So94). These reports are used by
various authorities to identify areas of potential concern so that inspection and
compliance activities can be better focussed.
The NDR data are also used for informational and legal purposes. The Registry
is an official Government Data Bank, as defined by the Canadian Privacy Act, with
specific limits and conditions on the uses and application of the data. Exposure
data, either a summary or transcript of the dose history, is released to the
individual upon written application. The records from the Registry have been
supplied as evidence of exposure in legal and compensation cases.
The NDR is also used to assist authorities in the regulatory control of radiation
workers. In cases where a worker's dose exceeds regulatory limits, the employer
and the appropriate authorities are advised so that remedial actions can be
initiated. The Registry is particularly useful for this purpose, because no
matter how many times an individual may change his or her place of employment,
any reported radiation dose will be accumulated in this centrally located data
bank.
11.

SUMMARY OF RECOMMENDATIONS

Following is a summary list of the recommendations that have appeared in this
report. The section in which the recommendation appeared is shown in parentheses.
1.

The AECB should require dosimetry services to design and calibrate their
dosimeters to measure the ICRU operational quantities Hp(10) and Hp(0,07)
for photons and electrons. (S. 5.1)

2.

The AECB should act as lead agency and work with provinces and other
agencies in developing appropriate guidelines. (S. 5.2)

3.

The AECB should require a dosimetry type test and performance test similar
to that required by the EC. The requirements must be specified in a way
that is clear and unambiguous, so that operators of dosimetry services
will know what is required to obtain (or renew) approval of their service.
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4.

The AECB should require that the QA program of each dosimetry service
include blind performance testing, in which the test dosimeters are not
identified to the processing laboratory, At least one test irradiation
should be done at a low dose, close to the minimum reporting level of the
service. (S. 5.2)

5.

The calibration of a dosimetry system intended to measure Hp(10) should be
traceable to a Canadian national exposure standard for gamma rays, and
that traceability should be verified periodically through blind testing.
(S. 5.3)

6.

The calibration of a dosimetry system intended to measure Hp(0.07) should
be traceable to a Canadian national dose standard for beta rays, and that
traceability should be verified periodically through blind testing. The
source(s) and procedures to be used should be developed by the AECB, in
consultation with the NRC and the external dosimetry services affected.
(S. 5.3)

7.

The dosimetry period for routine monitoring should be a minimum of one
month, a maximum of one year. (S. 6.2)

8.

Dosimetry services should ensure that a sufficient number of control
dosimeters should be kept at each dosimeter storage location to permit an
estimate of the background radiation dose. (S. 6.3)

9.

When multiple dosimeters are used in non-uniform exposure conditions, a
weighted sum of their readings should be used to obtain a more accurate
estimate of E. (S. 6.5.3)

10.

Records of dose to the skin should be sufficiently detailed to permit
separate tallies of doses received by different areas of the body. (S.
6.5.3)

11.

The National Dose Registry should work with AECB staff to improve the
definition of job categories and to establish a standard format. (S. 9.1)
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APPENDIX A
TECHNICAL DETAILS OF CANADIAN EXTERNAL DOSIMETRY SERVICES

A general description of the dosimetry services presently offered in Canada is
given in Section 3. This Appendix provides additional technical information
about those services.

A.I

ONTARIO HYDRO

Personal TLD badges issued to Ontario Hydro workers are collected and read by the
Health Physics Department on a one-month dosimetry period. The Eastern Health
Physics Laboratory, located in Whitby, reads dosimeters for the Pickering and
Darlington nuclear generating stations, and for non-nuclear OH workers. The
Western Health Physics Laboratory, located at the Bruce Nuclear Power Development, reads dosimeters for that site.
A.1.1

Description of the Dosimeter

The OH dosimeter contains two TLD elements, both of Harshaw TLD 700 material
(i.e., 7 LiF:Mg,Ti), which is insensitive to neutron exposure. The whole-body
(deep-dose) element is 240 mg cm"2 thick, and is positioned between two aluminum
filters in the badge case;.each filter is 540 mg cm"2 thick. The skin (shallowdose) element is 100 mg cm"2 thick and is positioned behind a thin aluminized
mylar window of about 7 mg cm'2.
A.1.2

Description of the Reader

There are three automatic TLD readers at each dosimetry laboratory. All were
built by OH according to a design that is an update of the original Chalk River
Laboratories design. Operation of the reader was described in Section 3.
A.1.3

TLD Thermal Cycle

Before being put into service, new plaques are annealed at 280°C for 16 hours.
This process reduces the amount of non-radiation-induced light emitted from the
TL elements.
There is no high-temperature (400°C) anneal following readout; at the low doses
normally recorded, the reading process itself is sufficient to empty the TL
traps.
Before the dosimeters are re-issued for use, they are given a lowtemperature anneal of 80°C for 16 hours. This anneal reduces the rate of subsequent "fading", or loss of radiation-induced signal.
A.1.4

System Calibration

The doses assigned to OH workers are computed by comparing the readings from
their personal dosimeters with the readings from a separate group of calibration
dosimeters.
These calibration dosimeters are put into standard badges and
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exposure measurement is traceable to the primary standard maintained by the NRC.
Sets of calibration dosimeters are inserted at regular intervals during each run.
The data from the calibration dosimeters are used: (i) to determine the lightunit to mR conversion factors for the personal dosimeters; and (ii) to correct
for any drift in reader sensitivity by a process of linear interpolation between
calibration sets. In addition, a group of unexposed control dosimeters are used
to subtract background dose from the gross dosimeter readings.
A.1.5

Interpretation of the Readings

The whole-body dose data from the TLD reader are processed as follows:
(i)

dosimeter readings, in light units, are corrected for differences in
sensitivity by dividing by element correction factors;

(ii)

the corrected dosimeter reading, L^,, is converted to mR equivalent, X ^ ,
by multiplying by a reader calibration factor, C, which is calculated from
the readings of the calibration dosimeters:

(iii) the net mR reading of each dosimeter is determined by subtracting the mean
mR background reading from the control dosimeters;
(iv)

the whole-body dose, H ^ , is calculated by multiplying by a conversion
factor of 0.9 mrem mR"1:
" 0-9

(v)

all whole-body doses of 10 mrem or more are reported, to the nearest mrem.

The dose-equivalent conversion factor of 0.9 mrem mR"1 provides the relationship
betwe -i the exposure (in mR) at the position of the dosimeter badge on the chest
of the worker and the effective dose equivalent (in mrem), as defined in ICRP
Publication 26 [IC77]. The factor was determined by field measurements with a
human-like phantom at operating OH nuclear generating stations [Wa84a],
The calculation of skin dose is similar to that for whole-body dose up to step
(iii), and then it proceeds as follows:
(iv)

the whole-body exposure is subtracted from the skin-element exposure to
get a net reading that is attributed to beta radiation. This net reading
is multiplied by a factor of 1.74 to convert from the average beta dose
through the thickness of the chip to the beta skin dose at a depth of 7 mg
cm"2 :
Hsk</3) - 1.74(Xsk - X ^ ) ;

(v)

the total skin dose is the sum of the whole-body (gamma) dose and the skin
beta dose:
H

sk "
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A.2

HYDRO-QUÉBEC

The dosinetry service operated by Hydro-Québec is located at the Gentilly 2
nuclear generating station. The normal dosimetry period is two weeks.
A.2.1 Description of the Dosimeter
The dosimeter design is identical to that used by Ontario Hydro (see A.1.1,
above).
A.2.2

Description of the Reader

Hydro-Quebec's TLDs are read by an automatic TLD reader, model HYD185O2. This
is a version of AEP-5156-A designed by Chalk River Laboratories and modified by
Ontario Hydro. It is essentially the same as the readers used by Ontario Hydro.
A.2.3

TLD Thermal Cycle

The thermal cycle is identical to that used by Ontario Hydro; see A.1.4, above.
A.2.4

System Calibration

Hydro-Quebec's TLD Reader is calibrated using the readout of groups of 10 calibration dosimeters irradiated in the badge free-in-air. Calibration dosimeters
are irradiated to 1 R with a beam of 13'Cs gamma rays, whose exposure rate is
traceable to the primary standard maintained by the NRC.
This is done by
comparing the readings of a batch of about 50 TLDs exposed to both sources. The
output of the 137Cs source is further verified by an Ionex ionization chamber,
calibrated at NRC.
A.2.5

Interpretation of Readings

Hydro-Québec's TLDs are worn at chest level or, foi.' special situations, in the
area of the body where exposure is expected to be the highest. The dose received
by soft tissue in the area where the TLD was worn is evaluated and this is
considered to be the whole body dose received by the worker. An exposure of 1 R
corresponds to a dose of 0.87 rad to air, and to a dose in soft tissue of 0.87
x 1.1 - 0.96 rad. Therefore, the amount of light emitted by a TLD exposed to 1
R is associated with a whole body dose, H ^ , of 0.96 rem.
The response of the skin dosimeter to 1 R exposure is set equal to 1.13 rem with
regard to the beta component of the dose. The mR equivalent is first multiplied
by 0.869 to give dose to air, then by 0.928 to give the average dose to the LiF
element, and then by 1.4 to convert to the dose at a depth of 7 nag cm'2 [Wa84b].
The final result is a 1.13 factor, applied as follows:
Hsk(/3) -

1.13<Xsk(7+/?) -

The sum of the beta and gamma components is reported as the skin dose:

- 35 TLDs are read in the following sequence:
10
5
150

TLDs
TLDs
TLDs

exposed to 1 R
background*
worn by workers

5
10

TLDs
TLDs

background*
exposed to 1 R

For a batch of 800 TLD readings, the last series of 10 TLDs of 1 R emits about
10 to 15% less light than the first series of TLDs of 1 R. Each readout is
corrected for this effect as a function of the position of the TLD in the batch,
considering that decrease in sensitivity has taken place at a constant rate.
This hypothesis is supported by the readout of 1 R TLDs interspersed within the
batch.
A.3

ATOMIC ENERGY OF CANADA LIMITED

AECL provides dosimetry for its employees and visitors from services located at
its research laboratories, Chalk River, Ontario, and Whiteshell, Manitoba. The
normal dosimetry period is two weeks.
A.3.1 Description of the Dosimeter
The dosimeter comprises two plaque-mounted TLDs contained within a holder. A bar
code on the plaque identifies the TLDs for the purposes of data handling and for
correction for the variation on sensitivity. One dosimeter, 240 mg cm*2 (0.89
mm) thick is used to measure the whole body dose and a second, 75 mg cm"2 (0,28
mm) thick, is used for skin dosimetry. The holder covers the thicker TLD with
540 mg cm"2 of aluminum and the thinner with 7 mg cm'2 of tape.
Both TLDs are made from LiF:Mg,Ti that has been sensitized by irradiation to a
high dose, followed by thermal annealing during exposure to ultraviolet light.
The resulting TLDs are about three times more sensitive than standard material.
The thick TLD contains lithium with a natural isotopic concentration (7% Li 6 , 93%
Li 7 ; Harshaw TLD 100). In the thinner one, the isotope is Li 7 (Harshaw TLD 700).
Because of the high thermal neutron cross section of Li*\ a substantially higher
dose recorded in the thick TLD is an indication of thermal neutron exposure.
The dosimeters are normally worn on the trunk, centre line, and in the region
from the waist to the diaphragm. If there are reasons for believing that very
non-uniform irradiation will occur, then it is worn at the position where the
highest exposure is expected.

These background values are obtained from the control badges on the badge
storage racks. Prior to dose evaluation, the average background reading
for each rack is subtracted from the reading of each worker badge stored
there.
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A.3.2 Description of the Reader
Dosimeters are read with Harshaw model 6600 hot-gas readers. The original stock
of dosimeter plaques was modified slightly to fit the standard Harshaw reader.
A.3.3 TLD Thermal Cycle
{Need to complete)

A.3.4 System Calibration
Standard dosimeters are exposed to 1.15 R of ^Co gamma rays. The skin elements
are covered with 320 mg cm'2 of aluminum (only during calibration) to provide
electronic equilibrium. These dosimeters are then used in the calculation of
doses from the readings obtained from dosimeters worn by workers and visitors to
the site.
A.3.5 Interpretation of the Readings
Doses are calculated by comparison of the readings of the appropriate elements
(i.e., skin or whole body) of the dosimeters worn by the workers and the corresponding elements of the standard dosimeters as follows:
H -

(X-XQV

(Xcal

X ) '

- (X^

-

(X

The symbol ' implies that the reading has been corrected by dividing it by the
individual calibration factor for that element. The symbols are defined as
follows:
X is the reading of the dosimeter;
XQ is the mean reading of the background dosimeters which have been read
twice (reader background);
\ g is the mean reading of background dosimeters which have been exposed
to background radiation except during the working week, when they are
stored in a shielded location; and
X M j is the mean reading of calibration dosimeters exposed to 1.15 R.
Implicit in this formula is the assumption that if a dosimeter, properly worn at
the time of irradiation, is exposed to 1.15 R, the wearer will rece5.ve an
effective dose equivalent of 10 mSv (1 rem). In other words, the dose equivalent
conversion factor is 8.7 mSv R"1 (0.87 rem R" 1 ).
Before the introduction of the concept by ICRP (1977), dose limits were applied
to the whole body if the irradiation was uniform. If not, they were applied to
the blood forming organs or gonads. Measurements with an Alderson phantom showed
that for frontal or rotational irradiation, the testes were the most exposed
critical organs [Jo79]. Since the difference between this ratio and the previous
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ratio, critical organ dose/dosimeter exposure was only 3X, no alteration was
made. In addition, measurements made by Walsh and Johns [Wa84a] confirmed that
a ratio of efl fictive dose equivalent/exposure of 8.7 mSv R'1 was appropriate when
used in the working environment of a nuclear power station. At high photon
energies (6 MeV), measurements by Walsh and Facey showed that this ratio fell to
7.6 mSv R-1 [Wa86].
A.4

RADIATION PROTECTION BUREAU, HEALTH CANADA

Dosimetry
dosimetry
evaluated
tions and
radiation

services are available from the Radiation Protection Bureau, for
periods of semi-monthly, monthly and quarterly.
Dosimeters are
at the Bureau in Ottawa and reported to both the subscribing organizathe National Dose Registry (NDR). The NDR is a central repository of
exposure records maintained by Health Canada.

A.4,1 Description of the Dosimeter
The dosimeters used are quite similar to those designed by the Chalk River
Laboratories. Each dosimeter uses two TLD elements of the type known as TLD 100.
One element, 240 mg cm'2 thick, is sandwiched between two 1 mm thick (540 mg cm"2)
aluminum filters and is called the whole body element. The skin element is 100
mg cm"2 thick and L* positioned between thin aluminized mylar filters
approximately 7 mg cm"2 thick each.
A.4.2 Description of the Reader
Currently, the NDS uses automatic TLD readers of the Chalk River Laboratories
design. Some modifications have been made to the original instrumentation, but
it is intended to convert to Harshaw model 6600 readers in the near future.
Modified readers have been purchased, to permit the existing stock of dosimeters
to be read without change.
A.4.3 TLD Thermal Cycle
Prior to assembly, all TLD elements are treated once following the standard
annealing protocol of 400°C for 1 hour followed immediately by a 100°C, 2 hour
anneal. Once assembled and in use, the routine is as follows: prior to issue 16
hours at 80°C, prior to reading 1 hour at 80°C. No additional heat treatment
other than the normal reading cycle is used.
A.4.4 System Calibration
Calibration dosimeters, both unexposed and exposed, are read as part of each
processing batch. Routinely, they are used at the beginning and end of the batch
as well as being inserted each time the reader alarm signifies an exposure in
excess of 800 light units (- 800 mGy). The exposed calibration dosimeters aid
in correcting for any drift in reader sensitivity by allowing the use of a method
of linear interpretation between sets of dosimeters and in establishing the
dosimeter reading (in light units) to mGy conversion factors for that processing
batch. They are prepared by exposing them to 500 mR of 137 Cs. The exposure is
done in a low-scatter environment with the dosimeters in the standard badge
holder. The cesium source is calibrated using a secondary standard ionization
chamber and electrometer, which were calibrated relative to the primary standard
for exposure for ^°Co at the NRC. Readings from unexposed control dosimeters are
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subtracted from the gross dosimeter readings of the exposed controls to account
for their background.
A.4.5 Interpretation of Readings
Dosimeters are read in batches of approximately 180.
Each processing tray
contains dosimeters that have been used for similar periods of time by similar
organizations. Whole body doses are calculated as follows:
(i)

All dosimeter readings (in light units) are corrected using individual
element correction factors.

(ii)

The calibration dosimeters are used to calculate position-dependent
correction factors that are then applied to all dosimeters in the batch.

(iii) All dosimeters are reviewed to establish a non-occupational portion of the
corrected readings. To aid in the determination of this, there is a simple
routine that allows one to calculate the average value of all readings
less than or equal to a selected value. This background value is assigned
as the batch background and subtracted from all corrected dosimeter
readings.
(iv)

It is assumed that an indicated exposure of 1 mR corresponds to a dose of
0.01 mSv. In other words, no dose model is applied for either whole-body
or skin doses.

(v)

The whole-body and skin doses are rounded to the nearest 0.1 mSv for
reporting.

(vi)

For whole body doses, a lower limit of reporting of 0.2 mSv is used. To
be reported as different from whole body dose, the skin dose must be at
least 1.0 mSv and be greater than the whole body dose by 1.0 mSv as well.

A. 5

NEW BRUNSWICK POWER

Dosimeters used at the Point Lepreau nuclear generating station are processed at
a laboratory in Fredericton. The normal dosimetry period is two weeks.
A.5.1 Description of the Dosimeter
Two badge types are used for personal dosimetry (see Table Al). Each contains
four elements of thin, granular lithium borate phosphor, shielded by plastic
(nearly tissue equivalent) filtration to provide estimates of deep and shallow
dose equivalent from photons and beta particles. The average phosphor depth in
the shallow element lies at about 24 mg cm"^ and the remaining element, used for
emergency readout if required, or to indicate neutron environments (UD-814AS9),
is covered by about 300 mg cm'2 of filtration.
A.5.2

Description of the Reader

The Panasonic model 710 reader consists of an automatic changer capable of
holding and sequentially presenting 10 trays of 50 TLDs to the reader, without
intervention.
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Table Al
Panasonic TLDs Used in NBP for Personnel Dosimetry
Badge Type

Phosphor Material

UD-806

Four elements of natural lithium borate.

UD-81AAS9

Three elements of lithium-7, boron-11 enriched lithium
borate phosphor, and one element of lithium-6, boron-10
enriched lithium borate.

A.5.3 TLD Thermal Cycle
The phosphor is heated by infrared heating from the controlled pulsing of an
incandescent lamp. The lithium borate phosphors require no special annealing
cycles or preparation prior to use.
A.5.4 System Calibration
Calibration of the Panasonic TLD reader is performed approximately annually.
All dosimetry readout operations are internally calibrated by means of Run
Calibration TLDs. These TLDs are exposed to 137Cs photons on a Shepherd Panoramic
Irradiator, monitored by an Ionex ionization chamber whose calibration is traceable to the primary standard for ^Co exposure at the NRC. The reading of the
skin element (i.e., element 1) is based on the 137Cs calibration at an average
depth of 21 mg cnf^.
The reader and its functions are monitored at the start of each working day by
evaluating the response of a batch of 16 TLDs exposed in contact with a uranium
slab for 30 minutes. The daily results must lie within established statistical
limits, before the reader is accepted for use in any dosimetry operation.
A.5.5

Interpretation of the Readings

The raw information from any TLD is corrected within the TLD reader for drift,
and by Rank Correction Factors, set at the factory in Japan for each TLD. A Rank
Correction Factor is coded into each TLD and applies to all four elements. It
is a gross correction factor to correct for more or less phosphor relative to a
'select' TLD and is applied as the TLD is read out. Element Correction Factors
(ECFs) are used after the Rank Correction Factors to fine tune each response
relative to the ion chamber. They are applied before background is subtracted.
A Run Calibration Factor (RCF) for the readout is derived from a comparison of
the exposure value provided by the ion chamber relative to the average exposure
seen on the ECF-corrected readout of the population of free-in-air calibration
TLDs. For personnel dosimetry, the RCF and background TLDs are stored with the
personnel TLDs throughout the two week wear term.
An average background value, obtained from the population of control TLDs stored
with the personnel TLDs, is calculated and subtracted from the personnel TLD
readings. For skin, this is done for element 1 phosphors.
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The residual information after background correction, from each personnel TLD,
including scatter build-up from the overlying filtration and backscatter from the
body, represents absorbed dose in the phosphors of the TLD. By implication from
the ICRU model, this absorbed dose from photons also represents the dose
equivalent (mSv) at that location and at the relevant depth for the individual.
No other corrections are applied to any TLD reading in any of the programs or
routines.
A.6

LANDAUER, INC.

Landauer operates the largest commercial dosimetry service in North America. All
dosimeters are normally read at the head office location in Glenwood, near
Chicago. A range of dosimetry products are offered, including film (the largest
part of the business), TLD and track-etched plastic. The personal dosimetry
service presently offered in Canada and approved by the AECB uses TLD. The most
common dosimetry period is a quarter-year.
A.6.1 Description of the Dosimeter
Landauer's TLDs are of the Rados (formerly Alnor) design, but constructed according to Landauer's specifications. They consist of a plastic case containing
either three or four LiF:Mg,Ti chips. For applications where neither low-energy
photons nor neutrons are present, three TLD-100 chips are used (positions 1-3).
If low-energy photons are present, an additional chip is added for improved
energy discrimination (position 4 ) . Interference from neutrons is prevented by
using TLD-700. The total filtrations when the case is inside a badge holder are
as follows :

Position
Number

Material

Thickness
(mg cm"2)

1

Kapton tape

2

Polyphenyloxide

27

3

Tin
Aluminum
Polyphenyloxide

370
55
27

4

Aluminum
Polyphenyloxide

207
27

7

The TL chips fit into recesses in the case; they are not attached to a card.
A.6.2 Description of the Reader
The Landauer laboratory has seven Dosacus-model readers from Rados. The readers
have been slightly modified, by the addition of an external vacuum pump. The TLD
case is loaded into the reader from a magazine and only opened once inside the
reader. Each of the chips is raised in turn on a vacuum pick into a jet of hot
nitrogen gas, maintained at a constant temperature of 300°C.

A.6.3 TLD Thermal Cycle
No batch annealing is performed. Dosimeter fading is not normally a problem,
because the low-temperature peaks of the glow curve have faded sufficiently by
the time the dosimeter is read.
A.6.4 System Calibration
Individual chips are assigned relative sensitivity factors (equivalent to element
correction factors) upon receipt and at least every 18 months after.
Each TLD reader is calibrated at the start of each work day and about every four
hours afterward. This is done by reading a set of dosimeters exposed to 0, 10
and 50 mGy.
A.6.5 Interpretation of the Readings
Customer-specific algorithms are applied to the raw readings to obtain the
desired dose quantities.
For Canadian customers, the quantities Hp(10) and
Hp(0.07) are calculated, as required by C-106 (AE94).

APPENDIX B

TABLE Bl
Irradiation Conditions used in phase 1 of IAEA CRP (May and June, 1988)

Filtration
in mm

Radiation
Quality

Tube
high
voltage
in kV

First HVL
in nun

Additional
Inherent

Al

Cu

Sn

Pb

Al

Cu

Mean
Energy

Conversion
coefficients for
normal incidence

E
in keV

Hs,(0.07)
/Ka
in Sv/Gy

HrfdO)
/K, in
Sv/Gy
I

B20

30

3.6, Be

0.5

-

-

-

0.38

-

20

1.038

0.536

B37

60

3.6, Be

3.9

-

-

-

2.4

-

37

1.305

1.218

B57

100

4.0, Al

-

0.15

-

-

6.6

0.30

57

1.586

1.688

B104

200

4.0, Al

-

1.0

-

-

-

1.7

104

1.618

1.740

N205

250

4.0, Al

-

-

2.0

3.0

-

5.2

205

1.417

1.478

G374

<l»lr>

-

-

-

-

-

-

-

374

1.292

1.317

-

-

-

-

-

-

-

662

1.208

1.215

-

-

-

-

-

-

1250

1.174

1.164

G662
G1250

(»Co)
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TABLE B2
Irradiation Conditions used in phase 2 of IAEA CRF
(October and November, 1990)
DOSIMETER
NUMBER

RADIATION
QUALITY

ANGLE OF
INCIDENCE

in mGy

1

B20

0°

6.0

SLAB

2

B20

30°

9.0

SLAB

3

B20

60°

8.0

SLAB

4

B37

0°

3.0

SLAB

5

B57

0°

18.0

SLAB

6

B57

30°

15.0

SLAB

7

B57

60°

16.0

SLAB

8

B57

ROTATED

20.0

SLAB

9

B57

0°

8.0

Alderson
LUNG

10

B57

0°

10.0

Alderson
ABDOMEN

11

B57

30°

12.0

Alderson
LUNG

12

B57

60°

9.0

Alderson
LUNG

13

B57

ROTATED

11.0

Alderson
LUNG

14

B 104

0°

3.0

SLAB

15

B 104

30°

6.0

SLAB

16

B 104

60°

5.0

SLAB

17

N 205

0°

3.0

SLAB

18

RESERVE

19

BACKGROUND

0.0

20

BACKGROUND

0.0

21

G 374

0°

5.0

SLAB

22

G 662

0°

12.0

SLAB

23

G 662

30°

16.0

SLAB

PHANTOM
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24

G 662

60°

14.0

SLAB

25

G 662

ROTATED

18.0

SLAB

26

G 662

0°

3.0

Alderson
LUNG

27

G 662

30°

8.0

Alderson
LUNG

28

G 662

60°

6.0

Alderson
LUNG

29

G 662

ROTATED

5.0

Alderson
LUNG

30

G 662

0°

10.0

FREE IN AIR

31

G 662

0°

10.0

FREE IN
AIR

32

G 662

0s

8.11

SLAB

33

G 662

0°

8.11

SLAB

34

G 1250

0°

15.0

SLAB

35

G 662
B 37

0°
0°

10.0
10.0

SLAB
SLAB

36

RESERVE

37

BACKGROUND

0.0

38

BACKGROUND

0.0

Radiation qualities are as selected from those specified in ISO 4037 [IS79].
The selected radiation fields included a filtered X-radiation from the narrow
spectrum series, having a mean energy of 205 keV (referred to as N 205); four
filtered X-radiations from the broad spectrum series having mean energies of
20, 37, 57 and 104 keV (referred to as B 20, B 37, B 57 and B 104); and the
gamma radiations from 137Cs and ^Co (referred to as G 662 and G 1250). In
addition, 192Ir (referred to as G 374) was used for one test exposure.
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