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Résumé

L'évolution des moniteurs de rupture de combustible aux centrales CANDU est
brièvement résumée et le planning du dernier système de dépistage de
ruptures de combustible sur le site-même d'une centrale de puissance à unité
multiple est décrit. A chaque réacteur, le système utilise un spectromètre
de germanium combiné avec un nouvel analyseur de spectre qui, simultanément,
accumule le spectre de rayons gamma du caloporteur et donne à la salle de
commande, la concentration d'activité radioisotopique des produits de
fission gazeux, Xe-133, Xe-135, Kr-88 et 1-131, dans le caloporteur, en
temps réel et avec une précision statistique indépendante du taux de
comptes. Un moniteur de gamma brut est aussi inclus afin d'obtenir des
renseignements indépendants sur le niveau de radioactivité dans le
caloporteur et d'étendre le champ de mesure à des taux de comptes très
élevés. Un système d'ordinateur central archive les spectres reçus de tous
les quatre analyseurs de spectre et donne la concentration d'activité ainsi
que les taux de dégagements des isotopes spécifiés. Comparé aux système
précédents, le nouveau concept offre des améliorations par les mises au
point plus fréquente des concentrations d'activités, par de meilleurs outils
pourvus pour une surveillance à long terme du système de transfert de
chaleur et par un moniteur qui est plus fiable et moins coûteux.
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ABSTRACT

The evolution of failed fuel monitoring at CANDU power stations is briefly
summarized and the design of the latest system for failed fuel detection at
a multi-unit power station is described. At each reactor, the system
employs a germanium spectrometer combined with a novel spectrum analyzer
that simultaneously accumulates the gamma-ray spectrum of the coolant and
provides the control room with the concentration of radioisotope activity
in the coolant for the gaseous fission products Xe-133, Xe-135, Kr-88 and
1-131 in real time and with statistical precision independent of count
rate. A gross gamma monitor is included to provide independent information
on the level of radioactivity in the coolant and extend the measurement
range at very high count rates. A central computer system archives spectra
received from all four spectrum analyzers and provides both the activity
concentrations and the release rates of specified isotopes. Compared with
previous systems the current design offers improvements in that the
activity concentrations are updated much more frequently, improved tools
are provided for long term surveillance of the heat transport system and
the monitor is more reliable and less costly.

1. INTRODUCTION

Gamma analysis of the primary coolant is used as an aid for assessment of
the condition of the fuel in CANDU reactors. The importance attached to
prompt detection of failed fuel can be traced back to experience in the
early operation of Canadian research reactors, where use of metallic
uranium fuel resulted in a high failure rate, rapid deterioration of the
fuel and a high release rate of radioactive fission products [1-6]. These
problems are avoided by the use of present day uranium oxide fuel. Asso-
ciated with changes in fuel defect behaviour and the technology available
for failed fuel detection there has been a gradual evolution in the
strategy and instruments employed for detection of failed fuel. In this
paper we briefly summarize the history of failed fuel detection in CANDU
reactors and describe the latest system built for a multi-unit generating
station.

It was noted early on that failure of a fuel element cladding can be dif-
ferentiated from a background of uranium contamination in the reactor core
by monitoring the concentrations of short lived gaseous and volatile fis-
sion products in the primary coolant. The first systems used sodium iodide
detectors and required physical separation of the fission gases from the
coolant sample stream [7] , but with the advent of germanium spectrometers
energy resolution was adequate to permit the measurement of fission gas
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concentrations directly in the coolant sample and to increase the number of
isotopes assayed [8]. However, data accumulation was much slower for each
spectrum line and was initially restricted to accumulation of complete
spectra with off-line data analysis. In this form, germanium spectrometry
has been used continuously as an important tool for fission product studies
[9-12].

Based on the experience obtained with metallic fuel in the research reac-
tors, a strategy was formulated for dealing with fuel failures at the first
CANDU power stations. The strategy involved detection of failed fuel
through monitoring of the concentrations of fission gases and their ratios,
followed by location and prompt removal of failed fuel.

Initial experience with oxide fuel at the Douglas Point nuclear generating
station appeared to confirm the metallic fuel experience. As a result the
following requirements were laid down for the full scale CANDU stations
which followed:

(a) The gaseous fission product (GFP) monitor is to provide an alarm
function and be under the control of the shift operations.

(b) As a consequence of (a), an instrument is to be set up to operate on
each individual reactor.

(c) Each instrument is to be completely automated and routinely test
itself to ensure that it is performing to a high standard.

(d) The data to be supplied is the concentration of a number of selected
fission products in the coolant; viz:

Kr-88: a GFP with a half life of 2.8 h. It is reasonably abundantly
released from fuel failures and provides a response to failure of
a few hours (Kr-85m can also be used);

Xe-133: a GFP with a half life of 5 days. It has the largest release rate
from fuel failures and consequently ultimately gives the largest
signal. The ratio of Xe-133/Kr-88 helps distinguish between a new
fuel failure and a general increase in core contamination;

Xe-135: in high flux reactors this GFP has a very short lifetime due to
neutron capture. Therefore its release rate from fuel failures is
low and its main source is the decay of 1-135 in the heat
transport system. Its concentration provides a measure of the
release rate of radioiodine into the' coolant;

1-131: an isotope of direct interest to reactor operation as there are
regulatory limits imposed on the coolant inventory. Normally the
concentrations are suppressed to low signal/background levels by
ion-exchange operation even when fuel failures are present. How-
ever, the concentration can be temporarily large due to transient
releases caused by fuel power changes.
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Primary heat transport system (HTS) GFP monitors conforming to the above
requirements have been installed at the four unit stations Bruce A, Bruce B
and Pickering B, as well as the single unit 600 MW stations at Embalse,
Wolsung, Gentilly-2 and Point Lepreau. Experience at these stations and
further extensive testing of defective oxide fuel have shown that the early
perceptions and expectations were quite conservative. Controlled
experiments and the experience of the operating utilities indicate that:

(a) The large volume of the HTS has a dilution effect that keeps the
general radiation fields (from dissolved fission products) to
tolerable levels under circumstances where a few fuel defects are
in the core [12-16]. The self shielding of the boilers enhances
this effect.

(b) At the heat ratings of the present uranium oxide fuel, fuel defects
are generally stable and the deterioration rate of the fuel is
measured in days or weeks [17-22].

On the basis of these two facts, the treatment of fuel failures has become
part of the fuel management program. The removal criteria vary among the
utilities and are a result of operating decisions incorporating the risk of
deterioration, the build-up of radiation fields due to deposition of
fission products, disruption of core loading patterns, reduction in burnup,
etc. Most utilities adopt a ;jlicy of prompt removal of identifiable
failures, followed by their examination and analysis for the failure
mechanisms.

Based on the above body of experience, requirements for a GFP monitor have
evolved so that in addition to the alarm function, detailed long term
srrveillance of the HTS and the condition of failed fuel is needed.

Under the emergent strategy for management of fuel failures there are two
distinct functions, i.e. operating control and detailed surveillance,
requiring different types of information. The station operator has res-
ponsibility for maintaining the HTS inventory of selected isotopes below
regulatory limits and radiation fields within radiologically acceptable
limits. The operator requires reliable measurements of the HTS inventory
of selected isotopes, in real time and with a known precision, as well as
general information on the intensity of radiation fields surrounding HTS
piping.

When action is not required immediately, the operator consults the station
chemist and fuel engineer to advise on the removal of failed fuel. The
station chemist and fuel engineer jointly perform the detailed surveillance
of the HTS that is required to:

(a) plan the timing of removal of failed fuel to minimize the loss of
burnup and disruption of core physics,

(b) program the fuel handling procedure to minimize the probability of
creating or exacerbating other fuel failures, and

(c) remove failed fuel in advance of serious consequences resulting
from its presence, e.g. excessive contamination.
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They require information relating to:

(a) release rates of fission products through a wide variety of
cladding ruptures at steady power and during power changes,

(b) the power history of the failed fuel through reactor power changes
and refuelling operations, and

(c) the effects of heat transport clean-up systems [23-25].

Such information can be developed using detailed gamma analysis of the
coolant for concentrations of the fission gases and a mathematical model
of the HTS that relates these concentrations to various processes for
release and removal of the GFPs.

2. SYSTEM DESCRIPTION

Distinctive Features - The HTS-GFP monitor described here will be instal-
led at the Darlington nuclear generating station, a four unit station now
under construction by Ontario Hydro. The design of the GFP monitor
includes both operator control and surveillance channels. Independent
operator channels are provided for each reactor unit but the surveillance
channels are implemented in a single computer system. Failure of any
operator channel or the surveillance computer does not affect operation of
the remaining parts of the system.

The configuration of the monitor is illustrated in Figure 1.

OPERATOR CHANNELS SURVEILLANCE CHANNEL

SYSTEM I
GROSS
GAMMA
METER

OUTPUTS
TO
CONTROL
ROOM

GERMANIUM
SPECTROMETER

SAMPLE
FLOW

ADC 8
• • I SPECTRUM

ANALYZER

ALARM &
CONTROL
MODULE

T
EXPOSURE
RATE

ALARMS & MONITOR STATUS ISOTOPE
ACTIVITIES

SYSTEM 2
SYSTEM 3 -
SYSTEM 4

COMPUTER
SYSTEM

T
:OTHER
INPUT

SURVEILLANCE
DATA

Figure 1. The configuration of the GFP monitor in a k unit station.
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At each reactor unit two* sample tubes are brought through the containment
wall and viewed by both a germanium spectrometer system and a gross gamma
meter. The germanium spectrometer provides the concentration of specific
isotopes required to characterize fuel behaviour while the gross gamma
meter provides general information on the level of radioactivity in the
coolant. In addition, the gamma meter can provide accurate data at very
high radiation fields where the germanium spectrometry circuits may become
nonlinear or eventually saturate. Together, these instruments satisfy all
the requirements for the operator channel and either one can provide ade-
quate protection while the other is being serviced.

A newly developed spectrum analyzer, which has only recently become avail-
able commercially, is used to provide both the detailed spectral informa-
tion required for the surveillance channel and the real time measurement of
the concentration of selected isotopes required for the operator channel
[26]. The spectrum analyzer also has capability to monitor some aspects of
its own and system operation, and to modify its operation in response to
system conditions. This multifunction capability has allowed considerable
simplification of system architecture relative to previous systems.

In previous GFP monitors the functions of the spectrum analyzer were per-
formed by several single isotope analyzers or a multichannel analyzer and a
computer. Neither solution was entirely satisfactory. Single channel
analyzers were insufficiently stable or too costly while the computer per-
formed batch analysis rather than real time analysis and was therefore
limited in its ability to follow trends in GFP concentration. As the com-
puter was required for the operator channel a separate computer system was
provided for each reactor unit. In the present design the computer is used
exclusively for surveillance. As a result, a single computer serves the
entire station and can possibly be integrated with other functions, such as
the radio-chemical laboratory or environmental monitoring. The present
design is less expensive to implement and maintain, yet it facilitates more
comprehensive analysis of surveillance data.

The Operator Channel - Each operator channel provides real time information
on the concentrations of Kr-88, Xe-133, Xe-135 and 1-131 in the HTS coolant
and on the gross gamma-ray exposure rate just outside the sample tubing.
In addition, it also monitors its own operation to ensure that the data
provided are of a high standard.

A detailed block diagram of a single operator channel is given in Figure 2
and the measurement range of the instrument is given in Table 1. Although
the hardware for processing the data from the germanium spectrometer
includes circuits for pileup rejection and dead time correction, and thus
stays linear up to a gross count rate of 100 kcps, normal operation of the
monitor is based on operation in the two decade range between 300 cps and
30 kcps. The required four decade measurement range is accomplished by
using either of two apertures, having approximately 100% and 1% transmis-
sion, interposed between the sample and the detector. The apertures are

*The primary HTS is divided into two halves that are only loosely coupled.
Each half is independently sampled and we combine the sample gamma rays
rather than the sample streams for a single measurement. In this way there
is the option of selectively analyzing either subsystem by special setting
of the detector aperture block.
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Figure 2. Block diagram of a single operator channel.

TABLE 1: Measurement range of the concentration of GFP activity in the
coolant and the gamma-ray exposure rate at the sample tubes

Measurement Range of Germanium Spectrometer
Isotope Gamma-Ray Activity Concentration

Energy (GBq/m3)
(keV) 100% Aperture 1% Aperture

Xe-133
Xe-135
1-131

81.0
249.8
364.5

0.11 - 11 11 - 1100

Kr-88 196.3
Count Rate: 300-30000 cps

Measurement Range
Logarithmic Output

Front Panel

Analog Output

0.011-1

of Gross
Range of
0.026 -
(0.10 -
0.026 -
(0.10 -

.1 1.1 - 110

Gamma Meter
Exposure Rate
2600 yC/(kg.h)
10 000 mR/h)
260 yC/(kg.h)
1 000 mR/h)

Count Rate: 0.2 - 20000 cps
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cut into a block of lead 100 mm thick. To prevent interference from
fluorescence lead X-rays the apertures are lined with tungsten and the
block is sheathed with stainless steel. The aperture block is moved into
correct alignment with the sample and detector by a switch-actuated drive
mechanism.

A round planar detector of high purity germanium having an area of 800 mm^,
an active depth of 10 mm, and an entrance window of 0.5 mm aluminum is
used. Shielding is provided on all sides, including internal backshield-
ing [i0], to attenuate the background. Standard commercial NIM modules,
selected for high count rate capability and good overload recovery are used
for pulse processing. The full width at half maximum energy resolution
varies from 1 keV to 2 keV over the energy range 0.05-1.5 MeV* and
increases less than 20% with increasing count rate up to 100 kcps.

The spectrum analyzer simultaneously acquires an energy spectrum and pro-
vides analog outputs corresponding to the total count rates in defined
regions of interest (ROI) within the spectrum. Thus, it provides both the
multichannel analysis function required for the surveillance channel and
the selected isotope ratemeter function required for the operator channel.
An important feature is that the collection time is independently adjusted
for each ROI to achieve the desired statistical uncertainty. Hence, the
coolant inventory of the fission products can be determined with a common
and constant reliability independent of the count rate. (A maximum col-
lection time can be independently specified for each ROI to avoid excessive
update periods at very low count rates). Figure 3 shows the variation in
the collection time required to maintain +5% statistical uncertainty as the
ROI count rate is varied by moving the radioactive source. The setup
parameters required to produce the plot are also shown.

Another important capability of the spectrum analyzer is its computational
capability. User defined equations facilitate conversion of the ROI count
rates into calibrated analog outputs. In the present application, ROIs are
defined for each of the four isotopes and, to provide the required 4 decade
dynamic range, each analog output is made proportional to the logarithm of
the concentration of the corresponding radioisotope activity rather than
the activity concentration itself.

Each equation is of the form

Output=Log [Net ROI Count Rate/(Efficiency Factor X Yield)]

where the efficiency factor is determined in the laboratory using a certi-
fied Ba-133/Eu-152 calibration source contained in replicas of the HTS
sample tubes. Efficiency factors are determined for both apertures and the
spectrum analyzer recognizes which aperture is in use and employs the
appropriate efficiency factor in the calculation.

*The GFP monitor is calibrated for the energy range 0.05-1.5 MeV. If
required, the intensity of higher energy gamma emissions can be obtained
from the double escape peaks falling within the calibrated range.
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As shown in Figure 2 the operator channel includes three output interfaces:

(a) An RS-232 short-haul modem to allow the spectrum analyzer to report
operator channel status or transfer a stored spectrum on request from
the surveillance channel computer system. Transferred spectra are
annotated with the date and time, the live time, the reactor unit
number, the detector aperture and the operator channel status.

(b) An analog output interface to convert all operator channel analog out-
puts to a common type (4-20 mA current loop) acceptable to the custo-
mer. Outputs provided are the concentration of activity for the four
selected isotopes, the gamma-ray exposure rate at the sample tubing
and the level of liquid nitrogen in the detector dewar.

(c) A system monitor/alarm interface to monitor system status and provide
contact closures to annunciate alarms warning of improper GFP monitor
operation or high radioactivity in the HTS coolant.

Operator intervention is required to correct improper liquid nitrogen level
and gross count rate. The high and low count rate alarms are generated by
the spectrum analyzer whenever the gross count rate exceeds or falls below
the limits 30 kcps and 200 cps, respectively. Operator response is to
select the detector aperture that puts the gross count rate within, or
closest to, tha desired range. Systems for complete automation of liquid
nitrogen filling and aperture selection have been provided in some previous
GFP monitors but because of their high cost and low frequency of use such
systems have not been provided for the present application.

The GAMMA METER FAILURE and MONITOR OUT OF SERVICE alarms indicate repairs
may be required to system components. The latter alarm is annunciated
whenever the high voltage supply to the detector is cut off (which may
result from too high a detector temperature), a watchdog timer in the
spectrum analyzer exceeds its preset limit, or an energy calibration error
is detected in the spectrum analyzer. The alarm condition is communicated
to the surveillance channel and prevents archival of data of questionable
validity.

The Surveillance Channel - The central computer system processes gamma-ray
spectra collected by the spectrum analyzers at the four reactor units. The
computer system consists of a PDP 11/23 + computer with 64kB RAM, 8 MB
Winchester disk, a single floppy disk drive, a video terminal and a print-
er. The system software is a gamma analysis package with application
specific software added to fetch and archive spectra, monitor operation of
the entire HTS-GFP monitor system and calculate GFP concentrations and
release rates for up to six specified isotopes.

A flowchart for the overall system operation is given in Figure 4. Once
the program is initialized the status of the four units is displayed on the
video terminal and the program begins to cycle through the units which are
on-line. A spectrum is fetched from the spectrum analyzer if the required
time (0.25 to 4 hours, independently selected for each unit) has elapsed
since the last spectrum transfer, or the computer detects a change of
detector aDerture.
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Figure 4. Flow chart for normal operation of the GFP monitor program.

Using peak areas and calibration data the software calculates activity con-
centrations for the selected isotopes. The release rates are then calcula-
ted , based on the model that the concentration of a particular fission pro-
duct is determined by its release rate from fuel failures and uranium con-
tamination and its removal rate by natural decay and other processes. This
simple model treats the HTS as a bulk process system and ignores recircula-
tion delays, which is well justified given that the recirculation time is
short (under one minute) compared with the period of spectrum accumulation
or significant change in the GFP concentration. The governing relation
is:

dN(i)/dt = Rc(i)+RD(i) - [A(i) + fi(i)] N(i)

where N(i) = total amount of the fission product i in the HTS (atoms)

\(i) = radioactive decay constant of the fission product i (s~^)

g(i) = rate constant for removal processes of fission product i (s )

R Q ( 1 ) = rate of release of fission product i from uranium
contamination (atoms . s~l), and

R£)(i) = rate of release of fission product i from defective or
failed fuel (atoms . s " 1 ) .



- 11 -

The measured radioactivity totals are just X(i)N(i), and the removal coi
stant may be obtained by an analysis of the removal processes. Under
steady state conditions, then, the total release rate is calculated as

Rc(i) + RD(i) = [1 + S(i)A(i)] Ki)N(i)

Under dynamic conditions the release rates may be calculated using the
archived data to obtain dN(i)/dt.

The two components of the release rate may be resolved by looking at the
response to step changes in reactor power, as the release rates frost fuel
defects and uranium contamination are nonlinear and linear functions of
reactor power, respectively.

At the conclusion of each spectrum analysis, the spectrum, the calculated
isotope activity concentrations and ratios, and the release rates are
stored in archival files on the Winchester disk. Sufficient memory is
available to store the results of 84 analyses for each system, which is the
amount of data normally generated in one to two weeks. When the memory is
full the oldest data is overwritten. For permanent archival the data nay
be transferred to floppy disks.

The software includes provision for preparation of several standard reports
in response to simple keyboard commands. Historic data on activity con-
centrations and the associated release rates can be tabulated for specific
isotopes. Also, tables may be prepared showing the concentrations and
release rates of the isotopes present in the coolant at any particular time.

3. CONCLUSION

Associated with the change from metallic to uranium oxide fuel there has
been a great improvement in the stability of defective fuel. As a conse-
quence, a requirement has arisen for surveillance of the HTS to detect the
presence of fuel defects and monitor their condition to facilitate removal
of the fuel in advance of serious consequences due to secondary damage of
the fuel sheath. In the new GFP monitor, the surveillance function has
been centralized and separated entirely from the alarm function to give the
station chemist and fuel engineer their own tool for optimizing the
management of failed fuel.

Application of a new real time spectrum analyzer has eliminated the prob-
lems .associated with batch analysis of accumulated spectra for the alarm
funccion, i.e. long spectrum accumulation and analysis times, resulting in
long response times to changing conditions, and uneven statistical preci-
sion of the measured amounts of fission gases present in the coolant.
Inclusion of a gross gamma monitor has provided a useful measure of
redundancy while at the same time providing complementary information on
the general level of radioactivity in the coolant and extending the upper
limit of measurement.

The various components of the GFP monitor have been well matched to their
function, resulting in an efficient design of comparatively low cost.
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