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Abstract

Within the CANDU workplace only a small fraction of workers are exposed to neu-
tron radiation. For these individuals, roughly 4.5% of the total radiation equivalent dose
is the result of exposure to neutrons. When this value is considered across all workers
within the CANDU workplace only 0.25% of the total radiation equivalent dose is the
result of exposure to neutrons. Neutron dosimetry at Ontario Power Generation (OPG) is
governed by the Canadian Nuclear Safety Commission (CNSC) through Regulatory Stan-
dard S-106, an Atomic Energy Control Board (AECB) document. The dosimetry program
includes both direct and indirect dosimetry methods. For direct dosimetry, a moderator-
based neutron rem-meter is used to measure both ambient dose equivalent and ambient
dose equivalent rates. One method of indirect dosimetry employs maps of neutron dose
rates, measured using a moderator-based neutron rem-meter, along with the time spent
in a particular area to calculate the equivalent dose. The current neutron rem-meter em-
ployed is the NP-100, previously the NP-2, manufactured by Canberra Industries Incor-
porated. These detectors are both known as “SNOOPY™”. The rem-meters used at Ontario
Power Generation are calibrated by the National Research Council of Canada (NRCC),
Institute for National Measurement Standards. The result of the calibration is a factor
which relates the neutron count rate to the ambient dose equivalent rate, using a stan-
dard Am-Be neutron source. Using the measurements presented in a CANDU Owner’s
Group Inc. Technical Note, “Capability maintenance in Neutron Dosimetry 2003/04 —
Performance-testing a Neutron Survey Meter” (Nunes and Surette, 2004) readings from
the rem-meter for six different neutron fields—in six source-detector orientations—were
used, to determine a calibration factor for each of these sources. The calibration factor is
dependent on the fluence-to-dose conversion coefficients. These coefficients rely on the
radiation weighting factor to link neutron fluence and the resulting equivalent dose. Al-
though the neutron energy spectra measured in the CANDU workplace cannot be approx-
imated by the calibration source’s neutron energy spectrum, the calibration factor remains
constant-——within acceptable limits—regardless of the neutron source used in calibration;
for the specified calibration orientation and current radiation weighting factors. However,
changing the value of the radiation weighting factors would result in changes to the cal-
ibration factor. OPG should evaluate the effect of any such modifications to determine
whether a change to the calibration process or resulting calibration factor is warranted.
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Energy Control Board (AECB), the predecessor to the CNSC (AECB, 1998). This doc-
ument outlines the specifications associated with the measurement of radiation dose from
sources internal and external to the body. For those external sources which contribute to
the worker radiation doses with greater significance—specifically y-ray and B-particle ra-
diation sources—the requirements of the dosimetry program are more stringent. In these
instances the technical and quality assurance standards ensure that these doses are mea-
sured, recorded and maintained, both accurately and consistently. On the other hand, for
radiation sources which do not significantly contribute to the total radiation dosc received
by worker, the requirements of Regulatory Standard S-106 are less specific. Currently,
there are no specifications for neutron dosimetry. However proposed revisions to S-106
contain more detailed requirements for neutron dosimetry programs (CNSC, 2005). As a
result, it will be necessary to document information and those procedures relevant to neu-
tron dosimetry. It will also be nccessary to understand the effect of possible modifications
to the dosimetric quantities involved in the calculation of neutron radiation dose. How these
quantities are incorporated into both dosimeter calibration and dose calculation will affect
how the neutron dosimetry program evolves in response to future modifications.

Driven by the impending revisions to Regulatory Standard S-106, documentation of the
neutron dosimetry program in place within OPG has become important. This need has also
been reinforced by an incident at the DNGS where neutron dose rates ranging from 0.15
to 0.80 mSv/hr (15 to 80 mrem/hr) were discovered at Airlock #2 of Unit 3 (OPG, 2004).
To address these concerns, this document focusses on the NP-100 neutron rem-meter used
at OPG for neutron surveys and dosimetry. The NP-100 uses a slow neutron proportional
counter surrounded by a neutron moderator. It is commonly known as SNOOPY. The aim is
to determine the calibration factor for the NP-100 and decide whether it should be modified

to account for the neutron fields present within the OPG-CANDU workplace.
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radiological protection program.

2.1 Dosimetry

The radiation dosimetry program is an integral part of the radiation protection program.
Radiation dosimetry is the complete process of measuring or estimating the dose received
by an individual as a result of exposure to radiation. The primary purpose of the dosime-
try program is to ensure that the dose received by an individual is accurately determined.
However, rather than just simply quantifying the amount of radioactivity in a person’s body,
the measurements must be interpreted to obtain an estimate of the biological effect of the
radiation dose. This provides a measure of the potential for harm so that exposures can be
limited to minimize the probability of future effects (ICRP, 1991).

The dosimetry program is composed of three essential elements. The first element is an
assessment of the radiation sources in the workplace, in terms of the types of hazard and the
hazard level present or potentially present. The next element is the design of the dosimetry
monitoring program. This includes selection of the monitoring methods, and specification
of the required sensitivity and frequency of use. The third major element of the dosimetry
program comprises obtaining a relevant dosimetric measurement (such as the radioactivity
level in a biological sample or the amount of radiation received by a dosimeter), interpreting
and converting the the measurement into radiation dose, recording and retaining the result,
and assigning it to the person. Other activities necessary for the successful operation of the
dosimetry program include distribution and collection of dosimeters or biological samples,

calibration of equipment, and quality control and quality assurance of the measurement

process.

2.1.1 Considerations for Neutron Dosimetry

The components of a dosimetry program depend on the type and size of the hazards.
The sources present in each environment will vary according to the types of practices being
performed within it, and perhaps even those in the surrounding areas. Only a small frac-

tion of the dose received by individuals within the CANDU workplace is due to neutron









Interactions Between Neutrons and Biological Tissue

There are a number of neutron interactions observed in biological material, resulting
from both the varying composition of tissues and the wide energy range available to neu-
trons. The probability of each individual interaction mechanism is dependent on both these
factors. While the radiation dose due to neutron radiation comes largely from elastic scat-
tering interactions, both the inelastic scattering interactions and neutron capture reactions

also play an important role.

Elastic Scattering Collisions between the incident neutron and a nucleus, where both
components retain their identity, is described as elastic scattering, or an elastic collision.
In this interaction, the neutron collides with a nucleus in the target material. During the
collision, kinetic energy is transferred from the neutron to the nucleus. Finally the neutron
is scattered or deflected from the nucleus at an angle 0, and can continue to undergo another
interaction. The amount of energy the neutron loses, which is transferred to the nucleus and
deposited in the material, is a function of the mass of the two particles and the neutron

scattering angle. Specifically
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where M is the mass of the nucleus, m is the mass of the neutron, Ey is the initial energy of
the neutron and y = (n - 6)/2 (NRCP, 1971). This process is often referred to as neutron
moderation. As the neutron undergoes elastic scattering, it continually loses energy until it
no longer has more energy than the surrounding material. At this point, the neutron is said
to be a thermal neutron, and can be readily captured by a number of other nuclei.

In biological material, the interaction occurs primarily with hydrogen nuclei, or protons.
This is due to both the abundance of protons in tissue and the high interaction probability
associated with the reaction. Because neutrons and protons are of similar mass, there is a
large energy transfer associated with this interaction, corresponding to a large amount of
energy deposited in the tissue. Therefore, the dose due to exposure to neutron radiation

comes largely from the energy deposited in tissue through elastic collisions with protons.



Inelastic Scattering For higher energy neutrons, another interaction pathway is predomi-
nant. Inelastic scattering interactions are those in which the neutron is temporarily captured
by the nucleus, and then re-emitted. The capture leaves the nucleus in an excited state. In
returning to a more stable configuration a photon is also emitted. The energy of the neutron
must be greater than the energy associated with the excited state—which is also the energy
of the emitted photon—in order for inelastic scattering to occur. This threshold energy is

expressed as

7 (2.2)

where Ey is the energy of the photon (NRCP, 1971). Typically the threshold energy is
approximately 6 MeV (Hall, 1993).

In biological material, both the photon and the neutron contribute to the amount of

M+m
Eireshotd = EY[ :l

energy absorbed. The neutron, once re-emitted from the excited nucleus, continues through
the tissue, depositing more and more of its energy in the course of further interactions. Like
the neutron, the photon may be absorbed in the body following its emission, contributing

to total radiation dose.

Capture Processes As the neutrons lose energy through scattering interactions, there is
an increased probability of neutron capture. Here, the nucleus absorbs the neutron and
emits a photon, or another particle.

With thermal neutrons, there are two capture reactions which are particularly important.
The first, is the capture of a neutron by nitrogen such that '“N(n, p)'*C where E, = 0.6
MeV. The second is the capture of a neutron by a hydrogen nucleus described by ' H(n,v)2H
with Ey = 2.2 MeV (NRCP, 1971). These secondary radiations contribute significantly
to the amount of radiation deposited, or absorbed within tissue. As a result, they also

contribute significantly to the total radiation dose.

2.2 Dosimetric Quantities

The type of biological effects and the probability of their occurrence depends on the
amount of radiation to which an individual has been exposed. Consequently, quantifying

the amount of ionizing radiation becomes relevant in estimating the potential for damage.



For non-stochastic, or deterministic effects—effects caused by cell killing, leading to clin-
ically detectable impairment of the function of a tissue or organ—there is an associated
threshold of exposure. Below this level, the effect will not occur. In the case of stochastic
effects—cancer induction in the individual exposed and hereditary disorders in the progeny
of the irradiated individual—there is an observed dose response relationship. Dosimet-
ric quantities are used to express the relationship between absorbed dose and the resulting

effects.

2.2.1 Protection Quantities

Protection quantities provide a standard measure of the amount of ionizing radiation,
which is correlated with both the potential and actual effects (ICRU, 1993). All recommen-

dations and regulatory limits are based on values of the protection quantities.

Biological Damage and Linear Energy Transfer (LET)

The biological effects of radiation are the result of damage to critical targets within the
material. In the case of tissue, the relevant critical target is the DNA. When any form of
radiation is absorbed in biological material, there is a probability for interaction with the
critical target via one of two routes: direct interaction and indirect interaction (Hall, 1993).
With direct interaction, the absorption of radiation occurs in the DNA itself. This causes
the atoms or molecules of the target to become excited or ionized. Changes in the target,
as a result of the absorption of radiation, may lead to the permanent damage associated
with radiation exposure. On the other hand, indirect interaction occurs when the initial
absorption of radiation occurs in other targets. As cells are mainly composed of water, the
likely interaction is the absorption of radiation by a water molecule. This causes the water
molecule to become excited or ionized, leading to the production of a free radical.! The
free radicals produced in the indirect interaction are free to diffuse a distance about twice
the diameter of the DNA helix during their lifespan. Therefore, a free radical produced
near the DNA, may interact with it, causing it to become excited or ionized itself. The final

result is the same type of damage which results from the direct interaction process.

IFree radicals are highly reactive species which contain an unpaired electron in the outer orbital shell.



Similarly, the radiation energy absorbed by biological material can also be described as
the energy deposited by the radiation in the material. As the radiation deposits its energy, it
leaves tracks of ionization and excitation events. The amount of energy deposited in each
track is described by the linear energy transfer (LET). Measured in units of kiloelectron
volts per micrometer (keV/um) of unit density material, the LET was defined by the Inter-

national Commission of Radiation Units and Measurements (ICRU) in 1962 as follows:

The unrestricted linear energy transfer (L) of charged particles in a medium
is the quotient of dE/dl, where dE is the average energy lost by a charged
particle traversing a distance d! (Hall, 1993).

While not defined as a protection quantity, the LET has been used in the derivation and

definition of a number of relevant dosimetric quantities.

Absorbed Dose

The most fundamental dosimetric quantity used in protection is absorbed dose, D. Bear-
ing the units joule per kilogram, and given the name gray (Gy), absorbed dose is a measure
of the energy absorbed in a medium, per unit mass. However, the potential for negative
effects is not solely dependent on the amount of energy absorbed in the material; rather, it

also depends on both the type of radiation and its energy.

Relative Biological Effectiveness (RBE)

The variation in types of radiation leads to variation in the amount of radiation required
to produce a specific effect. It may be the case that the same effect can result from two
different absorbed doses through the use of two different types of radiation. To account
for this variation it was necessary to develop a way to compare radiation to one another.
This was achieved using x-rays as a radiation standard and defining the relative biological

effectiveness (RBE) as follows:

The RBE of some test radiation (r) compared with x-rays is defined by the
radio Djso/D, where Dysp and D, are, respectively, the doses of 250 kV x-rays

and the test radiation required for equal biological effect (Hall, 1993).
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Like the linear energy transfer, the RBE is not in itself a dosimetric quantity. It too, has
been used in the definition and determination of a number of other quantities relevant to the

calculation of radiation dose.

Quality Factors and Radiation Weighting Factors

It has always been apparent that the individual characteristics of a type of radiation need
to be considered when calculating the dose resulting from radiation exposure. Time has
seen the method of accounting for radiation type change. The ICRP introduced the quality
factor, Q(L), a dimensionless quantity. The quality factor is a judgement of the appropriate
way to weight the absorbed dose for different types of radiation for the biological effects
important in radiation protection. It considers the probability of stochastic effects associated
with radiation exposure and a radiation’s RBE. The quality factor is specified as a function
of unrestricted linear energy transfer in water such that the quality factor can take the values

outlined in following table. Other values of Q(L) were to be interpolated as required.

Unrestricted linear energy o(L)
transfer, L in water [keV /um]
3.5 1
7 2
23
53 10
175 20

Table 2.1: Relationship between Unrestricted Linear Energy Transfer and Quality Factor
(ICRP, 1977).

In 1990, the ICRP redefined a number of the dosimetric quantities based on more recent
data. It was decided that the previous relationship between quality factor and unrestricted
linear energy was too precise. Based on the uncertainties inherent in the radiobiological
information available, the ICRP considered such precision to be both inappropriate and un-
justifiable. As a result the ICRP recommended another factor to account for the differences

in various types of radiation, and their ability to cause biological damage. A radiation
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making explicit the details as to how the values of each quantity was determined, an appro-
priate relationship between the quantities can be determined. Three options for a modified
convention are presented in ICRP Publication 92. The first is a radical simplification of
the radiation weighting factor such that it takes only two or three numerical values. The
second would make wg coherent with Q(L), causing a significant reduction in the effec-
tive dose resulting from neutron exposure. The third would link wg to an LET-dependent
internal weighting factor without reducing the magnitude of effective dose from neutrons
significantly, in most cases (ICRP, 2003).

ICRP 92 has proposed the use of option three; a compromise of sorts with respect to
the first two options. This would correct the large factors currently attributed to low energy
neutrons while not drastically reducing the values for neutron of high energy. Figure 2.1,
taken from ICRP 92, shows the current radiation weighting factor wg, the proposed modi-
fication to the values of the radiation weighting factor, and the effective quality factor, for
neutron radiations. The effective quality factor is defined as the ratio of the effective dose
equivalent, Hg, divided by the organ-weighted absorbed dose, D. The proposed numeri-
cal convention for wg preserves the values of wg outlined in ICRP 60 for neutron energies
above | MeV. However, for neutron energies below 1 MeV, the proposed values of wg
are substantially smaller. The substantial decrease at low neutron energies and the slight
increase at high neutron energies are consistent with available radiobiological data which
describes the biological effectiveness of neutrons. As well, the modified dependence of the
radiation weighting factor on neutron energy represents a dependence on LET; a similar
dependence exhibited by the quality factor. The consequences of modifying the radiation

weighting factor are detailed in Chapter 6.

Dose Equivalent and Equivalent Dose

Along with the quality factor, the ICRP expressed the quantity of dose equivalent in its
1977 Recommendations (ICRP, 1977). At this time, the dose equivalent at point in tissue,
was defined as the product of absorbed dose D, and the quality factor, Q. However, with its
subsequent recommendations in 1990, the name dose equivalent was changed to equivalent
dose, indicating the use of the newly defined radiation weighting factors.

The product of absorbed dose and current radiation weighting factor, summed over all
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Historically, the value of effective dose was termed effective dose equivalent. However,
with the publication of ICRP 60, this rather complicated name was simplified to effective

dose.

2.2.2 Operational Quantities

The absorbed dose, the equivalent dose and the effective dose are fundamental dosi-
metric quantities related to radiation protection. However, the measurement of radiation
fields for protection purposes employs the use of operational quantities; quantities which
have been defined by the International Commission on Radiation Units and Measurements
(ICRU). Operational quantities serve to standardize absorbed dose measurements, which
yield effective dose. There are two types of monitoring which have separate operational

quantities: area monitoring and individual monitoring.

Area Monitoring

There are two quantities of particular interest to area monitoring. The first, used for
fields of strongly penetrating radiations such as neutrons, is the ambient dose equivalent
H*(d). The second, used for fields of weakly penetrating radiation, is the directional dose
equivalent H (d,€2). Both the ambient dose equivalent and the directional dose equivalent,
like the primary dosimetric quantities, are measured in joules per kilogram and also bear

the unit sievert. ICRU Report 51 outlines the following definitions (ICRU, 1993):

The ambient dose equivalent H*(d), at a point in the radiation field, is the dose
equivalent that would be produced by the corresponding expanded and aligned
field, in the ICRU sphere at a depth, d, on the radius opposing the direction of
the aligned field.

The directional dose equivalent, H'(d,), at a point in the radiation field, is the
dose equivalent that would be produced by the corresponding expanded field,

in the ICRU sphere at a depth, d, on a radius in a specified direction, Q.

These quantities are measured in a phantom approximating the human body. The ICRU

sphere is a phantom; a 30 centimeter diameter tissue equivalent sphere with a density of
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2.3 Determining Dose

Measuring quantities directly, rather than determining them through calculation, has
always bcen preferred. However, as ideal as measurement is, it is often difficult to mca-
sure operational quantities because of the requirements associated with their definitions.
For example, the ambient dose equivalent is defined as a measurement of the equivalent
dose in an expanded and aligned field; conditions which are rare in normal operations. The
energy dependence of the radiation weighting factor—the factor used to calculate the equiv-
alent dosc—introduces another complication; a difficulty particularly relevant in the casc of
neutrons. Therefore it is often necessary to measure basic physical quantities from which
operational quantities can be calculated.

The basic physical quantity for neutrons is the neutron fluence. Defined as the num-
ber of neutrons that pass through a unit cross-sectional area, the neutron fluence can also
be distributed in encrgy and direction. Using the fluence-to-dose conversion coefficients,

the neutron fluence, and its various distributions, can be related to the defined operational

quantities.

2.3.1 Fluence-to-Dose Conversion Coefficients

The absorbed dose, equivalent dose and effective dose are measures of the amount of
energy deposited within a medium. Through a variety of interactions, the incident radiation
transfers energy to the material. In the case of neutrons and ICRU tissue, the primary in-
teraction, at lower neutron energy, is elastic scattering between the neutrons and hydrogen.
There are two other interactions which also contribute to the deposition of energy within the
ICRU tissue material; the probability of these interactions increases as the neutron energy
decreases. Within the large volume of material, higher energy neutrons become moderated
making them available for further interaction via one of the following two paths. The first
is the "“N(n, p)"4C reaction in which neutrons interact with nitrogen atoms to produce 0.6
MeV protons, while the second is the ! H(n,) reaction which produces 2.2 MeV photons.
These secondary radiations contribute significantly to the amount of energy deposited; a
contribution which raises the value of the fluence-to-dose coefticient.

The fluence-to-dose conversion coefficients are of great importance in calibrations; par-

18



ticularly the calibration of dosimeters and survey meters. For continuous neutron spectra,

the energy dependent, fluence-to-dose conversion coefficients must be averaged over the

entire energy range to yield a single conversion coefficient. The spectrum averaging can be

evaluated using the following formula (ICRU, 2001):

he = [ he(E)Pe(E)E
[ Pe(E)dE

From this value, the calibration coefficient can be determined such that the monitoring

(2.5)

method, measuring basic physical quantities, now yields relevant operational quantities.

2.3.2 Relating Operational Quantities to Protection Quantities

The International Commission on Radiation Protection has defined protection quanti-
ties such as the equivalent dose and the effective dose. These quantities are essential for
dose control and dose limitation. However, the operational quantities established by the
International Commission on Radiation Units and Measurements are essential in dose mea-
surement, and serve to directly estimate the value of specific protection quantities. The
ambient dose equivalent and the personal dose equivalent, measured at a tissue depth of 10
mm, approximate the value of effective dose. On the other hand, the value of personal dose
equivalent, at a depth of 0.07 mm, can be used as the skin equivalent dose; a dosimetric
quantity implemented to protect the skin from non-stochastic effects.

As well as defining protection quantities, the ICRP has recommended limits on radiation
exposure. These limits, adopted by individual nations and incorporated into legislature,

protect against the possibility of harm resulting from radiation exposure.

2.4 Dose Limits

In 1990, the ICRP revised previous dose limits, publishing updated recommendations
in “1990 Recommendations of the International Commission on Radiological Protection”
(ICRP, 1991). It has been shown that there are two types of effects resulting from radiation
exposure: stochastic effects and deterministic effects. As a result, limits on the effective
dose serve to minimize the likelihood of stochastic effects, while limits on equivalent dose

eliminate the possibility deterministic effects.
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properties of the neutron, as well as the wide range of energies available to them, affect neu-
tron detection methods. Energy dependent weighting factors used to calculate dosimetric
quantities require that the energy spectrum of a particular field be known. Otherwise, the
detection system itself must be calibrated to yield the relevant dosimetric quantities directly
at the expense of spectral information. Neutrons constitute the most important radiation for
which dosimetry considerations must take into account both the radiation quantity and the
energy dependent weighting factors. Although doses resulting from neutron exposures are
only a small fraction of the total dose within the CANDU workplace, the energy dependent
relationship between neutron exposure and the potential for harm must be considered in the

development of any dosimetry program.

3.1 Neutron Monitoring Systems, Measurement Techniques
and Practices

Monitoring is the measurement of radiation, or activity, in order to estimate or control
the exposure to radiation or radioactive materials by relating measured quantities to relevant
dosimetric quantities. It is the basis of any dosimetry program, providing the data required
for calculating individual worker doses. Not limited to the detection and measurement of
radiation, monitoring methods also include aspects such as the operation of the detector,
calibration, measurement techniques and operational practices.

Choosing an appropriate monitoring method is very difficult; each method having its
own advantages and disadvantages. However, this is a choice which also depends on the
specific application and environment for which monitoring is required. Therefore when
selecting a monitoring method it is necessary to consider a number of factors, not only
those related to the performance characteristics of the detection system, also but factors
dependent on the radiation environment. As outlined in ICRU Report 66 (ICRU, 2001),

examples of these considerations include the following:

e operational quantity to be measured;

o radiation field characteristics;









dose equivalent can be calculated. However, as useful as these dosimeters have proven to
be in a number of radiation environments, the use of personal monitoring for neutrons is
generally limited.

Currently, the OPG neutron dosimetry program does not include personal monitoring.

3.1.2 Indirect Monitoring

In environments where the radiation ficld is known to be stable, indirect monitoring
provides enough information for the calculation of equivalent dose. Neutron fields in spe-
cific areas of the CANDU workplace vary only according to the power at which the reactor
operates. When the reactor is initially started, each area is surveyed—using an active sur-
vey meter—to determine the neutron ambient dose equivalent and neutron ambient dose
equivalent rate present. Recorded on area maps, this information is used to calculate the
individual equivalent dose incurred by each worker present within the area.

In addition to mapping existing neutron radiation fields, it is also possible to use the
neutron-to-y-ray dose rate ratio as a method of indirect monitoring. In each area, the ratio
of the neutron ambient dose equivalent rate to the y-ray dose rate would be measured an
recorded using the ratio. The neutron dose would be determined from the y-ray dose as
measured by a Dose Control Device (DCD}) such as an Electron Personal Dosimeter (EPD).

The neutron dosimetry program within OPG includes the use of indirect monitoring

within those areas whose neutron fields are known, and well documented or where the

neutron-to-y-ray dose rate ratio has been determined.

3.2 Neutron Dosimetry

For neutron dosimetry, the current requirements are less defined as a result of two fac-
tors. The first is due to the challenges presented by the neutron. Unlike photons and B-
particles, for which detection and dosimetry is relatively straightforward, neutron dosime-
try is complicated by the properties of the neutron. The second, is a factor which arises
due to the nature of neutron doses. Generally, the radiation dose resulting from neutrons is

small; making it neither practical nor relevant to establish structured requirements.



However, there are impending revisions to S-106 which include specifications regarding
the requirements of neutron dosimetry (CNSC, 2005). While remaining less stringent that
those for photon and B- particle dosimetry, the new requirements will dictate the standards
regarding documentation, calibration and accuracy for neutron dosimetry services. Until the

revised version of S-106 is formally issued, the precise requirements remain unavailable.









Moderator Based Survey Meters - “Neutron Rem Meters”

Moderator based survey meters are the most common instruments used in neutron
dosimetry. Consisting of a thermal neutron detector surrounded by a moderating material,
typically polyethylene, rem-meters are active, hand-held instruments calibrated to relate
the number of neutrons to the ambient dose equivalent. Although the moderating material
makes the response of the meter independent of energy and increases the sensitivity to neu-
trons, it also contributes to the short-comings of the detector; increasing the meter’s size
and weight. There are two main types of neutron rem-meters—the cylindrical Andersson-
Braun type and the spherical Bonner sphere type—it is the Andersson-Braun rem meter
which is used at OPG.

The development of the Andersson-Braun (A-B) type neutron rem-meter, also called
SNOOPY, was first described by Andersson and Braun in 1963 at the International Atomic
Energy Agency symposium on neutron dosimetry (Andersson and Braun, 1963). This type
of rem-meter is composed of a cylindrical BF3 proportional counter surrounded by a mod-
erator assembly. The moderator assembly is formed of two layers of polyethylene plastic
separated by a perforated, boron-loaded plastic layer. The thickness of the two polyethy-
lene layers as well as the number of holes in the boron layer is experimentally determined
to provide appropriate amounts of moderation and absorption. The result is that the shape
of the detector response as a function of energy approximates that of the fluence to ambient
dose equivalent conversion coefficient.

It is the calibration which converts the neutron count rate to the ambient dose equivalent
rate; enabling the SNOOPY to provide measurements of both ambient dose equivalent and
ambient dose equivalent rate. Currently, the SNOOPY’s used at OPG are calibrated at the
National Research Council Canada (NRCC), Institute for National Measurement Standards.
The calibration begins by determining a spectrum-averaged, fluence-to-dose conversion
coefficient. The NRCC employs a computer code written by Dr. Len Van der Zwan which

folds a neutron energy spectrum with the tabulated vales of hs(E ), where

=12 'ém). @.1)

Using the.standard 24! Am-Be spectrum and the values of h,;(E) published in ICRU Re-

port 57 and shown in Figure 4.1, a single fluence-to-dose conversion factor, IA1$ =39x
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10=19Sy cm?, is determined. This factor, while independent of the particular detector be-
ing calibrated, depends on the calibration spectrum and will vary between neutron sources.
The total neutron fluence rate at any distance is determined from the emission rate of a
source as well as its anisotropy. Multiplying the total neutron fluence rate and IAI(; provides
the “true” ambient dose equivalent at that point. The response of the SNOOPY is known
to be directionally dependent. The NRCC places the instrument with its axis normal to
the cylindrical neutron source such that the neutrons are incident upon the flat face of the
cylinder. The ambient dose equivalent is measured at distances ranging from 30 cm to 150
cm; distances measured between the centre of the source and the centre of the moderat-
ing cylinder. Comparing the measured ambient dose to the expected “true” ambient dose
results in the calibration factor for the instrument, applicable when the survey meter is ex-
posed to neutrons in the calibration geometry. In order to eliminate effects of both room
and air scatter, a number of geometry corrections are applied to make the calibration factor
independent of the characteristics of the calibration facility.

The response characteristics of A-B type rem-meters vary with respect to a number of
factors. First, as a result of its cylindrical shape, the detector response varies with its ori-
entation. When the neutrons are incident on the side of the cylinder, perpendicular to the
axis of the detector, the response is 25% higher than when the neutrons are incident on
the flat face of the cylinder (Saull, 2003). As outlined, the calibration factor is determined
through the measurement of the total neutron fluence at a point for neutrons incident on the
flat face of the cylinder. In this orientation the response of the detector is lower than for
the orientation which sees neutrons incident on the curved sides. Therefore, measurements
made with neutrons incident on this curved face, will overestimate the effective dose due
to neutrons by approximately 25%. OPG’s operating procedure for the SNOOPY is to ro-
tate the device to find the maximum dose reading. The maximum dose reading, occurring
when the neutrons are incident on the side of the detector, will therefore be an overesti-
mate of the ambient dose equivalent; recorded doses will be conservative, overestimating
the dose resulting from neutron exposure by approximately 25%. Second, the construction
of the SNOOPY is such that its response, as a function of neutron energy, approximates the
shape of the fluence-to-dose conversion coefficient as a function of energy. The response,

as provided by the manufacturer, is shown in Figure 4.2. However, this energy-dependent
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Figure 4.1: The Fluence-To-Dose Conversion Coefficients (ICPR 60/ICRU 57) (ICRP,
1991).
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response, is still only an approximation and as a result there remain known inaccuracies. At
low energies, below 20 keV, there is an over response of roughly a factor of 3, while at en-
ergies above 500 keV there is an approximately 25% under response (Rogers, 1979). These
values represent the response of the SNOOPY when using the fluence-to-dose conversion
coefficient, and hence the quality factors, is use at the time of measurement (1979). The
effect of the energy dependence will vary according to the neutron field in which the survey
meter is used. In low energy fields, such as those generally encountered in the CANDU
workplace, the energy dependent response results in an overestimate of the ambient dose
equivalent. However, in the case of high energy fields, the ambient dose equivalent will be
underestimated.

Despite its effectiveness as a neutron survey meter, there is a clear disadvantage asso-
ciated with the SNOOPY. With a length and diameter of approximately 30 cm and 25 cm
respectively, and weighing roughly 10 kg, the SNOOPY can be cumbersome and challeng-
ing to use. The majority of concerns related to the use of the SNOOPY, are based on its size
and weight. However, these concerns aside, OPG’s practice of using the highest SNOOPY
reading and NRCC'’s calibration procedure result in a 25% over-response when SNOOPY

is exposed to an unmoderated 24! Am-Be neutron source.

4.1.2 Indirect Neutron Dosimetry

Within the CANDU workplace, the neutron radiation fields are relatively stable over
time, varying only with the reactor operating power. As a result, indirect neutron dosime-
try can be used to simplify neutron dosimetry. Indirect dosimetry consists of measuring
quantities which are easier to measure, but which are related to the quantities of neutron
dosimetry. OPG employs two types of indirect neutron dosimetry. The first uses maps or
tables of measured neutron ambient dose equivalent rates and the time an individual occu-
pied the area. The second uses the y-ray dose rate and the measured ratio of neutron-to-y
ray dose rates to calculate the ambient dose equivalent resulting from neutron exposure.

The neutron radiation fields have been mapped for the Pickering Nuclear Generating
Station, making indirect neutron dosimetry available. Using the SNOOPY, the neutron

ambient dose equivalent rate has been measured for a number of locations throughout the















important contribution for both Bare 252Cf at 100 cm, and D0 Moderated 252Cf at 100 cm.

5.1.1 Calibration Procedure

As outlined previously, the NRCC calibration of the SNOOPY begins with the deter-
mination of a fluence-to-dose conversion coefficient for the neutron source to be used in
the calibration. Then, knowing the characteristics of the neutron source, the “true” ambi-
ent dose equivalent at a point can be calculated; the “true” ambient dose equivalent is the
product of the fluence-to-dose conversion coefficient and the expected neutron fluence at
the measurement point. Using the SNOOPY, the ambient dose equivalent is measured at
the same point and factors correcting for room and air scattering may be applied. These
factors ensure that the resulting calibration factor is independent of the calibration facility
and therefore applicable in any environment. The calibration factor is the ratio of “true”
ambient dose equivalent to measured ambient dose equivalent.

The procedure for determining the calibration factors, without access to both the SNOOPY
and the relevant neutron source, is based more on calculation using available data than ac-
tual measurement. First, using the computer code written by Dr. Len Van der Zwan which
folds a neutron energy spectrum with the tabulated vales of /i (E), the fluence-to-dose con-
version coefticient was determined for each of the six neutron sources. The characteristics
of these sources were outlined in the COG Technical Note “Capability Maintenance in
Neutron Dosimetry 2003/04 - Performance-testing a Neutron Survey Meter” (Nunes and

Surette, 2004). The “true” ambient dose equivalent was calculated from the physical char-

acteristics of the neutron source and is given by:

Hirue(d) = C——5 Iy -1 (5.1)

4nd?
where H,..(d) is the “true” ambient dose equivalent in uSv at the source-detector dis-
tance d, C is a unit conversion factor with a value C = 3.6 x 1073, § is the source neu-
tron emission-rate [s~'], ﬁ; is the spectrum-averaged fluence-to-dose conversion coeffi-
cient per unit fluence [pSv c¢m?] and ¢ is the irradiation period in hours. Using the values
of SNOOPY-measured ambient dose equivalent included in the COG Technical Note and
the calculated “true’” ambient dose equivalent, the calibration factor for each neutron source

was determined. However, no corrections for room and air scattering were applied.
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5.1.2 Bare 2*'Am-Be at 50 cm

The 24! Am — Be source was housed in a cylindrical, aluminum can having a 2.5 cm
diameter and a 5 cm height. The neutron emission rate, measured in April 2001, was
found to be (5.34+0.3) x 10° s~!. With a half-life of 432 years, the neutron emission rate
measured in April 2001 must be corrected for decay to the date of measurement, March
2004. The associated neutron spectrum is included in Figure 5.2.

The fluence-to-dose conversion coefficient was calculated using the computer code pro-

vided by the NRCC, and the 2*! Am — Be neutron spectrum. The calculated value is
ﬁ$ =3.91x 107" Sy cm? =391 pSvcm®.

The “true” ambient dose equivalent is calculated from the neutron emission rate (5.275+
0.29) x 10 s~! and Equation 5.1, such that Hye(d) =79+6 pSv.

There are a number of source-detector orientations available for the calibration process.
While the response of the detector is greater when the neutrons are incident on the curved
surface, the NRCC calibration is performed such that the neutrons are incident on the flat
face of the cylinder. In this orientation, the SNOOPY was used to measure the ambient
dose equivalent; it was found that Hpegsureq = 83.7 £ 0.8 uSv.

The calibration factor is calculated by taking the ratio of the “true” ambient dose equiv-

alent to the measured ambient dose equivalent, such that

. H triue
calibration factor =
measured

. 79%6 pSv
"~ 83.74+0.3 uSv
=0.941£0.075

5.1.3 Bare »2Cf at 50 cm

The 252Cf source was purchased by Chalk River Laboratories in 2002. Documentation
provided with the source outlined its physical characteristics, geometry and encapsulation.
On 2002 March 12, the neutron emission rate was found to be (3.6 £0.1) x 108 s=!. The
half-life of the source is 2.645 years; correcting for decay between 2002 March 12, and
the date of measurement 2004 February 10 the neutron emission rate is (2.18 & 0.06) x

10® s~'. The neutron spectrum of 252Cf is included in Figure 5.3.
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Figure 5.2: The 2*! Am-Be neutron spectrum (International Atomic Energy Agency, 2001).
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Figure 5.3: The 2°2Cf neutron spectrum (International Atomic Energy Agency, 2001).
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Figure 5.4: The D,0 moderated 22Cf neutron spectrum (International Atomic Energy

Agency, 2001).
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the “true” ambient dose equivalent does not account for the additional contribution due to
room and air scatter or due to variation of ambient equivalent dose with source distance.
Again, the calibration factor presented in the COG Technical Note is roughly 10% higher
than that which has been calculated here (Nunes and Surette, 2004). By underestimating
the value of the “true” ambient dose equivalent, as a result of not including the additional
contribution due to room and air scatter, the corresponding calibration factor is also under-
estimated. Therefore, inclusion of the room-scatter in the calculation of the “true” ambient
dose equivalent would lead to a better agreement between the values calculated here and

those presented in the COG Technical Note.

5.2 Accelerator Neutron Sources

Following the characterization of neutron fields at several Canadian nuclear generating
stations, it became evident that there were significant differences between typical neutron
calibration fields and those encountered in the CANDU workplace. By developing neutron
fields which better simulate those experienced in reality, more relevant studies and calibra-
tion can be completed for dosimeters which would eventually be used in CANDU nuclear
generating stations.

There are two CANDU-like neutron fields; CANDU-like I and CANDU-like 1I, pro-
duced at the Neutron Irradiation Facility at Chalk River Laboratories. Deuterium ions were
accelerated through a potential of 150 keV, onto deuterium targets, to yield 2.8 MeV neu-
trons. A custom-made moderator assembly was used to moderate the neutrons in energy
and angle to create the CANDU-like I field at a specified point after exiting the assembly.
The CANDU-like II field was created by placing a | mm thick, cadmium sheet in front of
the moderator assembly. This modification reduced the thermal neutron field at the point of
measurement.

The CANDU-like neutron fields are not like traditional neutron sources with a known
fluence rate; measuring the absolute neutron fluence, while the fields are being used is
not possible. Therefore, the calibration procedure varies as compared to that for isotopic

neutron sources.
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Figure 5.5: The CANDU-like I Neutron Field neutron spectrum (Nunes and Faught, 2001).
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Figure 5.6: The CANDU-like I Neutron Field neutron spectrum (Nunes and Faught, 2001).
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5.2.4 Summary

Neutron Source Calibration Factor | Relative Response
Bare >*! Am-Be at 50 cm 0.944 4+ 0.075 1.06 £0.08
Bare 2°2Cf at 50 cm 0.936 £ 0.050 1.07+0.05
Bare 22Cf at 100 cm 0.935+£0.086 1.07£0.09
D,0 Moderated 22Cf at 100 cm 0.959 4+ 0.033 1.04 £0.04
CANDU-like Neutron Field I at 100 cm 1.1084+0.393 0.90£0.09
CANDU-like Neutron Field IT at 100 cm 1.104+0.33 0.91 £0.09

Table 5.1: Summary of calculated calibration factors, and relative response (inverse cali-

bration factor) for various neutron sources and source-detector distances.

The calibration factors for each neutron source, for the detector in the orientation where

ncutrons arc incident on the flat face of the SNOOPY, are summarized in Table 5.1

5.3 Other Source-Detector Orientations

As a result of its cylindrical shape, the response of the SNOOPY is known to vary
with orientation. In particular, the response of the SNOOPY is higher when neutrons are
incident on the side of the cylinder, perpendicular to the axis of the detector. It is operating
procedure, in the use of the SNOOPY, to rotate the detector to find the maximum dose
reading; the maximum dose reading occurring when neutrons are incident on this side.
However, the calibration procedure has shown that the calibration factor is determined for
the case of neutrons incident on the flat face of the detector. Therefore, measurements
made with neutron incident on the curved face will overestimate the effective dose due to
neutrons. By determining the calibration factor which would result from neutrons incident
on the curved face, this overestimation can be quantified. These results are summarized in
Table 5.2.

These orientations can be considered equal; neutrons are incident on the curved surface

of the cylinder. The results of the average of the calibration factors for each source, in
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5.4 Discussion

5.4.1 Results for the Calibration Orientation — Neutrons Incident on
the Flat Face

The measurements performed as part of the performance testing of the SNOOPY rem
meters—a COG sponsored initiative—were used to determine calibration factors as though
the SNOOPY would have been calibrated in each of the fields. These results are summa-
rized in Table 5.1.

From this, it is evident that regardless of the neutron source, the calibration factors
will remain constant—within the uncertainty for this calibration orientation using current
radiation weighting factors. Therefore, which neutron source is used in the calibration of
the SNOOPY rem-meter is irrelevant.

However, it is important to note the variation in the calibration factor when measure-
ments were completed in the CANDU-like neutron fields. These values are significantly
larger than the calibration factors arising from measurements in the fields associated with
isotopic neutron sources. For the calibration factors to be larger, it signifies that the SNOOPY
underestimates the ambient dose equivalent in the CANDU-like neutron fields while over-
estimating the ambient dose equivalent in the isotopic sources.

The larger-than-expected calibration factors for measurements made in the CANDU-
like neutron fields is likely due to the overestimate of the “true” ambient dose equivalent.
The calibration factor is the ratio of “true” ambient equivalent dose and the measured ambi-
ent equivalent dose; the measured ambient equivalent dose depending only on the SNOOPY
itself. Therefore, overestimating the “true” ambient equivalent dose would lead to a corre-
sponding overestimate of the calibration factor rather than an under response of the detector.
Calculated as the product of the ambient dose equivalent rate per monitor count rate, the
monitor count rate and the irradiation time in hours, overestimating any of these values
would lead to a larger value of the “true” ambient dose equivalent. However, the values
of monitor count rate and irradiation time are less likely to be inaccurate than the value
of ambient dose equivalent rate per monitor count rate; a value which depends on ﬁ;. the

spectrum-averaged fluence-to-dose conversion coefficient.
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It has been shown that the source of neutrons used in the calibration of the SNOOPY
rem-meter is irrelevant; all sources yield calibration factors which are in agreement for this

calibration orientation and current radiation weighting factors.

5.4.2 Results for Other Orientations — Neutrons Incident on the Curved
Surface

For neutron incident on the curved surface of the detector, there is a known overestimate
of the associated ambient dose equivalent. This overestimate can been seen in the signifi-
cantly lower calibration factors resulting from measurements in this orientation. The lower
calibration factor indicates that the ambient dose equivalent measured by the SNOOPY is
much higher than the “true” ambient dose equivalent that was expected. This over response
is corrected by applying any calibration factor, as it will lower the measured values to the
expected “true” values.

From Table 5.3 we can see that the applying the calibration factors would lower the
measured ambient dose equivalent by approximately 25%. This calculated overestimate is

consistent with those previously established (Rogers, 1979; Saull, 2003).
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Source Calibration Factor | Response Factor
Bare 24! Am-Be at 50 cm 0.9240.05 1.0940.06
Bare 22Cf at 50 cm 1.19+40.03 0.84 +0.02
Bare 232Cf at 100 cm 1.1040.03 0.914+0.02
D,0 Moderated 232Cf at 100 cm 0.54 +0.02 1.85+0.07

Table 6.1: Summary of calibration factors calculated using fluence-to-dose conversion co-

efficients determined using previous values of radiation quality factor.

when using the previous quality factors to determine the fluence-to-dose conversion coeffi-
cient. Also, the neutron source used for calibration also appears to have a greater effect; this
is evidenced by the significant difference in calibration factor between the unmoderated and
D20 moderated 252-californium sources. The likely results from the current overestimate
of the effect of low energy neutrons.

The implementation of the modifications suggested by ICRP 92 would see the values
of the calibration factor return to values closer to those presented in Table 6.1, as these
recommendations suggest that the values of wg become more similar to the previous values
of quality factor.

The ultimate result would indicate that measures of neutron dose—at those energies

encountered in the CANDU workplace—are overestimated by a factor approximately equal

to 2.

6.2 Effect of Modifying Radiation Weighting Factor on
Calculated Neutron Dose

The effect of modifying the radiation weighting factor on the SNOOPY calibration
factor is shown in Table 6.1. Again this is the for the detector orientation which has the
neutrons incident on the flat surface of the detector. Considering the practice of rotating
the detector to find the maximum ambient dose equivalent reading, the doses calculated
using the previous radiation weighting factors were overestimated by a factor greater than

2, resulting from the low-energy overestimate and the over response for neutrons incident
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on the curved surface.
As the implementation of the radiation weighting factors suggested by ICRP 92 would
see a return values similar to those recommended in ICRP 26, it can be concluded that there

would be a similar overestimate of neutron dose; an overestimate by a factor greater than 2.
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source’s neutron energy spectrum, the calibration factor remains constant—with the use
of present fluence-to-dose conversion coefficients and within acceptable limits—regardless
of the neutron source used in calibration. As a result, the precise source used to calibrate
the SNOOPY, is not important. The modification of radiation weighting factors, and hence
fluence-to-dose conversion coefficients, may introduce a dependence on the neutron energy
spectrum as the current overestimated contribution of low energy neutrons is corrected.
OPG should evaluate the effect of any such modifications and determine whether a change

to the calibration process or resulting calibration factor is warranted.
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