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RÉSUMÉ

On a évalué les possibilités et limites du détecteur CR-39 de traces de
dégradation lorsqu'on l'utilise comme dosimètre neutronique individuel au
voisinage des réacteurs CANDU. Comme la réponse du dosimètre en fonction
de l'énergie du rayonnement est une caractéristique critique, on a étudié
les spectres d'énergie neutronique prévus dans les enceintes de
confinement des réacteurs CANDU. Les spectres varient considérablement
dans les salles de générateurs de vapeur, au voisinage des circuits de
refroidissement du modérateur et dans la plupart des enceintes de machines
de chargement du combustible, mais on prévoit que la plus grande partie de
la dose de rayonnement proviendra des neutrons d'énergie supérieure à
80 keV, le seuil approximatif du détecteur CR-39 ayant subi une attaque
électrochimique. Dans l'enceinte de la machine de chargement de Pickering
et dans les endroits d'autres centrales où les neutrons provenant des
réacteurs se diffusent plusieurs fois, les neutrons de plus faible énergie
peuvent être importants. Il semble que dans presque toutes les zones de
travail, la durée de travail sera limitée par les rayons gamma plutôt que
par les neutrons.

On a aussi étudié les caractéristiques d'autres dosimètres de neutrons -
détecteurs à bulles et détecteurs à gouttes surchauffées, dosimètres
d'albédo et détecteurs en temps réel au Si. Le CR-39 est le dosimètre
disponible dans le commerce qui convient le plus pour démontrer le respect
des limites réglementaires dans le cas des travailleurs qui reçoivent
habituellement des doses de neutrons faibles par rapport à ces limites.
Tous les dosimètres individuels ont une réponse angulaire variable dans
l'intervalle de 0 à 180° du fait de l'atténuation possible du rayonnement
par le corps. Les détecteurs d'albédo et de Si ont une réponse
particulièrement variable dans l'intervalle d'énergie importante. Les
détecteurs à bulles et à gouttes surchauffées ont l'avantage de donner une
lecture immédiate et d'être très sensibles mais l'inconvénient de ne pas
pouvoir intégrer la dose reçue au cours d'une longue période, d'avoir une
réponse dépendante de la température, d'avoir un champ de reporte très
limité et d'être plus coûteux.
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SUMMARY

The capabilities and limitations of CR-39 damage track detectors have been
evaluated for their use as personal neutron dosimeters around CANDU reactors,
Since the energy response is a critical characteristic, the neutron energy
spectra expected within CANDU containments were studied. In the boiler rooms,
around the moderator cooling systems, and in most of the fuelling-machine vaults,
the spectra vary considerably, but the majority of the dose is expected to be
delivered by neutrons above 80 keV, the approximate threshold for
electrochemically-etched CR-39 detectors. In the Pickering A fuelling-machine
vault, and in areas in other stations to which neutrons from reactors have been
multiply scattered, lower energy neutrons may be important. In nearly all areas
where people work, it appears that working times will be limited by gamma rays
rather than by neutrons.

The characteristic of other neutron dosimeters--bubble and superheated drop
detectors, albedo dosimeters and Si real-time detectors--were also reviewed.
For workers who typically receive neutron doses that are small compared with
regulatory limits, CR-39 is the most suitable, available dosimeter for
demonstrating compliance. All single dosimeters have poor angular response over
the range 0 to 180°, because of the shielding of the body. Albedo and Si
detectors have particularly poor energy responses over the energy range of
importance. Bubble and superheated drop detectors have the advantages of
immediate readout and high sensitivity, but the disadvantages of inability to
integrate doses over a long period, temperature dependence, very limited range
and higher cost.
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1. INTRODUCTION

The objective of this report is to assess the capabilities and limitations of
CR-39 damage track dosimeters as personal neutron dosimeters around CANDU reactor
stations.

While the Atomic Energy Control Board has not yet formulated recommendations
specific to personal neutron dosimetry, the limits on all doses suggest that
wherever there is a reasonable probability that personnel might receive a
significant fraction of the permitted limit from neutrons, personal neutron
dosimeters are advisable. For example, the U.S. Department of Energy requires
that occupational workers likely to receive 1 mSv/a be provided with dosimeters.
Even at lower expected dose levels, it may be desirable to provide personal
neutron dosimeters for reasons of worker morale and public relations.

Over the last half-dozen years there has been a steady shift, for personal
dosimetry around reactors, from nuclear emulsions and albedo detectors to damage
track dosimeters (such as CR-39), sometimes also supplemented by albedo
detectors. More recently, bubble detectors have been tested on an experimental
basis in a number of laboratories. The suitability of CR-39 dosimeters must
therefore be judged not only on how well they meet general dosimetric
requirements, but also in comparison with other types of personal neutron
dosimeters. Hence we also consider here the characteristics of some other
dosimeters, although in less detail.

The characteristics of a personal neutron dosimeter that are of most importance
are the energy and angular responses, sensitivity and dose range, fading,
Insensitivity to gamma radiation, ability to operate in a variable environment,
convenience and cost. The energy response is probably the most important. All
neutron dosimeters fail to respond sufficiently accurately over the whole energy
range of interest, and many detect only neutrons above a certain energy
threshold. Hence it is critical to know whether or not most of the dose to be
measured is delivered by neutrons above this threshold.

Section 2 of this report is therefore devoted to a preliminary study of the
neutron spectra expected around CANDU reactors. Section 3 discusses the
characteristics of CR-39 dosimeters and their ability to measure neutron doses
under the conditions around CANDU reactors. A similar but much less complete
study is given for other types of dosimeters in sections 4 to 6. Section 7
summarizes the conclusions reached.

2. NEUTRON SPECTRA AROUND CANDU AND OTHER REACTORS

Neutron spectra around reactors can vary a great deal from one location to
another, depending both on the source and on the materials through which they
have passed. While leakage from the reactor core usually provides the most
important source, neutrons are also produced in the primary coolant and moderator
systems outside the reactor, and in seme areas these provide most of the neutron
dose. Spectra of neutrons from reactors cooled or moderated by heavy water
differ from those from light-water reactors in two respects. First, the spectrum
within the core of a D20-moderated reactor contains a greater proportion of



thermal and epithermal neutrons than that within an H20-moderated reactor.
However, this may have only a minor effect on the spectrum of neutrons leaking
from the reactor. Second, the heat exchangers and associated systems of a
reactor cooled or moderated by heavy water will have a considerably greater
output of photoneutrons from gamma rays interacting with deuterium.

For the evaluation of dosimeters, it would be desirable to have accurate
measurements of neutron spectra in all areas of interest. Such measurements
are complex and tedious. Preferably, they are made with hydrogen-recoil or ^He
spectrometers for energies above about 20 keV and Bonner-sphere or other
moderator-type spectrometers for lower energies. Only a small number of such
measurements have been made around reactors (e.g., Birch et al., 1988; Birch et
al., 1985; Delafield and Perks, 1991; Delafield et al., 1978), and none have been
made around CANDU reactors. A less accurate but sometimes adequate method is
to use a moderator-type spectrometer for the whole energy spectrum.

About 15 years ago, spectral measurements were made in about 20 locations at
the Pickering and Bruce stations (Walsh and Orr, 1977; Facey, 1977; Facey and
Walsh, 1978), using a "Delta" spectrometer (Longworth, 1970). This moderator-
type spectrometer measures the penetration of neutrons along the length of a
polyethylene or other hydrogenous cylinder. The measured spatial distribution
of thermal neutrons along the axis can be unfolded to give the neutron spectrum.
It has the limitation that spectra may be distorted when neutrons are incident
on the sides or back of the instrument (Facey and Walsh, 1978) or even when they
are incident in different directions on the front.

In many of the areas measured, the neutrons were certainly multi-directional
and it is not clear to what extent this affected the measured spectra, despite
steps taken to reduce directional effects. These measurements certainly show,
however, that there are large spectral variations from one location to another.
During the present project, it has not been feasible to make further spectral
measurements. Instead, we have used a theoretical approach to study neutron
spectra, and compared the results with a limited number of measured spectra
around reactors. Since precise spectral measurements at all locations of
interest are too expensive to be practical, it is important to understand the
factors affecting spectral variations.

2.1 Spectral Effects of Neutron Transmission through Materials

Before considering the original spectra produced in various parts of the reactor
system, we describe briefly the changes in spectra that occur when neutrons are
transmitted through materials or scattered back from them. The most important
of such materials are light and heavy water, concrete and iron (or steel). In
all these spectral discussions, we are particularly concerned with the fraction
of the dose equivalent that is delivered by neutrons below 80 keV, since this
is the approximate threshold for detection with CR-39.

2.1.1 Spectra from Light- and Heavy-Water Reactors

Fig. 1 shows the spectrum, calculated by Monte Carlo (Ing and Cross, 1975a), of
neutrons escaping from an H2O sphere 1 metre in diameter, inside which fission



sources are uniformly distributed. In this figure, and in many subsequent
figures giving spectral distributions, the abscissa scale is logarithmic and the
ordinate is the fluence per unit logarithmic energy interval. It is easily shown
that this is given by multiplying the fluence #(E) at each energy by the energy
(E $(E)). With this choice, the fluence between any two energies is proportional
to the area under the curve between these energies. This spectrum is relatively
flat over many decades of energy, whereas $(E) itself varies approximately with
1/E and changes by many orders of magnitude.

The most notable change of the spectrum in Fig. 1 from the original fission-
neutron spectrum is the addition of moderated neutrons, which extend from thermal
neutrons up to the energies of the original spectrum. The intensity of these
neutrons builds up with the thickness of water through which the neutrons are
transmitted and, for light water, reaches a very approximate equilibrium with
the high-energy part of the spectrum after transmission through about 20 cm.
At energies between 0.5 and 100 eV (i.e. , below the range of Fig. 1) the spectrum
remains flat, but has a peak at thermal energies whose intensity depends
critically on the thermal absorption cross section of the moderating material
(section 2.1.6).

Of much greater importance for dosimetry than the fluence spectrum is the
distribution of dose equivalent with energy. Of various dose equivalents that
could be used, we choose to plot the ambient dose equivalent, H*(10) . The
distribution of H*(10) (also per logarithmic energy interval), for neutrons
emitted from an H2O sphere one metre in diameter containing uniformly-distributed
fission sources, is shown in Fig. 2. Note that although a substantial fraction
of the non-thermal fluence lies below 100 keV (Fig. 1), a negligible fraction
of the dose equivalent is below this energy.

Figs. 3 and 4 show the calculated spectrum (Ing and Cross, 1977) and the
corresponding distribution of H*(10), for neutrons escaping from a heavy-water
sphere one metre in diameter, in which fission sources are uniformly distributed.
In this case, much more of the fluence is at low energies than in the case of
light water. Nevertheless, only 7% of the dose equivalent is below 100 keV.
(This estimate does not include thermal neutrons, which may contribute as much
as 40% of the dose equivalent escaping from an unshielded D2O reactor.)

Figs. 1 to 4 show very approximately the spectra and the corresponding
distributions of ambient dose equivalent for neutrons emitted from a light- or
heavy-water moderated reactor, before the neutrons have passed through any
shielding materials. In a system much larger than 1 metre diameter, the main
expected difference from these spectra is that the low-energy region of a D2O-
moderated spectrum will be more nearly flat, rather than sloping. However, this
will have little effect on the distribution of H*(10).

2.1.2 Transmission through Light Water

Monte Carlo calculations of spectra of fission neutrons transmit d through
water have been made for a range of water thicknesses (Ing and Cross, 1975a).
In order to have an approximation for the effect of moderating an arbitrary
source spectrum in water, we use the theoretical expression for the slowing-
down spectrum produced when a source with spectrum S(E) is distributed uniformly
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Fig. 1 Spectrum of neutrons escaping from an H2O sphere, 1 metre in diameter,
containing uniformly-distributed fission sources (Ing and Cross,
1975a).
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Fig. 2 Distribution of H*(10) with energy, for neutrons escaping from an H2O
sphere, 1 metre in diameter, containing uniformly-distributed fission
sources.



I04 I05

Neutron Energy

I06 IO7

eV

Fig. 3 Spectrum of neutrons escaping from a D2O sphere, 1 metre in diameter,
containing uniformly-distributed fission sources (Ing and Cross, 1977)
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Fig. 4 Distribution of H*(10) with energy, for neutrons escaping from a D2O
sphere, 1 metre in diameter, containing unifonnly-distribatec' fission
sources.



throughout an infinite volume of hydrogen. Since most of the moderation in water
is provided by hydrogen, this gives an approximation to the spectrum from a large
volume of water. This spectrum is given by (Beckurts and Wirtz, 1964)

1 1
[S(E) + — f S(E') dE'] (1)I"

ffs(E) E

E

where t?s(E) is the scattering cross section of hydrogen at energy E. At all
energies smaller than the source energies this reduces to

<KE) = S / (E ffs(E)) (la)

where S is the total number of source neutrons at all energies. In this case,
the spectrum per unit logarithmic energy interval, E <£(E), varies as the
reciprocal of the scattering cross section.

Fig. 5 shows a comparison between the spectrum given by equation (1) and that
calculated (by Monte Carlo) for neutrons escaping from a 1-metre diameter water
sphere, in which fission sources are uniformly distributed. The two spectra are
normalized arbitrarily. While equation (1) reproduces the shape of the high-
energy part quite well, it overestimates the escape spectrum at low energies by
about 60% (it assumes backscattering that is absent in the escape spectrum).
This overestimate will not have much effect on the distribution of H*(10) with
energy.

An example of the use of equation (1) is given in Fig. 6, which shows the
approximate spectrum and distribution of H*(10) with energy when a 500 keV
monoenergetic source is distributed throughout a large volume of H2O. This
illustrates another case where, although most of the resulting fluence lies
below 80 keV, only about 18% of the dose equivalent is below this value.

2.1.3 Transmission through Heavy Water

The equation describing slowing down in deuterium is similar to equation (1),
but with the scattering cross section of hydrogen replaced by that of deuterium,
and with the integral divided by 0.725 (the average logarithmic energy loss in
deuterium) . Fig. 7 shows how the spectrum of fission neutrons slowed down in
an infinitely large volume of deuterium, calculated in this way, compares with
that (calculated by Monte Carlo) of fission neutrons escaping from a D2O sphere,
1 metre in diameter (Ing and Cross, 1977). In this case, the approximate
calculation overestimates the spectrum by about a factor of 2 at all energies
below 1 MeV.

For a 0.5 MeV monoenergetic source in deuterium, equation (la) predicts an almost
energy-independent value of E <£(E) up to the source energy, since the scattering
cross section of deuterium is nearly constant from thermal energies up to 1 MeV.
This is also true of oxygen, except for large resonances at 0.44 and 1.0 MeV.
Fig. 8 shows the estimated distribution of E H*(10) for a 0.5 MeV source
distributed through D2O. In this case, about 37% of the non-thermal dose
equivalent is below 80 keV.
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Fig. 5 Comparison between the approximate slowing-down spectrum in hydrogen
(shown by the curve) and that given by Monte Carlo calculations
(histogram) for neutrons escaping from a 1-metre H2O sphere containing
uniformly-distributed fission sources.
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Fig 6 Slowing-down spectrum (dashed curve) and the resulting distribution of

dose equivalent (solid curve) for 500 keV neutrons in a large volume of

water.
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Fig. 7 Comparison between the approximate slowing-down spectrum in deuterium
(shown by the curve) and that given by Monte Carlo calculations
(histogram) for neutrons escaping from a 1-metre D2O sphere containing
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Fig. 8 Distribution of dose equivalent for 500 keV neutrons slowing down in a
large volume of heavy water.



2.1.4 Transmission through Steel

Transmission of neutrons through large thicknesses of steel is of considerable
importance, since the largest neutron fields around a CANDU reactor are from
neutron leakage through the end faces, where the shielding consists of steel
and water. Transmission through Fe is very much affected by inelastic
scattering, which strongly attenuates the neutron fluence above about 900 keV,
and by the resonance structure of the elastic scattering cross section at lower
energies. For large thicknesses, the. anti-resonance at 24 keV is particularly
important. Fig. 9 shows the distribution of dose equivalent from D20-moderated
fission neutrons transmitted through 50 cm of Fe, calculated from spectra given
by Ing and Cross (1975b). For larger thicknesses, the proportion of the dose
in the 24 keV peak increases, but the shape of the distribution below this peak
remains nearly constant (Ahmed and Aizawa, 1984).

Fig. 10 shows the distribution of dose equivalent derived from spectral
measurements made with hydrogen proportional counters on top of an experimental
heavy water reactor (Birch et al., 1985), where the neutrons have passed through
35.5 cm of steel. The general shape is similar to that of Fig. 9, much of the
difference arising from differences in resolution. Above 100 keV, the
experimental resolution is better than that of the calculated spectra, but at
24 keV it is poorer.

Information on the spectra of neutrons coming through much thicker Fe shielding
is not all consistent. Fig. 11 shows the distribution of dose equivalent when
14 MeV neutrons have penetrated 90 cm of Fe, derived from the fluence spectrum
calculated by Ahmed and Aizawa (1984). (The fact that the source neutrons were
14 MeV rather than fission has negligible effect on the spectrum at this
thickness.) This distribution indicates that only 24% of the dose equivalent is
above the CR-39 detection threshold. However, proportional counter measurements
of the spectrum of a reactor beam filtered by 103 cm of Fe (Simpson et al. , 1971)
show a considerably larger fraction of neutrons above 80 keV.

2.1.5 Transmission through Concrete

In concrete, the main spectral changes are produced by scattering from hydrogen
(even though hydrogen constitutes only about 0.5% by weight), which has the same
qualitative effects as it does in water, and by the effects of resonances in the
scattering cross section of oxygen. Examples of changes in the fluence spectra
of H2O- and D2O-moderated fission neutrons produced by concrete are shown in
Fig. 12 (for transmission) and Fig. 13 (for multiple reflection).

2.1.6 Thermal Neutrons

Fast neutrons are accompanied by thermal neutrons, in a proportion that depends
on the material through which the neutrons have passed. Thermal neutrons are
produced by elastic scattering of epithermals, usually from hydrogen, deuterium
or carbon.
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Fig. 9 Calculated distribution of dose equivalent from D20-moderated fission
neutrons transmitted through 50 cm of Fe (Ing and Cross, 1975b).
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In hydrogenous materials the ratio of thermal fluence to low-energy epithermal
fluence depends on the relative probabilities that the epithermals are scattered
and that the thermals are absorbed, i.e.,

4>th %

? Ni <7abs(i)

where ijith = thermal fluence
epithermal fluence per logarithmic energy interval
density of hydrogen atoms

Ni = density of atoms of type i

ffsc(H) = scattering cross section of hydrogen for thermal neutrons
CTabs(i) = absorption cross section of type i atoms for thermals.

Within pure water this ratio is about 75, but when neutrons pass from water into
the air it is reduced to 15 (Cross and Ing, 1979). This ratio is related to the
easily-measured "Cd-ratio", Red. approximately by <£th/$epi = 0-51(Rcd " 1) •

In concrete, the thermal/epithermal ratio depends on the water content and on
the thermal absorption properties of the remaining composition. A significant
part of thermal neutron absorption comes from trace elements with high absorption
cross sections (B, Gd, Sm) . The amounts of these may be expected to vary
considerably in different concretes, and they may not be listed in the
composition. Neutrons coming through granite-based concretes typically have
^th/^epi = 2 to 4, while for limestone-based concretes this ratio is 5 to 7.
For high-density concretes, which usually contain a substantial fraction of Fe
or Ti ores, the ratio can be as low as 1 to 2.

When neutrons pass through steel, the thermal/epithermal ratio is reduced
considerably, because the absorption cross section for thermals is substantially
greater than that for epithermals. Approximate reduction factors for this ratio
are shown in Fig. 14. If the resulting value of #th/0epi f°r the transmitted
neutrons is less than that from concrete, this ratio is determined primarily by
interactions of the transmitted neutrons in concrete walls and floors.

Within heavy water, the thermal/epithermal ratio is large and depends in a
complicated way on the dimensions of the system. In a D20-moderated reactor
the value may be several thousand. For neutrons in a fuelling-machine vault
that have leaked through the steel and water end shield, the value may be
determined either by the particular combination of Fe and water or by the
interactions of fast neutrons in material (concrete) outside the reactor. For
neutrons coming from boilers, in a CANDU reactor containment, it is the
composition of the concrete floor and walls that determines $th/0epi- For pumps
and pipes we do not know what the value is likely to be, although it could easily
be determined by measuring the Cd-ratio.

2.2 Sources of Neutron Doses

Neutron doses around CANDU reactors normally have two main origins: neutron
leakage from the reactor core and photoneutrons from l^N in the primary coolant
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and moderator. Depending on the shielding configuration of a particular reactor
station, reactor neutrons may be a significant source of dose throughout the
containment, or may be confined mainly to the vicinity of the fuelling machine
vault. Photoneutrons may provide the major part of the dose around the pumps,
pipes and boilers of the primary coolant circuit. Depending on the extent of
minor failures in the fuel cladding, there may also be delayed neutrons from
fission products present in the primary coolant. In this case, fission-product
gamma rays also produce photoneutrons in the coolant, but these are less
important than delayed neutrons, except after reactor shut-down, when they
provide the main neutron source in the cooling system.

2.2.1 Neutron Leakage from the Reactor Core

Most of the leakage from CANDU reactors is through the end shielding, whose
thickness and composition varies somewhat from one power station to another.
Except for Pickering A, where most of the shielding is solid steel sheets (total
thickness 103 cm) , the greatest part of the end shielding is comprised of steel
balls in water. At Bruce, the shield contains 67 cm of steel and 40 cm of
(light) water; at Point Lepreau and Gentilly, it has 60 cm of steel and 19 cm
of water.

The general effect of steel on the dose distribution from D20-moderated fission
neutrons is shown in Fig. 9. Fig. 15 shows a dose equivalent distribution (based
on a spectrum calculated by the ANISN discrete ordinates code by Boss (1992))
for neutrons penetrating the end shield of a Pickering B reactor. One combined
effect of water and Fe in this shield is to wash out the sharp spectral peaks
that occur for Fe alone. Another is to shift the maximum of the spectrum to a
higher energy. This spectral hardening is a well-known effect of neutrons
transmitted through hydrogenous materials. Since the hydrogen cross section
decreases as energy increases, the high end of the spectrum is enhanced.

Fig. 16 shows a dose distribution determined from Delta spectrometer measurements
(Facey, 1977) in the Bruce reactor vault, looking at the end of the reactor.
This figure suggests that the dose equivalent is shifted to slightly higher
energies than shown in Fig. 15, although, given the limited resolution of a Delta
spectrometer, the distributions of Figs. 15 and 16 are not inconsistent. We
believe that the distribution of Fig. 15 is likely to be more nearly correct.

This spectrum is not one to which personnel are normally exposed since, when
the reactor is at full power, both the gamma and neutron fields in the fuelling
machine vault are much too high for occupancy. Instead, exposures occur in
adjacent areas to which these neutrons are multiply scattered from concrete.

While examples of backscattering effects are shown in Fig. 13, the spectral
changes will depend very much on the geometry and number of reflections. They
could only be calculated by Monte Carlo, set up for the specific geometrical
arrangement of interest.
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2.2.2 Neutrons from 1 6N and 17N

produced by the 16o(n,p)l6N reaction in the water of a reactor, emits 6.1
MeV gamma rays. In a D20-cooled or moderated reactor, these gamma rays generate
neutrons by the photodisintegration of deuterium, with a 7.1-s half life. The
cross section of the l6O(n,p)l% reaction, averaged over a fast fission spectrum,
is 19±1 nb (Henderson and Tunnicliffe, 1958).

The number of neutrons per 1&N decay depends on the volume of D2O in which the
gamma rays can interact. For example, the average escape distance for gamma
rays produced uniformly throughout a sphere 30 cm in radius is 0.75 x 30 = 22.5
cm. The cross section for photodis integration of the deuteron is about 2 mb for
gamma rays from 3 to 6 MeV, but drops off rapidly below 3 MeV (Goldstein, 1959).
Hence the number of photoneutrons produced per 1&N decay is approximately

0.602

x 2 x 2xl0-3 x 22.5 x 1.11 = 0.0032
20

(The fact that some gammas are scattered below the threshold for photoneutron
production (2.23 MeV) before producing a photoneutron has been neglected.)
Photoneutrons produced by unscattered l^N gammas will be monoenergetic, with an
energy of about (6.1-Z.23)/2 = 1.9'J MeV, while gammas scattered to energies
above 2.23 MeV will produce a low-energy "tail" of neutrons down to zero energy.

is produced in water by the ^^0(n,p)l^N reaction, which has a cross section
of about 9 /jb (Henderson and Tunnicliffe, 1958), averaged over the fast fission
spectrum of a reactor. 1?N decays with a 4.2-s half life, 95% of the decays
going to 3 excited states of 1^0 which, in turn, decay by neutron emission. The
spectrum of emitted neutrons consists of 3 monoenergetic lines at 0.38 (26%),
1.17 (65%) and 1.70 (9%) MeV.

Since the cross section for 17N production is about half that for 1&N, and
is about 2600 times more abundant than 1^0, there will be about 5200 times as
much 1 % produced as 1?N. In the example of a 30-cm D2O sphere given, there
will be 0.0032 x 5200 = 17 times more photoneutrons produced than 1?N neutrons.
Even for a pipe as small as 15 cm in diameter, neutrons from 1?N will be
dominated by those from l^N. Thus, 1?N neutrons can usually be neglected in D2O
systems. This is not, of course, the case for a light-water reactor, where the
deuterium concentration is nearly 7000 times smaller.

The relative dose rates from 1&N gamma rays and from the photoneutrons they
produce will depend on the local volume of D2O, which affects both neutron
production and the relative probability of escape of neutrons and gamma rays
from this volume. Table 1 shows quantities relevant to the calculation of the
relative dose rates, for various average escape distances. (For a sphere, the
average escape distance is 3/4 of the radius.) This very approximate calculation
applies to 1.94 MeV neutrons and 6 MeV gamma rays. It is based on attenuation
only in D2O and not that in any steel walls containing it. However, the
attenuations of 1.94 MeV neutrons and 6 MeV gamma rays in steel happen to be
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shield of a Bruce A reactor (Facey, 1977).
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nearly the same, so this omission is unimportant. The last column shows that
the dose rate from escaping neutrons is only a few percent of that from 1 %
photons.

Measurements of neutron and gamma-ray dose rates made in one of the boiler rooms
of Pickering A are generally in agreement with these estimates of high gamma to
neutron dose ratios. Exceptions are measurements made near the blowout panels,
where it is clear that most of the neutron dose comes from reactor leakage,
rather than from the cooling or moderator systems.

Table 1. Relative dose equivalents from l^N gamma rays and resulting
photoneutrons, that escape from D2O spheres.

ean
scape
istance

cm
20
30
50
75
100

Neutrons
Produced

1 per 7

0.00268
0.00400
0.00669
0.0100
0.0134

Neutron
Escape
Probability

0.252
0.175
0.108
0.0743
0.0577

Gamma
Escape
Probability

0.793
0.706
0.565
0.440
0.355

Neutron D.E.
Gamma D.E.

0.018
0.021
0.027
0.036
0.046

The distribution with energy of dose equivalent from photoneutrons produced by
6 MeV gammas, after moderation in a very large volume of D2O, will be similar
to that shown in Fig. 17. For neutrons from a boiler, the steel wall will reduce
significantly the fraction of the dose equivalent above 1 MeV. Nearly all this
dose equivalent is above the energy threshold for detection by CR-39. For
smaller volumes of D2O an even larger fraction will be at high energies.

Whether photoneutrons from 1°N will be more or less abundant than delayed
neutrons from fission, at a given location in the cooling system, will depend
mainly on the amount of fissile and fission-product material in the primary
coolant, but also on the volume of D2O at that location and the time for the
coolant to travel to that point from the reactor. Gamma-ray spectra measured
near a Pickering moderator heat exchanger in 1986, for example, showed no
indication of fission products. Where fission-product gamma rays have been
measured, it has usually been under conditions where short-lived activities,
such as 1&N, would not be seen. We have not seen any direct comparisons between
16N and fission-product gamma rays.

2.2.3 Delayed Neutrons from Fission Products

When either fission products of fissile material are present in the primary
coolant or moderator, there will be delayed neutrons produced in the heat
exchangers, pumps and piping associated with the cooling circuits. Neutron
emission follows the beta decay of more than 100 identified fission-product
precursors which have half lives from a fraction of a second to 56 seconds.
While neutron spectra from 34 individual precursors have been measured (e.g.,
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Reeder and Warner, 1981; Greenwood and Caffrey, 1985), usually one of two
procedures is adopted to simplify the description of the time-variation of the
spectra. The first divides the emission into (usually 6) groups, each with an
effective half life (Rudstam, 1982; Brady and England, 1989), The second
considers the composite spectra within a number (e.g., 8) of fixed delay
intervals (Tanczyn et al., 1986).

Table 2 shows the grouping of Rudstam (1982). In most locations around the
cooling and moderator circuits of large reactors, groups 2, 3 and 4 are likely
to be the most important. We used the spectra given by Rudstam (1982) to
calculate the distribution of dose equivalent per unit logarithmic energy
interval (E-H*(10)) with neutron energy. The result, shown for group 3 in
Fig. 18, shows that most of the dose equivalent is delivered by neutrons between
0.1 and 1 MeV. Spectra for groups 2 and 4 are quite similar. The total yield
for groups 1 to 4 is 0.0137 neutrons-fission"!. Fig. 19 shows how the emission
rate of delayed neutrons•fission'l varies with time after irradiation in the
reactor.

Table 2. Delayed neutron groups from thermal fission of 235y

roup

1
2
3
4
5
6

Half-life
range
s

55.6
10-30
4-10
1.4-4
0.4-1.4
<0.4

Number of
nuclides

1
5
7
17
24
13

Mean
Half life

s

55.6
21.9
6.0
2.2
0.5
0.18

Intensity
(neut/104

fissions)

6.2
34.5
30.5
66.0
20.7
4.2

Mean
Energy
MeV

0.18
0.41
0.44
0.51
0.39
0.44

When these neutrons are generated within a large volume of H2O or D2O, such as
in a boiler, the spectrum is changed as described in sections 2.1.1 and 2.1.2.
An example of the calculated distribution of H*(10) for this moderated spectrum
is also shown in Fig. 18.

2.2.4 Photoneutrons Produced by Fission and Activation Product Gamma Riys

Fission-product gamma radiation that contributes to doses near the cooling system
is associated with half lives greater than about 2 seconds; i.e. , sufficient time
for fission products to be carried out of the reactor. Spectra of fission-
product gamma rays were measured by Maienschein et al. (1958) and by Fisher and
Engle (1964) at various times after fission. For energies above 0.5 MeV, the
spectra were essentially independent of time, between 2 and 100 seconds. Over
this period, the data of Maienschein et al. can be fitted by the empirical
expression

N(E,t) = 0.46 t-0.73 e-l-lE 0.5 < E < 5 MeV
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This gives N(E,t) in photons -MeV-1. s-l • fission'
1. Here t is the time after

fission in seconds and E is the photon energy in MeV. The fraction of these
photons that have energies above 2.23 MeV, the threshold for photoneutron
production, is given by integrating this expression, yielding 0.147. Hence the
number of photons above 2.23 MeV at any time is 0.068 t"0-73

photons•s"l•fission"!. For these photons the average cross section for
photodisintegration of the deuteron is assumed to be 1.5 mb. In a volume of
D2O having a mean escape distance of 30 cm, the probability that such a gamma
photon produces a photoneutron is

0.602 x 2 x 1.5 10-3 x 30 x 1.11 = 0.003
20

Hence the number of photoneutrons generated is

2.0 10"4 t"0'73 neutrons-s-i-fission-l.

This variation with time after fission is shown in Fig. 19, along with the
production of delayed neutrons. Over the period after fission during which the
fission products are in the external cooling system, delayed neutrons are
considerably more important than photoneutrons from fission products. Direct
measurements of the ratio of photoneutrons produced in a D2O sphere, 24 cm in
radius, to delayed neutrons (Bernstein et al., 1947), are consistent with the
above calculations.

Fig. 20 shows an estimate of the energy distribution of the dose equivalent from
photoneutrons produced by f 'sion-product gamma rays. This estimate makes no
allowance for moderation of the neutrons in a large volume of D2O. Nearly all
this dose equivalent would be detected by CR-39 dosimeters.

Gamma rays from activation products in the moderator or coolant can, in
principle, generate photoneutrons. However, ̂ ^Hn is the only activation product
observed (by gamma-ray spectral measurements) around the Pickering reactors that
emits gamma rays above 2.23 MeV, and these gamma lines are weak. In most
circumstances, these are unlikely to contribute significantly to photoneutron
production.

2.3 Summary of Neutron Spectra around CANDU Reactors

The primary neutron source within the containment of a CANDU reactor is leakage
from the end shielding of the reactor. The leakage spectrum depends on the
mixture of steel and water in the shield. In most stations, the dose equivalents
(H*(10)) in the fuelling machine vaults are from neutrons between 0.1 and 2 MeV.
Exceptions are the Pickering A reactors where, because the shielding is mostly
steel, the leakage spectrum is expected to be considerably softer--mainly between
80 and 800 keV, with a possible strong component at 24 keV. In the F.M. vaults
more than a quarter of the total dose equivalent may be from neutrons.
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Fig. 19
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Variation of the emission rate of delayed neutrons, and of
photoneutrons produced by fission-product gamma rays, with
time since fission.

(R
el

at
i

:io
)

»

12

8

4

0

• i i

- /

- /

' I I I

1

\
\

1

I

\
>

I

1 ' 1

\ ^

1 1 1

1

-

—

-

-

— ^
1

Neutron Energy MeV

Fig. 20 Calculated distribution of dose equivalent from photoneutrons
produced in D2O by fission-produc*" gamma rays.



22

The importance of neutrons from the reactor scattered into areas other than the
F.M. vaults varies considerably from one station to another, depending on the
concrete shielding. Multiple scattering certainly reduces the mean neutron
energy, but the extent of this reduction varies a great deal with the geometry,
and is difficult to calculate.

In areas containing boilers, pumps, moderator heat exchangers and associated
piping, a main neutron source is photodisintegration of deuterium in the heavy
water by 6.1-MeV gamma rays from 1&N. pOr this source, H*(10) is also
predominantly from neutrons between 0.1 and 2 MeV. The neutron dose equivalent
is only a few percent of that from the 6.1-MeV gamma rays. Neutrons from 1?N
are usually unimportant by comparison to those from 1°N, in a heavy-water
reactor.

When there are significant amounts of fissile material or fission products in
the coolant, delayed neutrons from these fission products may be comparable in
intensity to those from 1%. For these neutrons, H*(10) comes mainly from
neutrons between 0.1 and 1 MeV. Photoneutrons from fission-product gamma rays
have similar energies, but are considerably less numerous than delayed neutrons,
except after the reactor is shut down. Photoneutrons from activation products
in the coolant are expected to be much less important.

With the possible exception of Pickering A and of areas where multiply-scattered
neutrons from the reactor provide the main neutron dose, most of these doses are
from neutrons above 0.1 MeV. Lower energy neutrons may provide a substantial
fraction of the total fluence even when they deliver an unimportant part of the
dose equivalent.

3. PERSONAL NEUTRON DOSIMETRY WITH CR 39

3.1 Introduction

CR-39 plastic is used for damage track neutron dosimeters because, of all
plastics investigated, it records tracks of recoil protons of the lowest dE/dx
and hence of the highest energy. A CR-39 dosimeter is a sheet, typically 25 mm
square and 0.5 mm thick, sealed in polyethylene. Depending on the energy range
to be covered, there may be a polyethylene (or other) "radiator", 1 to 2 mm
thick, against the CR-39. Recoil protons generated in this radiator enter the
CR-39 and enhance the response at energies above about 0.3 MeV; at lower energies
most of the response is from recoil protons produced in the CR-39 itself. The
contributions of these two components are shown in Fig. 21, which also
demonstrates that the calculated response, shown by the solid curve, agrees with
that measured.

Thermal neutrons can be detected (with high sensitivity) by having a radiator
against the CR-39 containing boron or lithium, in which thermal neutrons generate
alpha particles, or nitrogen in which they generate protons. This radiator may
cover only a small part of the CR-39 surface.

Damage tracks are etched in KOH or NaOH solution to enlarge them. Both normal
chemical etching and electrochemical etching (ECE) are used. In ECE, an



23

alternating electric field of around 20 kV/cm (RMS) is applied between the two
sides of the CR-39 sheet during etching. ECE has the advantages that tracks
can be made larger, and thus counted at lower optical magnification, and that
neutrons of lower energy (by a factor of 2 or 3) can be detected. It has the
disadvantages of requiring more time, work and equipment, and therefore being
more expensive. Many of the characteristics of CR-39 discussed below (and
particularly the energy response) are affected by the details of the etching
technique. Unless otherwise mentioned, the properties described in the following
sections apply to CR-39 that is electrochemically etched approximately as
described in section 3.10.

Etched tracks are counted either by eye on the screen of a microfiche reader,
or under a microscope using an automatic counter. CR-39 is made by at least 8
manufacturers. Brief comparisons of the properties of different brands are
given by Alberts et al. (1991) and Azimi-Garakani and Wernli (1991).

3.2 Enerpy Response

The variation of response with energy is particularly important because, in
common with most other neutron dosimeters, CR-39 can have an energy threshold
below which it is very insensitive. This threshold depends on the etching and
counting techniques and on the brand of CR-39 used. As described in section 2,
there may be areas around a CANDU reactor where an important fraction of the dose
equivalent lies below this threshold.

Fig. 22 shows examples of 6 responses obtained in different laboratories. The
shapes of these curves are understood (Cross et al., 1987) and can be predicted
if one knows the upper and lower limits on proton energies and the maximum
incident angle for which a proton track can be detected. These limits depend
on the etching conditions, and the curves of Fig. 22 differ primarily because
of different conditions used. The part of these curves above 1 MeV is affected
by the radiator material and thickness (Al Najjar and Piesch, 1987; Cross et al.,
1987) and the amount of etching, while the low energy response depends on the
electrical field strength used for etching (Cross et al. , 1987; Tommasino, 1987;
Alberts et al., 1991) and the thickness of the CR-39 removed by etching
(Fernandez et al., 1988, 1991). For given etching conditions, both the low and
high energy responses may depend on the brand of CR-39 used.

By increasing the electrical field during etching to 40 keV/cm, the threshold
energy for detecting normally-incident protons can be decreased to 10 keV (Cross
et al., 1986; Tommasino et al., 1984) and the threshold energy for neutron
detection is also reduced. However, this field results in improved detection
of microscopic imperfections in the CR-39 and thus increases the background.
In many circumstances it appears to be preferable to accept the threshold energy
response shown in Fig. 21 in order to have a lower and more stable background.

By using a radiator composed of two or more layers containing different
proportions of hydrogen, it is possible to flatten considerably the response
above 1 MeV (Luszik-Bhadra et al., 1991a; Matiullah et al., 1991), at the cost
of a modest decrease in overall sensitivity. Below the threshold, the response
can be improved by adding a thermal neutron detector, shielded from incident
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thermals, to detect albedo neutrons (see section 5) and combining this with the
fast neutron response. The effectiveness of this approach has been demonstrated
by Luszik-Bhadra et al. (1991a, 1991b), with the results shown in Fig. 23. The
response for 24 keV neutrons is 30% of that at high energies. It is possible
to reduce the dip in this curve at 70 keV. The energy responses of albedo
detectors are discussed in section 5.2. Fig. 24 shows the arrangement of
radiators used by Luszik-Bhadra et al. (1991a).

The measured sensitivity for 24 keV neutrons, relative to that for thermals,
shown in Fig. 23 (30%), is about 2 times higher than would be expected from
calculations on albedo neutrons (Alsmiller and Barish, 1974). Fart of the
difference can be explained by moderation of the 24 keV neutrons in a
polypropylene radiator. The measurements at 24 keV appear to have been done
very carefully. It is desirable that this apparent discrepancy be resolved.

For the results shown in Fig. 23, the thermal neutrons were detected by having
a thin (n,p) radiator (3 mm of air) over the whole sensitive area of the CR-39.
However, it may be preferable to separate the measurement of the thermal and fast
neutron components by covering only a small part of the CR-39 with an (n,p) or
(n,a) radiator. By using boron, rather than the nitrogen in air, the sensitivity
to thermals can be much higher, statistics improved and smaller doses from low
energy neutrons can be measured. There are advantages to knowing the separate
doses from thermal and fast neutrons.

It is not necessary to have the sensitivity to thermal and fast neutrons equal,
but only that they each be known. The measured "thermal neutron dose" includes
contributions from albedo neutrons, but, because the response of an albedo
detector falls so much with increasing energy (Fig. 39), most of the response
in typical spectra around reactors will be from neutrons below 20 keV.

Various radiator materials have been used for thermal neutrons (Harvey and Weeks,
1987). These include LiF, Li2B4Oy-in-teflon TLD's, boron nitride paint and
coated plastic manufactured by Kodak. The sensitivity of a "thick" boron layer
(i.e., thicker than the range of the 1.49 MeV alpha particles from the
10B(n,a)7Li reaction) is proportional to the concentration of 10B. This
sensitivity can easily be made much higher than is needed for personal dosimetry.
For example, a thick layer of pure l^B would give a track density of 3 times the
background in CR-39 for a thermal neutron dose of 0.02 /iSv. A more useful
sensitivity is a few hundred tracks • cm~2 • JJSV'1 , which permits the detection of
less than 1 /uSv. It is obviously important to have a radiator material in which
the concentration of boron is reproducible.

It is possible to obtain crude information on neutron spectra by comparing the
readings of CR-39 detectors designed to have different energy responses. One
method is to use a combination of hydrogenous radiators and metallic absorbers
of various thicknesses (Cross, 1986, Matiullah and Durrani, 1987). Another is
to use a set of radiators of various thicknesses (Dajko and Somogyi, 1986). A
third is to combine readings of CR-39 and Makrofol detectors (Luszik-Bhadra et
al., 1991a). However, these and other methods only give spectral information
above about 2 MeV and are of little use around CANDU reactors.
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The response relative to Hp(10), as a function of neutron energy,
for neutrons incident normally on the CR-39-radiator combination
shown in Fig. 24, mounted on a phantom. The open squares show the
response of a Makrofol E detector (Luszik-Bhadra et al., 1991a).
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Arrangement of radiators and detectors used by Luszik-Bhadra et
al. (1991a). This operates as a combination fast neutron and
albedo neutron dosimeter.
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3. 3 Angular Response

The variation of the reading of a CR-39 detector with the direction of incident
neutrons has long been considered a major defect of these dosimeters. It results
from the properties of (n,p) scattering, the fact that protons must escape from
the radiator into the CR-39 and the inability of the etching process to reveal
tracks of recoil protons at large angles to the surface normal. It is affected
only slightly by the etching technique. As long as a single planar detector is
used, no way of avoiding this error is known, although it can be reduced
slightly.

The magnitude of this error has decreased somewhat with the adoption of Hp(10)
as the quantity to be measured by a personal dosimeter. For measurement of
Hp(10) (or of H'(10), which is a more precisely defined substitute for Hp(10)),
the response to a given neutron fluence should vary with the neutron direction,
because Hp(10) depends on attenuation in the first 10 mm of tissue, and this
attenuation increases with the angle of incidence. The shape of the desired
angular response varies with neutron energy.

The results of calculations of H'(10)/H*(10) (which gives the angular variation
of H'(10)) have been summarized by Harvey (1987) and by Siebert and Mohrhart
(1989). Curves for some of these angular responses are shown in Figs. 25 and
26. Figs. 27 and 28 show some examples of measured and calculated responses in
a monodirectional fluence. Fig. 29 shows examples of angular responses relative
to H'(10). There is a modest improvement, particularly at very large angles.

Various methods have been proposed to obtain improved angular response. One is
to bend the CR-39 dosimeter into a cylindrical shape (Al Najjar and Piesch,
1987, 1988). The dosimeter is subsequently unbent before processing. Another
method is to combine the track densities in 2 or 3 flat dosimeters oriented at
various angles to each other (Matiullah and Durrani, 1987a, 1987b; James et al. ,
1987, Harvey, 1992). Both of these methods give angular responses that are
nearly either rotationally symmetrical or isotropic, but that do not reproduce
the required variation of H'(10) with angle. Nevertheless, at most energies they
have a better angular response than a planar detector. Their disadvantages are
that the detector is significantly larger and more awkward to wear, and that
processing is more time-consuming and costly than for a single, flat detector.

A method of correcting the reading of a planar detector for angle has been
proposed by Pitt and others (Pitt et al., 1985; Guldbakke et al., 1990). A
comparison of track densities under radiators of several different thicknesses
is used to get information on both the energy and direction of the neutrons.
However, it has not yet been shown to work successfully in fields distributed
in both energy and angle.

When workers are moving around in an extended and multidirectional neutron field,
such as usually occurs in a CANDU containment, it is reasonable to assume that
their exposure is nearly rotationally symmetric about a vertical axis. For this
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assumption, the average responses for 252cf fission neutrons, 500 keV and 144
keV neutrons are (from Fig. 29) 0.54, 0.59 and 0.60, respectively, of their
response for normal incidence. If the calibration of dosimeters is based on an
assumed response equal to 55% of that at normal incidence, then the error due
to angular response will not exceed a factor of about 2 and is likely to be much
smaller.

Such personnel could be exposed to approximately double the neutron dose
indicated by even a dosimeter with a perfect angular response, because of the
effects of body shielding, and this could also be taken into account in
calibration. Because of the uncertainty in dose introduced by self shielding
and by the unknown movements of the worker, it may not be considered worthwhile
to try to improve the angular response, unless two or more dosimeters are
distributed around the body. This applies to any type of personal neutron
dosimeter.

3.4 Background

Unirradiated CR-39 shows, after electrochemical etching, a track density of
between 10 and 100 tracks-cm"2 (or higher) caused by the etching of microscopic
imperfections in the plastic surface. This background density varies from one
brand of CR-39 to another (Piesch et al., 1989; Alberts et al., 1991; Azimi-
Garakani and Wernli, 1991). What is more troublesome is that some sheets from
the same batch may have significantly higher backgrounds and there may be
fluctuations exceeding statistics over a single sheet. For some brands (e.g.,
American Acrylics) the background on one side is 5 to 10 times higher than on
the other, but it is quite practical to always use the low-background side for
measurements.

Background can be reduced by preceeding electrochemical etching with a short
chemical etch, but this may increase the minimum energy of neutrons that can be
detected. The background increases with the strength of the electric field used
in electrochemical etching (Cross et al., 1986; Piesch et al., 1989).

Considerable effort has gone into attempts to produce CR-39 with a lower and
more reproducible background, but the improvements have not been striking.
Lantrak CR-39 has the lowest background, but it also has lower sensitivity, and
the background in terms of /zSv of neutrons is not improved. While background
fluctuations limit the minimum dose that can be detected, this limit is low
enough for radiation-protection purposes, particularly when doses received over
a period of months are measured.

3 . 5 Range of Doses

The minimum detectable dose is limited by fluctuations in the background. When
defined by three standard deviations of the background, it varies among different
brands of CR-39 from about 0.04 to 0.11 mSv (Alberts et al. , 1991). Participants
in a 1986 EURADOS-CENDOS intercomparison experiment obtained values from 0.04
to 0.24 mSv for detector sheets of good quality (Piesch et al., 1989). These
values may be larger than the minimum measurable gamma dose but, because neutron
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5

i

10*

103

102

10

1

—

y-

i i ni| 1• • t-r nni|"

/

<

i i n i l i i i i i m l

"i/rntur

—

—

i i i i 11 ii

102 103 10*
Dose (uSv)

105
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The response is linear to about 4000 tracks-cm"2 (Hankins et al.,
1988).
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doses are typically smaller than gamma doses, they can be measured over longer
periods and the minimum dose level becomes less important.

The maximum measurable dose is limited by the overlap of electrochemically etched
tracks. While the maximum countable track density depends on the size of the
etched tracks and is somewhat arbitrary, counting becomes difficult when track
densities exceed about 6000 tracks•cm"2. This typically represents a dose
equivalent of 9 to 12 mSv. However, track densities up to 18 000 tracks-cnr2
have been measured on a non-linear scale (Hankins et al., 1986).

If it is considered necessary to be able to measure a high accidental dose, one
of two methods can be used: electrochemically etching only one side of the CR-
39, or having a second dosimeter in the badge. In the event of a suspected high
dose, the remaining side or second dosimeter can be etched chemically. This
gives much smaller tracks and permits measurement of doses up to a Gy or more.

3.6 Linearity

The track density should be a linear function of dose equivalent up to densities
where an appreciable fraction of the tracks is not counted because of overlap.
This obviously depends on the size to which trf-.ks are etched. Hankins et al.
(1988) obtained linearity to 4000 tracks-cm"2 for etching conditions close to
those described in section 3.10. His results are shown in Fig. 30. Linearity
was tested in a 1990 EURADOS-CENDOS intercomparison exercise (Alberts, 1991).
Among thirty participating groups, some obtained a linear response up to about
3000 tracks•cm"2, while others found pronounced non-linearity at a few hundred
tracks-cm"2.

It is evident that some factor affecting the linearity is not generally
understood. Participants did not state whether track counting was done
automatically or by eye. Neutron tracks have a considerable range of sizes and,
when counting by eye, there may be a greater chance of overlooking the smallest
tracks when the density is high. In principle, this should not happen with an
automatic counter. In any dosimetry service it is essential to determine the
relation between track density and dose for the particular counting technique
used.

3.7 Response to Gamma Radiation

Gamma rays of the energies found around a CANDU reactor (<6.1 MeV) do not
generate any heavy charged particles in the light elements of a dosimeter, with
the trivial exception of the deuterium component of hydrogen. CR-39 dosimeters
are therefore effectively insensitive to gamma rays. Extremely high doses (tens
of Gy) of gamma radiation affect the etching properties of CR-39 and its
transparency after etching.

3.8 Ageing Effects

Three effects may occur over time in damage track detectors such as CR-39:

(1) fading of latent tracks during the time between irradiation and etching,
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(2) decrease of sensitivity with time between manufacture and use, and
(3) increase of background with time after manufacture.

These effects, which have been summarized by Bartlett (1987), have been found
to vary among different brands of CR-39, and sometimes among different sheets
from the same manufacturer. The results often depend on storage conditions,
but are not always consistent.

3.8.1 Fading

Over a seven-month period at room temperature, Hankins et al. (1986) found
negligible fading of electrochemically-etched neutron tracks from 252cf in

American Acrylics CR-39. At 40°C, 18% of the tracks were lost in six months.
Similar results were found by Harrison et al. (1986), using CR-39 from Bristol
University and Pershore. Bartlett et al. (1986) found no fading, even at high
temperature and humidity over 4 months. Piesch et al. (1989) found no fading
in American Acrylics or Pershore CR-39 stored for a year in either air or
nitrogen. In summary, there is no evidence of fading over six months at
"ordinary" room temperatures.

3.8.2 Sensitivity Changes

When tracks are etched shortly after irradiation, the number of
tracks-cm"2-^Sv-1 is sometimes found to decrease with the age of the CR-39 since
manufacture. Because it is suspected that the presence of oxygen may contribute
to this effect, storage in nitrogen has been tested. Harvey and Weeks (1986)
found a 40% decrease over six months, with no difference between storage in air
or nitrogen. Bartlett et al. (1986) observed a 30% decrease for storage in air,
but no change for storage in nitrogen, in contrast to Harvey and Weeks. Harrison
et al. (1986) found no change in sensitivity for Pershore CR-39 at room
temperature, but 10 - 30% losses in Bristol CR-39. At -20°C, the sensitivity of
Pershore CR-39 decreased by 5% per month. Piesch et al. (1989) found no
significant loss in American Acrylics plastic, but a 35% loss in Pershore
plastic, after one year's storage in air. Hankins et al. (1988) found negligible
change in the sensitivity of American Acrylics CR-39 after a year of storage in
darkness. Portwood et al. (1986) observed that the loss of tracks probably
results from a decrease with age of the rate of etching along a track.

Both fading and loss of sensitivity would have similar effects on a dose received
over an extended (e.g. , six month) period. Fading would result in loss of latent
tracks produced near the beginning of the period, while a decrease of sensitivity
would lose tracks produced near the end. There is no clear indication that CR-
39 should be stored at low temperature. Storage in nitrogen appears to reduce
fluctuations in sensitivity. Anyone setting up a CR-39 dosimetry service should
test the particular type of CR-39 used, for the storage conditions adopted.
Until it is demonstrated that loss of sensitivity is unimportant in a given case,
dosimeter periods of more than 6 months are not advisable.

3.8.3 Increase of Background

While many observers have seen an increase in background tracks over periods of
months, the amount of the increase varies, not only between brands but also
between sheets from the same batch. One component of this increase can be
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exposure to Rn and its daughters, but this is virtually eliminated by a layer
of protective plastic, 100 pw or more thick, on both sides of the CR-39, and
this packaging has been adopted by many manufacturers. A second component is
from the environmental neutron background (about 40 fiSv-a'^-). Piesch et al.
(1989) found no increase in background in American Acrylics plastic, but found
a significant increase in Pershore plastic over a one-year period. Durrani and
Matiullah (1988) found a 2.4-fold increase in Pershore material over 15 months.
In a dosimetry service, it is necessary routinely to measure background in a
number of samples from each sheet of CR-39 used.

3.9 Environmental Effects

At 40°C, an 18% fading of tracks over six months was noted in the previous
section. In a plastic in which fading occurs, a decrease in sensitivity is also
to be expected at high temperatures. We are not aware of any data on this point.
For the degree of fading observed for American Acrylics CR-39, this is not
expected to be a significant problem for personal dosimeters, since personnel
in CANDU stations are not likely to be exposed to such temperatures for a long
period. It might, however, be a problem if dosimeters are used for environmental
measurements in thermally hot areas. High humidity does not appear to have much
effect (Benton et al., 1981).

CR-39 is usually stored in darkness. Hankins et al. (1988) found that CR-39
stored in ambient light had decreased sensitivity and increased background.
Exposure of bare CR-39 to the tropical summer sun for 6 months decreased the
sensitivity of Pershore plastic to 13% of its initial value (Mattiulah et al.,
1991). It is not clear how much light is needed to give a noticeable effect.

3.10 Etching:

A great variety of combinations of chemical and electrochemical etching
techniques have been explored. Currently, the most widely used electrochemical
etching procedure is about 5 hours in 6N KOH at 60°C. A 50 to 100 Hz electric
field of 20-25 kV/cm (RMS) is applied across the CR-39. This requires 1000 to
1250 volts AC. If there are variations in the thickness of CR-39 dosimeters,
the voltage should be adjusted to maintain the desired field strength. Etching
is done in a constant temperature oven. Some experimenters preceed electro-
chemical etching with a chemical etch lasting about an hour. This reduces
background but may eliminate tracks from low-energy protons, and is not advisable
when neutrons below 200 keV provide a significant part of the dose. ECE at 50 -
100 Hz is often followed by a short (45 minutes) electrochemical etch at 2 kHz,
which enlarges the tracks considerably. The complete procedure takes most of
a working day.

3.11 Cost

The cost of a CR-39 dosimetry service depends on the number of dosimeters
handled, the records required and the nature and extent of interactions with
customers. Only part of the cost comes from the technical processing and reading
of the dosimeters. The latter cost might amount to $10 per dosimeter for a
large-scale service. At CRL, where neutron doses rarely exceed 1 mSv-a~l, it
is considered adequate, for regulatory purposes, to process neutron dosimeters
every 6 months. For the small number of dosimeters (about 400) handled, and the
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need to process special dosimeters in very small numbers, the average cost is
believed to be around $25 per dosimeter. This includes measurement of both the
fast and thermal neutron dose equivalents.

3.12 Summary of Characteristics of CR-39 Dosimeters

The energy response of electrochemically-etched CR-39, for normally-incident
neutrons, is reasonably flat between 0.1 and 3 MeV--the region from which the
most important part of the dose equivalent around a CANDU reactor is expected
to come. A limited area of these detectors can easily be made sensitive to
thermal neutrons and so can operate as an albedo detector. There is still an
"energy gap" between 10 keV and 80 to 100 keV, where the response is low by 3
or 4 times, and there may be locations where a significant part of the dose
equivalent lies in this region.

The response decreases with angle to the normal and is low by a factor of about
4 at 90°. This is the greatest defect of these dosimeters. While various
schemes to correct this response have been investigated, none is really
satisfactory for practical measurements, and there are no obvious solutions on
the horizon.

Whether or not this leads to serious errors depends on how much an individual
moves around in the neutron field. Unless a person works predominantly in the
same place, facing in the same direction, it is likely that during the period
a dosimeter is worn (e.g., 6 months) he or she will be irradiated nearly
rotationally symmetrically and a correction for angular response can be made.
Whatever dosimeter is worn, some such assumption is needed to correct for
shielding of the dosimeter by the body.

A typical sensitivity is 0.6 tracks-cm~2-/JSV-1. The minimum detectable dose
equivalent is 50 to 80 fiSv from fast neutrons and less than 10 /iSv from thermals,
limited primarily by fluctuations in the background. This is more than adequate
for a 3 or 6-month integration period. The track density is a linear function
of dose equivalent up to about 4000 tracks•cm"2! or about 6.5 mSv. (However,
some laboratories do not obtain this linearity.) While it would be desirable to
have a wider range, this is adequate for all but serious accidental doses.

Provided that the brand of CR-39 is carefully chosen and reasonable precautions
are taken in storing and handling it, there is no significant fading and little
change in sensitivity and background over a period of 6 months to a year.
However, there are unexpected variations (particularly in background) between
one sheet and another, and frequent tests to assure reproducibility are
necessary. Temperature changes to which personnel are likely to be subjected
are not a problem.

The detector has negligible sensitivity to gamma radiation.
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4. BUBBLE AND SUPERHEATED DROP DETECTORS

4.1 General Properties

The two types of bubble detector--one developed by Apfel (1979) and the other
by Ing and Birnboim (1984)--both operate on the. principle that droplets of
superheated liquid, dispersed through an inert gel-like medium, can be triggered
by the heat deposited in them by charged particles and "explode" into bubbles.
In Apfel's "superheated drop detector" (SDD), the gel is sufficiently liquid that
the bubbles rise to the surface. In Ing and Birnboim's "bubble detector", the
gel is a stiff polymer. Bubbles grow to a visible size within a few minutes and
are trapped permanently where they are formed.

Both superheated drop and bubble detectors can be stored in an inert state by
being pressurized above the vapour pressure of the droplets. They can be
activated by unscrewing a cap to release the pressure.

The number of bubbles formed is determined differently for the two types. In
the SDD, the vapour produced displaces a piston which is read like a thermometer.
Alternatively, the explosion of individual bubbles can be detected acoustically
and recorded electronically. In the bubble detector, the number of bubbles can
be counted by eye or by an automatic optical scanner. Bubble detectors counted
by eye or SDD's measured by piston displacement have the advantage of almost
instant readout without auxiliary equipment.

Many of the characteristics of the two types could be made the same, although
they may differ in the models currently available commercially. These models
have cylindrical shapes and contain a few cm3 of gel. Fig. 31 shows the
appearance of the SDD "Neutrometer" on the left and the BD-100R bubble detector
on the right.

4.2 Energy Response

According to the published theory of these detectors (Apfel et al., 1985; Lo
and Apfel, 1988), most bubbles are triggered by heavy recoil ions (C, F, Cl)
generated by neutrons within the droplet itself. However, there is evidence
that lighter ions (alpha particles and protons) can also trigger droplets (H.
Ing, private communication). The minimum triggering energy, and hence the
minimum energy of neutrons that can be detected, depends on the degree of
superheat; i.e., on the difference between the boiling point of the droplet
material and the ambient temperature. The droplet material, which usually
contains hydrocarbons and/or chlorinated fluorocarbons, is chosen to have the
desired superheat and hence a selected energy threshold for neutron detection.
For example, the estimated minimum energies to trigger a bubble at room
temperature are 14 keV for Freon-12 and 117 keV for isobutane (Lo and Apfel,
1988). Detectors have been made with neutron thresholds below 24 keV. However,
these have an undesirably large variation in energy response above the threshold
(Pollock, 1988), and the more widely used commercial detectors (SDD-1OO1, BD-
100R2) have thresholds between 100 and 200 keV.

Manufactured by Apfel Enterprises, New Haven, CT.

2 Manufactured by Bubble Technology Industries, Chalk River, Ontario.
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Fig. 31 The left-hand picture shows the appearance of the SDD self-reading
"Neutrometer" ; that on the right shows an unirradiated and irradiated
BD-100R.
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Fig. 32 Energy response of the BD-100R relative to fluence (upper curve)
and to dose equivalent (lower curve).
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The measured response of the BD-100R bubble detector is shown in Fig. 32. The
response is shown both in terms of fluence (upper curve) and dose equivalent
(lower curve). Above the threshold, the dose equivalent response decreases by
about a factor of 2 between 0.3 and 3 MeV. Other measurements are by Perks et
al. (1988), Lo and Apfel (1988), Cousins et al. (1990), Schwartz and Hunt, 1990
and Liu and Sims (1990). Not all these measurements are in agreement.

In Fig. 33, the points show the response per unit fluence for the SDD-1OO (Apfel
and Lo, 1989), while the curve shows the ICRP dose equivalent/fluence. The
energy response of this detector appears to have the desired shape between 200
keV and 14 MeV.

Below the "threshold", these and other measurements show a significant response
at 2 and 24 keV. However, the small contamination of high-energy neutrons in
the filtered beams used for these energies produces a response several times
larger than the values given and, after correction for this contamination, the
given values may have considerable errors. According to Lo and Apfel (1988),
the theoretical response at 24 keV is more than two orders of magnitude below
that shown in Fig. 33. The values at these energies should be treated with
caution.

One measurement (Perks et al., 1988) showed a large increase in response at 27
keV, which was attributed to a sharp resonance in the scattering cross section
of l^F, If this is correct, similar peaks near the resonances at 49 and 99 keV
would be expected. A peak at 100 keV has apparently been seen in the response
of the BDS-100 detector (Ing and Tremblay, 1988). The measured response near
100 keV may therefore be extremely sensitive to the precise energy used.

If droplets contain Cl and have a sufficiently high degree of superheat (e.g.,
Freon 12), they may be triggered by ions from the 35ci(n,p)35s reaction and thus
be sensitive to thermal neutrons. This is the case for the BD-100 and SDD-100,
but not for the BD-100R, which contains no Cl. The relative sensitivity to
thermal and fast neutrons would depend on the Cl content. Thermal neutron
sensitivity has also been obtained in experimental detectors by adding a Li
compound to the polymer. This approach has the advantage that the thermal
neutron sensitivity can be adjusted to match that at high energies. A detector
containing such material and under a Cd shield could be used as an albedo
detector having almost instant readout.

Wang (1991) has calculated the response of thermal-neutron-sensitive SDD-100
dosimeters surrounded by various thicknesses of polyethylene to thermalize the
incident neutrons. This produced a reasonable energy response between thermal
energies and 10 keV--a region that contributes a negligible fraction of the dose
equivalent. However, the response varied by a factor of 5 over the energy region
40 to 400 keV, which is of considerable importance around a CANDU reactor. The
weight of the shielded dosimeter would be around 200 g or more.

4.2.1 Spectrometrv

By using a variety of droplet materials, detectors have been made with thresholds
from below 25 keV to 10 MeV, and a set of such detectors is available for use
as a crude neutron spectrometer (Ing and Tremblay, 1988) at a cost of about
$5000. An alternative method (White et al., 1991), is to use a single detector
under various applied pressures to give different thresholds. In both methods
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the thresholds only apply at a particular temperature (20oc)t whereas in many
areas inside CANDU containments the temperatures are considerably higher.
Spectrometer detectors should therefore be used in thermally-insulated
containers. Up to about 25°, corrections for temperature changes can be made.
High-threshold detectors are particularly sensitive to temperature changes.

Since both these methods depend on the differences in the responses of different
detectors, they have considerable statistical errors resulting from the
relatively small number of bubbles that can be counted. Errors due to variations
in sensitivity between individual dosimeters may also be important (Millett et
al., 1991). Devine et al. (unpublished) found that the sensitivity of individual
detectors varied during successive re-use. It has yet to be proven that this
is a reliable method of measuring neutron spectra around a reactor.

4.3 Angular Response

Since SDD's and bubble detectors are sensitive throughout a small volume rather
than just on a surface, they intrinsically have a nearly isotropic response.
This angular response is ideal for measuring ambient dose equivalent, but not
for personal dose equivalent, Hp(10). The angular response required for
measuring Hp(10) is discussed in section 3.3 and shown in Figs. 25 and 26. The
departure from an isotropic response is particularly large for energies of 0.5
MeV and lower--a region that is important around CANDU reactors. Whereas CR-39
underresponds at large angles to the normal, bubble and SDD detectors overrespond
at large angles, by the reciprocals of the values shown in Figs. 25 and 26; e.g. ,
by a factor of 5 for 570 keV neutrons at 90°.

The angular variation of Hp(10) arises from the angle-dependent attenuation of
neutrons in the outer 10 mm of the body. It could be simulated by having a
planar layer of plastic, 10 mm thick, in front of a bubble detector or SDD, but
it would probably be necessary to reduce the diameter of the detector. The
resulting dosimeter/attenuator combination would still be considerably larger
than present personal dosimeters. Experimental planar bubble detectors have been
made and, when covered with 10 mm of plastic, should have a good angular
response. However, they have other disadvantages in comparison with cylindrical
detectors.

As in the case of CR-39 detectors (section 3.3), one can assume that a worker
moving around in a multidirectional field is, on the average, Irradiated more
or less symmetrically about a vertical axis. With this assumption one can
correct for a poor angular response by appropriate calibration. The resulting
error may well be smaller than the error caused by neutron attenuation in the
body, unless two or more dosimeters are distributed around it.

4.4 Background

Negligible inherent background is produced by a bubble detector or SDD itself.
A detector that is activated for a long period accumulates bubbles from
environmental neutron background which, in the absence of local sources, may
amount to about 40 ^Sv-a'l. This does not happen when a detector is stored
under pressure. Background bubbles can be produced by mechanical shock; e.g.,
when a detector is dropped on the floor.
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4.5 Sensitivity and Range of Doses

A valuable characteristic of SDD and bubble detectors is that the sensitivity
(bubbles-/iSv-1) can be varied over a wide range. The sensitivity depends on
the total volume of droplets and is usually changed by changing the number of
droplets. For a personal dosimeter the "standard" sensitivity for bubble
detectors is from 0.1 to 0.5 bubbles-/iSv-1, and for the SDD Neutrometer it is
0.7 bubbles-/iSv-1. Both types have been made with sensitivities exceeding
3 bubbles-/iSv"l. The latter are useful primarily for environmental measurements.

Since the background is essentially zero, the minimum detectable dose is
determined by the sensitivity and by counting statistics. For a normal dosimeter
(0.1 bubbles-/JSV"1) a dose equivalent of 20 to 30 /iSv (2-3 mrem) can be detected.

The minimum dose equivalent read by piston displacement with the standard
Neutrometer is about 50 /iSv. For 3 bubbles-/iSv"! a 5 fiSv dose equivalent could
be determined with a lu uncertainty of about 26%.

The upper limit of a bubble detector comes from the difficulty of counting large
numbers of bubbles. Many observers feel that 50 bubbles is about the maximum
number that can conveniently be counted by eye, although others count up to 100.
With a video camera and automatic counting, the limit is extended to about 500.
Since 5 bubbles is about the smallest number to which one would want to assign
a dose, the dynamic range of a self-read bubble detector is about 10 (e.g., from
50 to 500 /zSv). While this range probably covers the majority of doses received
in normal work around a reactor, such a low upper limit is undesirable. The
limit could be extended by having two dosimeters of different sensitivities, but
the cost would be doubled. The range of a Neutrometer is larger (50 to
7500 /iSv).

Although a bubble detector or SDD can be made more sensitive than any other
small personal neutron dosimeter, it is often not practical to use this high
sensitivity in a standard personal dosimeter, because the measurable upper limit
of dose equivalent would then be too low.

4.6 Linearity

The main cause of non-linearity in bubble detectors is the difficulty of counting
large numbers of bubbles, particularly when they are read by eye without optical
projection. The main problems are then overlap and remembering whether or not
a given bubble has been counted. Liu and Sims (1990) found linearity between
20 and 90 bubbles, the lower limit being set by the statistical errors of
counting small numbers. Some of their results are shown in Fig. 34. Ipe et al.
(1988) found linearity between 8 and 35 bubbles, while Perks et al. (1988)
extended the upper limit to 500 bubbles by counting on a photograph of the
detector. The latter upper limit can also be obtained when a video camera and
automatic scanning are employed. The range of linearity is also affected by the
time between irradiation and counting, during which the bubbles grow larger and
their overlap increases. The dose equivalent ranges corresponding to the above
values of course vary with the sensitivities of the detectors.
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For a "standard" bubble detector of 0.06 bubbles •/iSv-1 _ the linear range explored
by Liu and Sims was 400 to 1770 /xSv. This limited range is one of the
disadvantages of these detectors.

When SDD's are counted acoustically, several thousand bubbles can be counted.
Non-linearity results from depletion of a significant fraction of the droplets,
leading to a relation N = No(l-e~kH) between the number of bubbles, N, and dose
equivalent H, where N o is the initial number of droplets and k is a constant.
An example of the variation of bubbles vs dose equivalent (d'Errico and Apfel,
1990) is shown in Fig. 35. The sensitivity of the Neutrometer decreases as the
accumulated dose increases up to a maximum of 7.5 mSv, and this is taken into
account on the scale provided.

Acoustical counting of SDD's is not suitable for high dose rates, since the dead
time leads to a loss of counts.

4.7 Gamma-Ray Sensitivity

Superheated drop and bubble detectors designed for neutron measurements are
insensitive to gamma rays at all energies below those capable of producing
photonuclear reactions in the constituents. It has not been established at what
energy gamma sensitivity becomes significant, but it is probably above 8 MeV.
Ipe et al. (1988) found the sensitivity to bremsstrahlung with a maximum energy
of 6 MeV to be 20 000 times smaller than to an equal dose equivalent of neutrons.
This sensitivity may have resulted from neutron contamination in the beam or from
photodisintegration of the deuterium component in the polymer. Exposure to 15
Gy of 60co produced no bubbles. Millett et al. (1991) reported a sensitivity
of 0.16 bubbles-mSvl. We do not know the reason for this discrepancy. Gamma-
ray sensitivity is not expected to be a problem for use around CANDU reactors.

4.8 Ageing Effects

There is little fading in bubble detectors; once formed, a bubble lasts
indefinitely, although as it grows it may coalesce with an adjacent bubble and
disappear. There is negligible change in sensitivity for detectors stored under
pressure for a year. However, there is a serious loss of sensitivity with time
in activated detectors, presumably caused by slow diffusion of the droplet
material into the gel. The nominal "lifetime" over which a BD-100R bubble
detector can remain activated without an unacceptable loss of sensitivity is
about 4 weeks. The effect of temperature on this lifetime is not known.

We do not have comparable data for the SDD, but expect that its loss of
sensitivity would be just as important. This loss of sensitivity limits the
period over which doses can be integrated.

To avoid loss of sensitivity, bubble detectors can be repressurized frequently.
This converts bubbles back to droplets and returns the sensitivity to its
original value. It is done either by putting the dosimeter in a pressure chamber
or by screwing in a small piston mounted on each dosimeter. The manufacturers
recommend daily repressurization. However, measurements of the reusability of
BD-100R dosimeters (Liu and Sims, 1990) in which dosimeters were repressurized
every 4 days, every week or every two weeks, showed no steady decrease in
sensitivity and gave a root mean square variation in successive readings of 15
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to 33%. This and other measurements show that these detectors can be reused
many times over a period of several months. If bubbles are allowed to grow too
large before repressurization, the pressure and time needed to remove all the
bubbles may increase and eventually some bubbles will not condense.

The need to record doses daily or every few days may be a practical
inconvenience. However, the addition of many small doses does not introduce
errors, as it does in the case of TLD's, because, since the background in a
bubble detector is essentially zero, no statistical errors arise from subtracting
it.

The useful life of a Neutrometer is stated to be a month for low doses, but only
a day when a dose as large as 1.25 mSv has been registered.

4. 9 Temperature Dependence

The minimum recoil energy needed to trigger bubble formation depends sensitively
on the ambient temperature. As a result, both the neutron threshold energy for
detection and the probability of detecting neutrons above this energy will be
temperature-sensitive. The degree of sensitivity increases with the threshold
energy.

In Fig. 36, the solid curve shows the temperature dependence of the sensitivity
of a BD-100R bubble detector. Between 20° and 40°C, the number of bubbles •/iSv
1 increases by approximately 5% per degree C. The temperature dependence of the
Neutrometer is nearly the same. This variation can lead to significant errors
whenever dosimeters must be used in varying temperatures. Temperature effects
are particularly troublesome for spectrometers, as discussed in section 4.2.1.

An effective method of compensating for changes in temperature, based on
balancing the change in vapour pressure of the droplets against the change in
vapour pressure of another liquid on top of the polymer, has been developed.
The resulting response is temperature-independent between 20°C and 40°C, as
shown by the squares in Fig. 36. The appearance of a temperature-compensated
BD-100R is shown in Fig. 37. Such dosimeters are commercially available, but
more expensive at present (currently about $90.) A temperature-compensated SDD
has also recently become available.

4.10 Reproducibilitv

When bubble detectors are reused after repressurization there is a spread in
the sensitivities of individual detectors. In one test (Millett et al., 1991)
12 dosimeters, each having the same nominal sensitivity, were exposed to 66.7
//Sv over 10 repressurization cycles. The resulting distribution of readings is
shown in Fig. 38. Sensitivities varied slightly more than the statistical
Poisson distribution expected. This illustrates that a count of 16 bubbles may
be subject to an error by a factor of 2 in either direction.

4.11 Readout

The ability to be read by eye without any equipment, almost immediately after
irradiation, is an important advantage of bubble detectors or of the Neutrometer,
and makes them suitable for use like a gamma-ray pocket dosimeter, to limit
personal exposure times in a known field.
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Fig. 37 Appearance of a BD-100R temperature-compensated detector.
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Fig. 38 Spread in sensitivity of BD-100 dosimetei's when a 67 /iSv dose
equivalent is counted over 10 cycles of repressurisation.
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Bubble detectors can also be counted, just as track detectors are, by using a
video camera to produce an image on a monitor screen, plus an automatic scanner.
Computer software can give various levels of sophistication in the analysis of
the image. Such a reader is available for bubble detectors, at a cost of about
$45,000. Counting 300 bubbles takes about 6 seconds. By rotating the detector
to several orientations, the effect of some bubbles being screened by others can
be reduced. Up to 500 bubbles can be read with reasonable reproducibility.

Equipment for counting acoustically the bubbles formed in an SDD is available
at a cost of about US $4000. It can be used as a highly portable neutron survey
meter.

4.12 Summary of Characteristics of SDD and Bubble Dosimeters

The energy response of bubble detectors and SDD's falls off rapidly at energies
below 250 keV. This threshold could be lowered, but with some undesirable
consequences. SDD-100's are sensitive to thermal neutrons, but BD-lOOR's are not.
Because of their nearly isotropic angular response, these detectors over-respond
at large angles of incidence, relative to H'(10), by up to a factor of 10. The
sensitivity can be made higher than that of any other personal dosimeter (e.g. ,
3 bubbles.juSv-1) and, since the background is essentially zero, the minimum
detectable dose is around a pSv. However, because the maximum number of bubbles
that can conveniently be counted by eye is 50 to 100, the highest sensitivity
can then only be used when there is no need to be able to measure doses above
about 30 /iSv.

Both types have the advantage of giving almost instant reading without additional
equipment. Up to 500 bubbles can be counted by an automatic counter. SDD's
counted acoustically can record up to several mSv, but are inaccurate at high
dose rates.

Bubble detectors can integrate doses only up to about a month. If repressurized
every few days, they can be reused at least 25 times, but at the cost of some
inconvenience. The sensitivity of uncompensated SDD's and bubble detectors
varies considerably with temperature. Readings can be corrected provided that
the ambient temperature is known and constant. Temperature compensation is
available but more expensive. Both bubble detectors and SDD's are insensitive
to gamma radiation.

5. ALBEDO DOSIMETERS

5.1 General Properties

When neutrons strike the human body some will be moderated and backscattered.
Many of these backscattered "albedo" neutrons are thermalized and can be detected
by any thermal neutron detector on the surface of the body. This thermal fluence
can be related to the incident dose equivalent, although the relation depends
strongly on the energy of the incident neutrons.

The detector of such an albedo dosimeter is typically a TLD containing ^Li or
10B and hence is sensitive to thermal neutrons. A 6Li._7L,i pair of TLD's is
commonly used to separate gamma rays from neutrons. Any such pair is sensitive
to albedo neutrons, but the response can be improved by shielding the detector
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from incident thermals with Cd or B. Other types of thermal neutron detectors
(e.g., a damage track detector plus a boron radiator) have also been used.

The energy response of a bare thermal neutron detector in front of a 30-cm thick
tissue slab was calculated by Alsmiller and Barish (1974), and is shown in
Fig. 39. The response per Sv varies by a factor of nearly 300 between thermal
energies and 1 MeV, and most of this variation occurs above 50 keV. Such a
detector can only give a reasonably accurate measure of incident dose equivalent
if it is calibrated for a spectrum the same as that to be measured. Different
calibration factors must be used for different locations within a reactor
containment. Despite this very poor energy response, albedo dosimeters came into
widespread use at a time when the alternative was nuclear track emulsions, which
had an energy threshold (0.5 to 1 MeV) above the energy of the neutrons that
provided much of the dose around reactors.

5.2 Energy Response

The measured energy response of albedo dosimeters to monoenergetic neutrons
(e.g., Hankins, 1977; Rogers et al., 1977; Douglas and Marshall, 1978) is in
agreement with that of Fig. 39. However, in practical use the response is not
usually as bad as this. Around reactors, fast neutrons to which people are
exposed have typically passed through, or been reflected from, hydrogenous
materials such as water or concrete. The fast neutrons (above 50 keV), which
usually provide nearly all the dose equivalent, are accompanied by thermal and
epithermal neutrons that contribute little dose, but to which albedo dosimeters
are particularly sensitive. Thus the reading of an albedo dosimeter depends on
the relative fluences of fast and slow neutrons in the environment, as well as
on the fast neutron dose. Variations in the contributions of neutrons scattered
from the surroundings may change the calibration factor by up to an order of
magnitude.

A widely-used, although crude, indication of the ratio of fast to slow neutrons,
and hence of the calibration factor needed, is the ratio of readings of a thermal
neutron detector at the centres of two polyethylene spheres 9" and 3" (23 and
7.6 cm) in diameter (the "9/3 ratio"). Unfortunately, this is not necessarily
correlated with the calibration factor of an albedo dosimeter, because it is
typically measured (Hankins, 1977) for monoenergetic neutrons in low-scatter
geometry, but may have to be applied to an environment where a large fraction
of the fluence is scattered and moderated. While the 9/3 ratio may be the same
in the two situations, the responses of the albedo dosimeter may be very
different.

While in many locations around CANDU reactors most of the dose equivalent is
expected to come from neutrons between 0.1 and 1 MeV, there are areas where
significant doses are expected from neutrons down to 20 keV. In such areas,
the ratio of slow to fast neutrons may change considerably with location. If
a person is working in different locations it would be necessary to use a new
albedo dosimeter for each place, so that separate calibration factors could be
applied. In addition to the inconvenience, calibration in a spectrum in the
workplace is not simple, since there is no commercially-available dosimeter or
dose-rate meter that reads accurately between 20 and 100 keV, and that can be
used as a standard. For example, remmeters typically read high by a factor
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Fig. 39 The thermal albedo-neutron fluence per unit dose equivalent vs
incident neutron energy, for monoenergetic neutrons incident
normally and isotropically (Alsmiller and Barish, 1974).
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Fig. 40 Angular response of an albedo dosimeter mounted on an el l ipt ical

cylinder, for 100, 700 and 1700 keV neutrons, and on a circular
cylinder for 252cf neutrons (Douglas and Marshall, 1978).
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between 3 and 10 in this energy range. Using Bonner spheres to determine the
dose equivalent is time-consuming and expensive.

Numerous geometrical arrangements of B and Cd shields and polyethylene moderators
have been investigated (Piesch and Burgkhardt, 1984). Douglas and Marshall
(1978) found no difference in the shapes of the energy responses for four
different dosimeter models over the energy range 0.1 to 1.7 MeV: all followed
approximately the Alsmiller and Barish calculations. Since the Hoy dosimeter
(Hoy, 1972) makes use of a polyethylene moderator, one might expect that its
response would be different from those that have no moderator, but measurements
(Rogers et al., 1977) show that this is not the case.

By having one thermal detector shielded from incident neutrons and another
shielded from albedo neutrons, the therr,;.Hl component of the incident beam can
be determined separately.

5.3 Angular Response

Since the body or phantom on which an albedo detector is mounted is part of the
dosimeter, the angular response will depend on the shape of this body or phantom.
For example, for 252cf neutrons Douglas and Marshall (1978) found that on a
circular cylinder, 20 cm in diameter, the response at 90° was 70% of that at 0°
(Fig. 40), while Alberts (1988) found 20% on an elliptical cylinder and Liu et
al. (1990) found 25% (at 85°) on a planar surface. All these values are for
response relative to fluence. The corresponding 90° responses relative to H'(10)
are respectively 1.2, 0.4 and 0.5 times the 0° response. While there is no
universally-accepted phantom shape, the elliptical cylinder provides the closest
approximation to most human torsos.

Douglas and Marshall (1978) found a much stronger angular variation for lower
energy neutrons (Fig. 40), but Liu et al. noted little difference between 252cf
neutrons and those from a 252cf source in a 30-cm diameter D2O sphere. This is
surprising, since a substantial fraction of the neutrons emitted from the sphere
is at low energies.

5.4 Dose Range and Linearity

The minimum detectable dose equivalent depends on the neutron spectrum and on
the design of the dosimeter. For several widely-used types (Harvey et al. ,
1973; Hankins, 1973; Piesch and Burgkhardt, 1984), the response per fiSv is about
3 times as large for "typical" neutrons around a reactor station as for gamma
radiation. Using TLD-600/TLD-700 detectors, the minimum detectable dose
equivalent is about 50 j*Sv. For 252cf neutrons it is several times higher.
The maximum dose is well above any routine requirements. The linearity is
essentially the same as for gamma-ray measurements.

5.5 Gamma-Ray Sensitivity

In a mixed neutron-gamma-ray field, the accuracy of the neutron dose can be
affected by statistical errors arising from subtraction of the two TLD readings.
These errors depend both on the ratio of neutron and gamma-ray dose equivalents
and on the absolute values. Piesch and Burgkhardt (1985) found that for Hy/Un <3
the error arising from this subtraction was only a few percent. For a thermal
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neutron detector using CR-39 rather than TLD's, the problem of gamma-ray
sensitivity does not arise.

5.6 Effect of the Body

Since the dosimeter depends on neutrons backscattered from the body, its reading
might be affected by the size and shape of the person wearing it, and by its
position on the body. Hankin.i (1980) and Alberts (1988) found that a 50 mm
thickness of polyethylene was sufficient to give 90% of the reading for a much
thicker phantom. Hence the general size of the wearer should not be important.
A dosimeter on a cylindrical phantom, in front of a cavity simulating the lung,
at a depth of 10 mm, gave 57% of the reading (from 252cf neutrons) for no cavity
(Alberts, 1988) . Thus a dosimeter worn on the chest may register a significantly
different dose from one on the abdomen. Displacing the dosimeter 7 cm off the
centre line of a torso phantom decreased the reading by 17% (Hankins, 1980).

5 .7 Effect of Detector-to-Body Distance

For most neutron energies, the response decreases when the distance of the
detector from the body increases. In contrast, for thermal neutrons the response
increases. The amounts of these variations depend on the geometry of the
shielding around the detector. Examples are shown in Fig. 41. The shielding
can be designed so that the variation for 252cf neutrons is not more than 20%
at a distance of 4 cm. Without careful design, the response for thermals can
vary by a factor of 5. A dosimeter attached to the belt will always be close
to the body.

5.8 Effect of Shield Size on Thermal Response

When the detector is shielded by a plane disc of Cd, the response to thermal
neutrons decreases by an order of magnitude when the diameter of the disc
increases from 1 to 10 cm. A comparable decrease can be obtained by shaping
the Cd into a cup, to shield the detector from thermal neutrons entering from
the sides.

5.9 Summary of Characteristics of Albedo Dosimeters

The sensitivity, range, linearity, fading and ability to operate in variable
environments are all acceptable. The angular response is not yet sufficiently
explored for a realistic phantom shape (elliptical cylinder) over a wide range
of energies, but will probably be acceptable. The one real defect is the energy
response, and this is a most important defect. It can lead to major errors in
doses and to a great deal of extra work, inconvenience and cost to try to reduce
such errors. These dosimeters have been accepted in the past when there was
nothing else to measure neutrons below 0.5 to 1 MeV. They are still useful for
people who work only in a fixed neutron spectrum, but for the variable
environment of a CANDU reactor they are no longer adequate for use by themselves.

However, an albedo detector provides a valuable complement to threshold-type
dosimeters (such as CR-39 or bubble detectors), for measuring that part of the
dose equivalent delivered by neutrons below about 50 keV.
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Fig. 41 Effect of detector-to-body distance on the response of three models
of albedo dosimeter (Piesch and Burgkhardt, 1985)

6. REAL-TIME PERSONAL NEUTRON DOSIMETERS BASED ON Si DETECTORS

6.1 Introduction

There are clearly advantages to having a personal neutron dosimeter that gives
an instant display of the integrated dose and perhaps also of the dose rate.
A number of such dosimeters have been developed, most of which depend on
detecting recoil protons that escape from a hydrogenous radiator into a detector.
The detector may be a proportional counter, electret-powered ion chamber or Si
diode. Si detectors are particularly attractive because of their small size and
operation at low voltages, and the properties of several dosimeter designs that
use Si detectors have been investigated during the past few years (e.g., Eisen
et al., 1983, 1986; Burian et al., 1986; Nakamura et al., 1989; Matsumoto, 1991;
Barelaud et al., 1992).

The energy recponse of such a dosimeter depends primarily on the radiator, the
main characteristic of the Si detector that affects the response being the
minimum detectable proton energy. This minimum is usually set by the requirement
to discriminate against gamma-ray pulses, and depends on the thickness of the
detector. In these circumstances the number of proton pulses per incident
neutron can be calculated with considerable accuracy. It depends on the n,p
cross section, the fact that n,p scattering is isotropic in the centre-of-mass
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system (up to about 10 MeV) , the number of hydrogen atoms per gram of radiator
and the range-energy relation for protons in the radiator material.

The difficulty of obtaining a satisfactory energy response over the energy range
of importance for CANDU reactors is a critical feature of such dosimeters. In
the following sections we calculate this energy response, discuss the
possibilities for improving it, and describe some of the characteristics of Si
neutron dosimeters that have been investigated. These discussions are intended
to apply particularly to the energy range 20 keV to 1 MeV--the range within which
most of the dose equivalent around a CANDU reactor is delivered.

6.2 Energy Response of a Planar Si Detector and Hydrogenous Radiator

The number of protons per incident neutron that escape from a radiator and enter
the Si with energy > Emtn is

It/2
N(En ,T) = 2NH a(E n) f cosfl sini9 x m a x ( 0 ) dd (1)

0

where NH is the number of hydrogen atoms per gram of radiator,
a(En) is the n,p cross section for neutron energy En, and
xmax(0) i-s t n e maximum depth in a radiator of thickness T from which a
proton emitted at angle 0 to the normal can reach the Si with energy

Ifc is equal to the smaller of T and

E n coS2fl) - R(Emin)] cosfl.

Here R(E) is the range in the radiator of a proton with energy E.

We calculated expression (1) numerically, making use of an empirical
approximation for CT(En) and of the proton ranges given by Janni (1982). To get
the number of protons-cm'2 per unit dose equivalent, we used the empirical
expression for the energy dependence of ambient dose equivalent given by Wagner
et al. (1985).

Fig. 42 shows the calculated energy response, per unit dose equivalent
(protons-cm'2-^Sv"l), of hydrogenous radiators of three thicknesses against a
sensitive element that detects all protons entering it with 50 keV or more.
The response increases with energy because the proton range (and hence the volume
from which recoils can reach the detector) goes up faster than the n,p cross
section goes down. This increase is reversed when the proton range exceeds the
thickness of the radiator. By combining radiators of two different thicknesses
and areas, Eisen et al. (1983) showed that the response above the maximum for
the thinner radiator can be made remarkably flat (Fig. 43). However, this does
not help the large variation in response at energies below 1 MeV, and it does
not appear practicel to use a radiator thinner than 1 mg-cm'2.

Unfortunately, there is little possibility of using a bias as low as 50 keV,
because of the need to discriminate against gamma-ray pulses. Eisen et al.
(1983) found that for a Si detactor with a sensitive thickness of 100 /zm, a bias
of >300 keV was needed to reduce the gamma response sufficiently. Responses for
a 300 keV bias are shown in Fig. 44. Below 1 MeV, the variation is so large that
such a detector is virtually useless for measurements of neutrons in this range.
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The limitation of the increase of response with energy which, in the above
discussion, has been achieved by having thin radiators, could also be produced
by limiting electronically the maximum energy of counted protons. The resulting
response curves have quite similar shapes to the curves of Fig. 42, but offer
no notable advantages over the use of various radiator thicknesses. The outputs
of different discriminators could be combined to yield a relatively flat response
above the maxima of the curves.

6.3 Experimental Investigations

Of the various arrangements of radiators and detectors that have been studied
experimentally, three examples will be described.

1. Eisen et al. (1983) described a dosimeter that used a composite radiator
against a Si surface barrier detector. Two l^B radiators, 100 and 1200
mg-cm"2 thick, shielded against both incident and albedo thermal neutrons,
were used to measure neutrons below 30 keV. Neutrons between 30 keV and
1 MeV were measured with a l^B radiator that acted as an albedo detector.
Higher energy neutrons were measured with 2 polyethylene radiators of
different thicknesses (10 and 100 mg-cm"2) and areas. The latter
combination gave a reasonably flat response above 3 MeV (Fig. 43).

For the 100-/im thick sensitive layer on the detector, it was necessary
to use a 300 keV bias to discriminate against gamma rays. As shown in
Fig. 44, this produces a very poor response below 3 MeV. The energy
response of the albedo detector was not given. The angular response,
measured for a similar detector (Eisen et al., 1986), was very similar
to that for CR-39, as would be expected, since for both dosimeters it
arises from the escape of protons from a radiator.

2. A dosimeter using a PIPS detector is under investigation in Limoges
(Barelaud et al., 1992; Dubarry et al., 1992; Paul et al., 1992). The
arrangement of the polyethylene and l^B radiators is shown in Fig. 45,
where the dimensions are in /im. The electronic bias is set at 100 to
140 keV, to discriminate against gamma rays. Interactions of neutrons
up to 3 MeV with the Si produce no pulses above the bias. With these
conditions, the sensitivity (pulses-cm^.^Sv-l) for gamma rays is about
500 times that for neutrons. An identical PIPS detector without radiators
is used to measure the gamma contribution, which is subtracted. Unless
the photon dose equivalent is much smaller than that from neutrons,
subtraction will lead to large statistical errors. It has not yet been
shown that this device will operate successfully for the gamma/neutron
ratios found around a reactor.

Some of the calculations of energy response suggest a decrease below 1
MeV about the same as shown in Fig. 42, whereas wa would expect a larger
decrease because of the higher bias. No information has been published
on the angular response.

3. Nakamura et al. (1989) developed a dosimeter with two Si p-n junction
detectors with sensitive layers 50 - 100 /jm thick. On one, the radiator
consisted of a 1 /xm layer of 1°B and a 0.8 mm sheet of polyethylene. It
was covered with a hemispherical polyethylene moderator, 10 mm thick.



54

fe 10

i—i i i nii|—i—i i i mi

Neutron Energy MeV

Fig. 42 Variation of response with neutron energy for polyethylene
radiators against a Si detector. A, B and C refer, respectively,
to radiators 1, 10 and 100 mg-cnr2 thick. The Si detector
discriminates against energy losses less than 50 keV.
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Fig. 43 Variation of response for polyethylene radiators of various
thicknesses against a Si detector. The solid curves show the
responses obtained by combining the results from radiators of
different thicknesses and areas (Eisen et al., 1983).
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The second detector had a polyethylene radiator, but no boron or
moderator. The energy response of the combination varied by about 5 times
between 1 MeV and 0.1 MeV.

In all these dosimeters, the requirement of discriminating against gamma
rays conflicts with the low bias needed to achieve a reasonable energy
response between 0.1 and 1 MeV.

6.4 Summary of Personal Neutron Dosimeters Based on Si Detectors

We are not aware of any practical way of obtaining a satisfactory energy response
in the range 0.1 to 1 MeV for protons escaping from a radiator into a Si
detector. One way to overcome this limitation is to use a sensitive element that
itself contains hydrogen, such as CR 39 or a proportional counter filled with
hydrogenous gas. The decrease in the response of the hydrogenous detector over
the energy range 0.1 to 1 MeV can be made to nearly cancel the rise of the number
of protons escaping from the radiator, as it does for CR 39 (Fig. 21), or in a
hydrogenous proportional counter (Yoshida and Dennis (1969)).

7. CONCLUSIONS

1. In many areas around CANDU reactors most of the dose equivalent is from
neutrons between 0.1 and 1 MeV. This includes neutrons from the end
shields of the reactors and from the primary coolant and moderator
circuits. Neutrons leaking from the Pickering A reactors, and those
leaking from other CANDU reactors that have been multiply scattered, are
expected to have lower energies, but we have not been able to estimate
their spectra. Spectral measurements have been limited mainly to the
fuelling machine areas and boiler rooms. Further spectral measurements
are desirable.

2. There is currently no personal neutron dosimeter capable of reading
neutron doses with the accuracy and convenience that a TLD gives for
gamma radiation. In particular, the energy and angular responses of even
the best neutron dosimeters are only fair, when applied to neutrons in
the range 0.02 to 0.5 MeV, which may provide a significant part of dose
equivalents in some areas around CANDU reactors. Considering these and
other sources of error, it is likely that, for the dose equivalent levels
most often encountered in field measurements around reactors, overall
errors of a factor of two will not be uncommon and larger errors are quite
possible. Such errors and the defects of existing dosimeters are
tolerated because: (a) very few people receive neutron doses that are
a substantial fraction of dose limits, and (b) there is at present nothing
better.

3. For CANDU workers who rarely receive neutron doses comparable with
regulatory limits, and for whom control of working times in neutron fields
can, when necessary, be done by other means, CR-39 dosimeters with albedo
neutron capabilities provide the most satisfactory dosimeters for
demonstrating compliance with regulations. Relatively long integration
times (3 to 6 months) reduce the inconvenience and cost of frequent
dosimeter changes. The energy response, sensitivity and limits of
measurable doses are adequate. The angular response is poor, but
tolerable in view of directional problems common to all dosimeters.
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Fig. 44 Variation of response with neutron energy for polyethylene
radiators against a Si detector. A, B and C refer, respectively,
to radiators 1, 10 and 100 mg-cnr2 thick. The Si detector
discriminates against energy losses less than 300 keV.
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Fig. 45 Arrangement of radiators against a PIPS detector used by Barelaud
et al. (1992)
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4. Bubble and SDD dosimeters have a slightly poorer energy response and
about equally as poor an angular response (relative to H'(10)) as CR-39.
Their main disadvantages are an inability to integrate doses over a long
period, sensitivity to temperature and a very limited range of measurable
doses. The cost of a dosimetry service using SDD or bubble dosimeters
would be several times higher than that of a CR-39 service. Their unique
advantages are the ability to be read almost instantly without equipment
and their ability to detect very low doses. Because of their limited
dynamic range, the high sensitivity can only be exploited in circumstances
where the low maximum dose is not a disadvantage.

5. Because of these advantages, there are two applications in which bubble
or SDD detectors provide a valuable complement to the use of CR-39
regulatory dosimeters: the control of working times in known fields and
environmental measurements at very low levels.

6. Albedo detectors are useful as an adjunct to a fast neutron detector, to
avoid missing dose below the "threshold" of such a detector. Because of
the large variation of the response of an albedo detector with energy and
the variability of neutron spectra in different locations around CANDU
reactors, we do not recommend using an albedo detector alone. Albedo
detectors could either be based on TLD's or CR-39.

7. Real-time personal neutron dosimeters using Si detectors do not currently
have a good enough energy response between 0.1 and 1 MeV to be useful for
controlling working times around a CANDU reactor.

ACKNOWLEDGEMENTS

This work was supported in part by the CANDU Owners Group. We are grateful to
R. Apfel and H. Ing for providing information on dosimeters, and to C. Bos..,
A. Carmichael, R. Facey, M. Haynes, R. Hirning, C. Nason, J. O'Donnell and
W. Wolodarsky for helpful discussions on CANDU reactor stations.

REFERENCES

Ahmed, F. and Aizawa, 0. "Calculation of the spectra of fast neutrons in iron
spheres using the Vitamin-C file". Nucl. Sci. Engin. 86. 219-238 (1984).

Al Najjar, S.A.R. and Piesch, E. "Angular response characteristic of a CR-39
detector of cylindrical gometry". Rad. Prot. Dosim. 20, 67-70 (1987).

Al Najjar, S.A.R. and Piesch, E. "Flat angular response of a fast neutron
dosemeter using cylindrical shaped CR-3911. Rad. Prot. Dosim. 23, 161-164 (1988).

Al Najjar, S.A.R. and Piesch, E. "Further investigations on neutron energy
response of CR-39 detectors". Rad. Prot. Dosim. 20, 57-61 (1987).

Alberts, W.G. "Investigation of neutron individual monitors on the basis of
track-etch detectors: the 1990 EURADOS-CENDOS exercise". Report PTB-
Physikalish-Technische Bundesanstalt, Braunschweig, 1991.



58

Alberts, W.G. "Response of an albedo neutron dosemeter to z 2Cf neutrons on
various phantoms". Rad. Prot. Dosim. 22., 183-186 (1988).

Alberts, W.G., Luszik-Bhadra, M. , Piesch, E. and Vilgis, M. "Fast neutron
dosimetry with CR-39: study of various materials using electrochemical etching".
Nucl. Tracks 19, 437-442 (1991).

Alsmiller, R.G. and Barish, J. "The calculated response of 6LiF albedo dosimeters
to neutrons with energies <400 MeV". Health Phys. 2(5, 13-28 (1974).

Apfel, R.E. "The superheated drop detector". Nucl. Inst. Meth. 162. 603-608
(1979).

Apfel, R.E. and Lo, Y-C. "Practical neutron dosimetry with superheated drops".
Health Phys. 56, 79-83 (1989).

Apfel, R.E., Roy, S.C. and Lo, Y.C. "Prediction of the minimum neutron energy
to nucleate varpor bubbles in superheated liquids". Phys. Rev. A31, 3194-3198
(1985).

Azini-Garakani, D. and Wernli, C. "Response and background study of various PADC
materials". Nucl. Tracks 19, 445-448 (1991).

Barelaud, B., Paul, D. , Dubarry, B., Makovicka, L., Decossas, J.L. andVareille,
J.C. "Principles of an electronic neutron dosemeter using a PIPS detector".
Seventh Symp. Neutron Dosimetry, 1991. Rad. Prot. Dosim., to be published, 1992.

Bartlett, D.T. "Ageing of and environmental effects on PADC (CR-39)". Rad. Prot.
Dosim. 20, 71-75 (1987).

Bartlett, D.T. and Steele, J.D. "The energy and angle dependence of response of
the NRPB CR-39 fast neutron dosimeter". Proc. 5th Symp. on Neutron Dosim.
Neuherberg 1, 511-518 (1985) EUR-9762, CEC, Luxembourg.

Bartlett, D.T., Steele, J.D. and Stubberfield, D.R. "Development of a single
element personal dosemeter for thermal, epithermal and fast neutrons". Nucl.
Tracks 12, 645-648 (1986).

Beckurts, K.H. andWirtz, K. "Neutron physics" . Springer-Verlag, New York, 1964,
p. 127.

Benton, E.V., Oswald, R.A., Frank, A.L. and Wheeler, R.V. "Proton recoil neutron
dosimeter for personnel monitoring". Health Phys. 40, 801-809 (1981).

Bernstein, S., Preston, W.M., Wolfe, G. and Slattery, R.E. "Yield of
photoneutrons from 238 fission products in heavy water". Phys. Rev. 7_1. 573-581
(1947).

Birch, H. , Delafield, H.J. and Perks, C.A. "Measurement of the neutron spectrum
inside the containment building of a P.W.R.". Rad. Prot. Dosim. 21, 281-284
(1988).



59

Birch, R. , Delafield, H.J., People, L.H.J. and Harrison, K.G. "The neutron
leakage spectra through the steel top plates of two heavy-water-moderated
research reactors". Rad. Prot. Dosim. 12., 285-291 (1985).

Boss, C. Personal communication (1992).

Brady, M.C. and England, T.R. "Delayed neutron data and group parameters for 43
fissioning systems". Nucl. Sci. Engin. 103, 129-149 (1989).

Burian, A., Petr, I., Viragh, E. and Zsolnay, E.M. "Utilization of miniature
silicon photodiodes in dosimetry of neutron-gamma radiation field". Kernenergie
29, 342-344 (1986).

Cousins, T., Tremblay, K. and Ing, H. "The application of the bubble detector
to the measurement of intense neutron fluences and energy spectra". IEEE Trans.
Nucl. Sci. 37, 1769-1775 (1990).

Cross, W.G. "Characteristics of track detectors for personnel neutron dosimetry".
Nucl. Tracks 12, 533-542 (1986).

Cross, W.G., Arneja, A. and Ing, H. "The response of electrochemically-etched
CR-39 to protons of 10 keV to 3 MeV". Nucl. Tracks. Radiat. Meas. 12, 649-652
(1986).

Cross, W.G. and Ing, H. "Spectra and dosimetry of neutrons interacting with
concrete shielding". Proc. Fourth Internat. Congress of the IRPA, Paris,
Vol. 2, 377-380 (1977).

Cross, W.G. and Ing, H. "Relative fluences of thermal and epithermal neutrons
in a criticality accident". Health Phys. 37., 840-841 (1979) Abst.

Cross, W.G., Arneja, A. and Kim, J.L. "The neutron energy and angular response
of electrochemically etched CR-39 dosemeters". Rad. Prot. Dosim. 20, 49-55
(1987).

Dajko, G. and Somogyi, G. "Fast neutron spectrometry based on proton detection
in CR-39 detector". Nucl. Tracks 12, 607-610 (1986).

Delafield, H.J. and Perks, C.A. "Neutron spectrometry and dosimetry measurements
made at nuclear power stations with derived dosemeter responses". Seventh Sympos.
on Neutron Dosimetry, Berlin, 1991 (to be published in Rad. Prot. Dosim.).

Delafield, H.J., Holt, P.D. Mullender, M.L. andKemshall, C D . "Measurement of
the neutron leakage spectrum and dose from the VIPER reactor". Health Phys. 15,
471-480 (1978).

d'Errico, F. and Apfel, R.E., "A new method for neutron depth dosime*-ry with
the superheated drop detector". Rad. Prot. Dosim. 30, 101-106 (1990).

Devine, R. , Jones, R. , Rao, N. and Riel, G. "Reproducibility and re-use of
neutron spectrometers utilizing superheated drop or bubble detectors",
unpublished.



60

Douglas, J.A. and Marshall, M. "The responses of some TL albedo neutron
dosimeters". Health Phys. 35, 315-324 (1978).

Dubarry, B. , Barelaud, B. , Paul, D., Makovicka, L. , Decossas, J.L. and Vareille,
J.C. "Electronic sensor response in neutron beams". Seventh Symp. Neutron
Dosimetry, 1991. Rad. Prot. Dosim., to be published, 1992.

Durrani, S.A. and Matiullah. "Development of a thermal and fast neutron dose
equivalent dosemeter using CR-39 detector with radiators/converters". Rad. Prot.
Dosim. 23, 183-186 (1988).

Eisen, Y. , Engler, G. , Ovadia, E. and Shamai, Y. "A combined real time wide
energy range neutron dosimeter and survey meter for high neutron dose rates with
Si surface barrier detectors". Nucl. Inst. Meth. 211, 171-178 (1983).

Eisen, Y., Engler, G., Ovadia, E., Shamai, Y., Baum, Z. and Levi, Y. "A small
size neutron and gamma dosemeter with a single silicon surface barrier detector".
Rad. Prot. Dosim. 15, 15-30 (1986).

Facey, R.A. "Neutron spectra from reactors by the Delta spectrometer". Proc.
Sixth ERDA Workshop on Personnel Dosimetry. Report PNL-2449-UC48, Pacific
Northwest Laboratories, Richland, Wash., 1977.

Facey, R.A. and Walsh, M.L. "Calibration of an albedo dosimetry system in a
reactor environment". Health Phys. 35, 906 (1978).

Fernandez, F., Baixeras, C. , Zamani, M., Lopez, D., Jokic, S., Debeauvais, M.
and Ralarosy, J. "CR-39 registration effiency of protons using electrochemical
etching". Rad. Prot. Dosim. 23, 175-178 (1988).

Fernandez, F. , Domingo, C. , Baixeras, C , Luguera, E. , Zamani, M. and Debeauvais,
M. "Fast neutron dosimetry with CR-39 using electrochemical etching". Nucl.
Tracks 19, 467-470 (1991).

Fisher, P.C. and Engle, L.B. "Delayed gammas from fast-neutron fission of 232U,
235U, Z38U and 239Pu". Phys. Rev. B134, 796-816 (1964).

Goldstein, H. "Fundamental aspects of reactor shielding". Addison-Wesley,
Reading, Mass. 1959, p. 56.

Greenwood, R.C. and Caffrey, A.J. "Delayed-neutron energy spectra of 93"97Rb and
i43-i45Cs,,_ N u c l S c i E n g i n qit 305-323 (1985).

Guldbakke, S., Pitt, E. , Scharmann, A. and Simmer, R. "Simultaneous measurement
of angle of incidence and energy in fast neutron fields by CR-39". Rad. Prot.
Dosim. 34. 39-41 (1990).

Hankins, D.E. "A small inexpensive albedo neutron dosimeter". Report LA-5261,
Los Alamos National Laboratory, Los Alamos, NM (1973).

Hankins, D.E. "Neutron dosimetry studies at the Lawrence Livermore Laboratory".
In Proc. 6th ERDA Workshop on Personnel Neutron Dosimetry, Report PNL 2449,
Pacific Northwest Laboratories, Richland, WA, 1977, pp. 67-84.



61

Hankins, D.E. "Phantoms for calibrating albedo neutron dosimeters". Health Phys
39. 580-584 (1980).

Hankins, D.E., Homan, S.G. and Davis, J.M. "Personnel neutron dosimetry using
hot, low-frequency electrochemical etching". Nucl. Tracks .12, 641-644 (1986).

Hankins, D.E., Homan, S. and Westermark, J. "The LLKL CR-39 personnel neutron
dosimeter". Rad. Prot. Dosim. 23, 195-198 (1988).

Harrison, K.G., Haigh, G.H. and Goodenough, R. "Some studies of the neutron
response, background, ageing and fading properties of two different types of
CR-39 plastic processed by electrochemical etching". Nucl. Tracks 12., 653-656
(1986).

Harvey, J.R. "A three element track-etch neutron dosemeter with good angular
and energy response characteristics" (Seventh Symposium on Neutron Dosimetry,
Berlin, 1991). Rad. Prot. Dosim., to be published, 1992.

Harvey, J.R. "The individual monitoring quantity for neutrons and its
relationship with fluence". Rad. Prot. Dosim. 20, 19-24 (1987).

Harvey, J.R. and Weeks, A.R. "Thermal neutron detection with a system which
utilizes the chemical etch of CR-39". Rad. Prot. Dosim. 23, 187-189 (1988).

Harvey, J.R., Hudd, W.H.R. and Townsend, S. "Personal dosimeter for measuring
the dose from thermal and intermediate energy neutrons and from gamma and beta
radiations" . In Neutron Monitoring for Radiation Protection Purposes, STI/PUB/318
(Vienna: IAEA) pp. 119-218 (1973).

Harvey, J.R. and Weeks, A.R. "A neutron dosimetry system based on the chemical
etch of CR-39". Nucl. Tracks 12 629-632 (1986).

Harvey, J.R. and Weeks, A.R. "Recent developments in a neutron dosimetry system
based on the chemical etch of CR-39". Rad. Prot. Dosim. 20, 89-93 (1987).

Henderson, W.J. and Tunnicliffe, P.R. "The production of 16N and 17N in the
cooling water of the NRX reactor". Nucl. Sci. Eng. 1, 145-150 (1958).

Hoy, J.E. "An albedo-type personnel neutron dosimeter". Health Phys. 2_3_, 385-
388 (1972).

Ing, H. and Birnboim, H.C. "A bubble-damage polymer detector for neutrons".
Nuclear Tracks 8, 285-288 (1984).

Ing, H. and Cross, W.G. "Spectra and dosimetry of neutrons from moderation of
235U and 252Cf fission sources in H20". Health Phys. 29, 839-851 (1975a).

Ing, H. and Cross, W.G. "Spectra and dosimetry of neutrons from various sources
shielded by iron". Nucl. Sci. Eng. 5_8, 420-430 (1975b).

Ing, H. and Cross, W.G. "Calculated spectra for the dosimetry of D20-moderated
neutrons". Health Phys. 32, 351-357 (1977).



62

Ing, H. and Tremblay, K. "To develop a set of variable lower-energy threshold
bubble neutron detectors for use as a spectrometer", Report BTI-88/2-29A, Bubble
Technology Industries, Chalk River, Ontario, 1988.

Ipe, N.E., Busick, D.D. and Pollock, R.W. "Factors affecting the response of
the bubble detector BD-100 and a comparison of its response to CR-39". Rad.
Prot. Dosim. 23, 135-138 (1988).

James, K. , Mattiulah and Durrain, S.A. "An energy and direction independent fast
neutron dosimeter based on electrochemically etched CR-39 nuclear track
detectors". Part I Theoretical studies. Rad. Prot. Dosim. \9_, 5-13 (1987). Part
II Experimental studies. Rad. Prot. Dosim. 19, 15-21 (1987).

Janni, J.F. "Proton range-energy tables, 1 keV - 10 GeV". Atom. Data and Nuc.
Data Tables 27, 147-339 (1982).

Liu, J.C. and Sims, C.S. "Characterization of the Harshaw Albedo TLD and the
bubble detectors BD-100R and BDS-1500". Rad. Prot. Dosim. 3£, 21-32 (1990).

Liu, J.C. and Sims, C.S. "Performance evaluation of a new combination personnel
neutron dosimeter". Rad. Prot. Dosim. 32, 33-43 (1990).

Liu, J.C., Sims, C.S., West, L. and Welty, T. "Angular response performance
study of a new Harshaw neutron albedo TLD". Rad. Prot. Dosim. 30, 161-168 (1990).

Lo, Y-C. and Apfel, R.E. "Prediction and experimental confirmation of the
response function for neutron detection using superheated drops". Phys. Rev.
A38 5260-5266 (1988).

Longworth, J.P. "A neutron flux spectrometer with nearly constant sensitivity
over the range thermal to 14 MeV". CEGB report RD/B/N1416, Central Electricity
Generating Board, 1970.

Luszik-Bhadra, M. , Alberts, W.G., Diet*., E. and Guldbakke, S. "A track-etch
neutron dosimeter with flat response and spectrometric properties". Nucl. Tracks
19, 485-488 (1991a).

Luszik-Bhadra, M., Alberts, W.G., Guldbakke, S. andKluge, H. "Influence of the
converter configuration on the angle response of etched track neutron
dosemeters". Rad. Prot. Dosim. 3S_, 271-277 (1991b).

Luszik-Bhadra, M. , Alberts, W.G., Dietz, E. and Guldbakke, S. "A simple personal
dosemeter for thermal, intermediate and fast neutrons based on CR-39 track etch
detectors". Rad. Prot. Dosim., to be published, 1992.

Maienschein, F.C., Peele, R.W., Zobel, W. and Lowe, T.A. "Gamma rays associated
with fission". Proc. Second U.N. Int. Conf. on Peaceful Uses of Atomic Energy,
15, 366-372 (1958).

Matiullah and Ahmad, H. "The influence of a water/tissue phantom on the response
of a CR-39 based thermal neutron dosimeter". Nucl. Inst. Meth. B43 581-585
(1989).



63

Matiullah and Durrani, S.A. "A cubical fast neutron dosemeter based on
electrochemically etched CR-39 detectors with polymeric front radiators". Rad.
Prot. Dosim. 20, 77-80 (1987a).

Matiullah and Durrani, S.A. "A fast neutron spectrometer based on an
electrochemically etched CR-39 detector with degrader and front radiator". Rad.
Prot. Dosim. 20, 113-116 (1987).

Matiullah and Durrani, S.A. "An energy and direction independent fast neutron
dosimeter based on electrochemically etched CR 39 nuclear track detectors". Part
II: Experimental Studies. Rad. Prot. Dosim. 1£, 15-21 (1987b).

Matiullah, Takeda, N. and Kudo, K. "Recent studies on the response of a CR-39-
based cubical neutron dosimeter in terms of directional dose equivalent, H'(10),
in free air and on a tissue phantom". Nucl. Inst. Meth. B53. 223-228 (1991).

Matsumoto, T. "PIN diode for real time dosimetry in a mixed field of neutrons
and gamma rays". Rad. Prot. Dosim. 15, 193-197 (1991).

Millett, M., Munno, F., Ebert, D. and Nelson, M. "An evaluation of the BD-100R
rechargeable neutron bubble dosimeter". Health Phys. 60, 375-379 (1991).

Nakamura, T., Horiguchi, M. , Suzuki, T. and Yamano, T. "A real time wide energy
range personal neutron dosemeter with two silicon detectors". Rad. Prot. Dosim.
27, 149-156 (1989).

Paul, D. , Barelaud, B., Dubarry, B. , Makovicka, L. , Vareille, J.C. and Decossas,
J.L. " - interference of an electronic dosemeter response in a neutron field".
Seventh Symp. Neutron Dosimetry, 1991. Rad. Prot. Dosim., to be published, 1992.

Perks, C.A., Devine, R.T., Harrison, K.G., Goodenough, R.J., Hunt, J.B., Johnson,
T.L., Riel, G.L. and Schwartz, R.B. "Neutron dosimetry studies using the new
Chalk River Nuclear Laboratories bubble-damage detector". Rad. Prot. Dosim. 23.
131-134 (1988).

Piesch, E., Al-Najjar, S.A. and Nonomiya, K. "Neutron dosimetry with CR-39 track
detectors using electrochemical etching: recent improvements, dosimetric
characteristics and aspects of routine application". Rad. Prot. Dosim. 2_7, 215-
230 (1989).

Piesch, E. and Burgkhardt, B. "A universal beta/gamma/neutron dosemeter for
personnel monitoring". Rad. Prot. Dosim. 6., 281-283 (1984).

Piesch, E. and Burgkhardt, B. "Albedo neutron dosimetry". Rad. Prot. Dosim. .10,
175-188 (1985).

Pitt, E., Scharmann, A. and Werner, B. "Electrochemical etching and angular
dependence of CR-39 neutron detectors". Proc. 5th Symp. on Neutron Dosimetry,
Neuherberg, 1, 501-510 (1985) EUR 9762-CEC, Luxembourg.

Pollock, R.W. "Current developments with bubble detectors". Nucl. Tracks 15_,

483-485 (1988).



64

Portwood, T., Henshaw, D.L. and Stejny, J. "Ageing effects in CR-39". Nucl.
Tracks 12, 109-112 (1986).

Reeder, P.L. and Warner, R.A. "Average energy of delayed neutrons from individual
precursors and estimation of equilibrium spectra". Nucl. Sci. Eng. 2£> 56-64
(1981).

Rogers, D.W.O., Walsh, M.L., Orr, B.H. and Tukman, N. "Albedo-dosimeter response
to monoenergetic neutrons". Health Phys. .33, 251-254 (1977).

Rudstam, G. "Six-group representation of the energy spectra of delayed neutrons
from fission". Nucl. Sci. Engin. 80. 238-255 (1982).

Schwartz, R.B. and Hunt, J.B. "Measurement of the energy response of superheated
drop detectors". Rad. Prot. Dosim. 34, 377-380 (1990).

Siebert, B.R.L. and Mohrhart, A. "A proposed procedure for standardizing the
relationship between the directional dose equivalent and neutron fluence". Rad.
Prot. Dosim. 28. 47-51 (1989).

Simpson, O.D. , Smith, J.R. and Rogers, J.W. "Filtered beam techniques" . In Proc.
Sympos. on Neutron Standards and Flux Normalization. Argonne, 111. USAEC
Symposium Series 23, CONF-701002, 1971.

Tanczyn, R.S., Sharfuddin, Q. , Schier, W.A., Pullen, D.J., Haghighi, M.H. ,
Fisteag, L. and Couchill, G.P. "Composite delayed neutron spectra for thermal
fission of 235U" . Nucl. Sci. Engin. 94. 353-364 (1986).

Tommasino, L. "Future developments in etched track detectors for neutron
dosimetry". Rad. Prot. Dosim. 20, 121-124 (1987).

Tommasino, L., Zapparoli, G., Djeffal, S. and Cross, W.G. "Photons and neutrons
registration by chemical and electrochemically etched CR-39 detectors". Prod.
5th Symp. on Neutron Dosimetry, Commission of the European Communities report
EUR 9762, pp. 469-475 (1984).

U.S. Department of Energy. "Radiation Protection for Occupational Workers". DOE
Draft Order 5480.11 (1988). Washington, D.C.

Wagner, S.R., Grosswendt, B. , Harvey, J.R., Mill, A.J., Selbach, H-J. and
Siebert, B.R.L. "Unified conversion functions for the new ICRU operational
radiation protection quantities". Rad. Prot. Dosim. 12, 231-235 (1985).

Walsh, M.L. and Orr, B.H. "Measurement of neutron spectra in Ontario Hydro CANDU
reactors". Fifth Int. Conf. on Luminescence Dosimetry, Sao Paulo 1977,
pp. 404-410.

Wang, C.K. "A response function calculation for a dose equivalent neutron
dosimeter using superheated drops". Trans. Amer. Nuc. Soc. 63., 373-374 (1991).

White, B., Ebert, D. and Munno, F. "Use of the BD-100R as a neutron spectrometer
through applied pressure variation". Health Phys. 60, 703-708 (1991).



65

Yoshida, Y. and Dennis, J.A. "A proportional counter for personnel neutron
dosimetry11. Health Phys. 16, 727-734 (1969).



ISSN 0067-0367

To identify individual documents in the series
we have assigned an AECL- number to each.

ISSN 0067-0367

Pour identifier les rapports individuels faisant
partie de cette serie nous avons assigne un

numeroAECL- achacun.

Please refer to the AECL- number when re-
ques'ing additional copies of this document

Veuillez faire mention du numero AECL- si
vous demandez d'autres exemplaires de ce

rapport

from au

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada
KOJ 1J0

Service de Distribution des Documents Officiels
Energie atomique du Canada limitee

Chalk River, Ontario, Canada
KOJ1J0

Price: B Prix: B

©ATOMIC ENERGY OF CANADA LIMITED, 1992

2008-92


