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It is a pleasure to welcome you on behalf of the

Government of Canada and of AECL to this seventh in a series

of Specialists" Meetings being held under the auspices of the

Working Group on Nuclear Power Plant Control & Instrumenta-

tion of the International Atomic Energy Agency.

The response has been good and already several

delegates have expressed interest in a meeting open to a

larger audience. However, in keeping with the intent of the

Working Group that an important characteristic of a Specialists'

Meeting should be informality, attendance was necessarily

limited, and as we can see, the 50 or so delegates here is about

the upper limit if, indeed, informality is to be the rule.

There seems little doubt that the subject matter of

the meeting In-Core Instrumentation and Failed Fuel Detection and Location

ranks high on the list of problems for which solutions are

urgently being sought.

This is not surprising since our topics touch on

important aspects of nuclear power generation where increased

knowledge and expertise would permit the safe extraction of

more power from a reactor core.

It is most gratifying to see so many participants

from overseas. I trr.st that the journey will prove to have been

worthwhile.

We are also happy to see so many of our American

colleagues for indeed one of the reasons for choosing Canada

as the venue for this meeting was to encourage greater partici-

pation on the part of the United States in the Working Group's

Specialists' Meetings, and especially in this one since it was

felt that a great deal of experience was being accumulated in

the United States relevant to our topics.

T would like also to welcome Mr. Spano who is repre-

senting the International Atomic Energy Agency and I believe

he has a few words to say on its behalf.
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I am very pleased to be here and to have this op-

portunity to welcome, on behalf of the Director General of the

IAEA, all of the participants to this meeting, and to thank

Atomic Energy of Canada Limited for its kind offer to host

this international gathering of specialists on in-core instru-

mentation and failed fuel detection, I would also like to

express my appreciation for the very evident excellent organiza-

tional job done by our Chairman, Dr. Pearson, and his colleagues.

The Working Group on Nuclear Power Plant Control and

instrumentation (NPPCI) , which recommended that this meeting be

held, is one of a small number of technical standing committees

established by the Agency to promote the exchange of information

on new developments in various fields, and to obtain expert

consultation and assistance for implementing relevant Agency

programs. I would like to mention very briefly and informally

one such program now being planned; this deals with the criti-

cally important problem of nuclear power plant reliability.

Under this program it would be intended that the Agency provide

its Member States with:

- information on the operating experience of nuclear

power plants in countries around the world, as well

as information on related reliability aspects of

reactor systems and components; and

- recommendations, where applicable, on various design,

fabrication and operational procedures and techniques

that contribute to plant safety and reliability.

The overall program is a broad one and one facet of

it, of interest here, deals with the reliability aspects of

reactor control and instrumentation. The Agency will be turn-

ing to the WG for assistance in defining the scope of the C & I

portion of the overall reliability program and the means for

carrying it out.

The topic of this specialists meeting ties in, of

course, with the question of plant reliability and safety, and
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the proceedings of the meeting, which the AECL will be publish-

ing, can be expected to be a very useful document in providing

control people and others concerned v/ith plant reliability an

up-to-date picture of the status of the field.

And now, without further ado, let me say "thank you"

and turn this back to our Chairman.



SESSION I

IN-CORE INSTRUMENTATION
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1. INTRODUCTION

Self-powered detectors designed for neutron or gamma

flux measurements have been used for a rather long time, also

in the cores of power producing reactors. However, several

different principles can be utilized to make a self-powered

detector, and present work in many countries is devoted to de-

velopment of still new ideas, investigations in order to better

understand the physical phenomena involved, and evaluation of

experience from long-term operation of these detectors. This

paper concerns only work going on at AB Atomenergi, Sweden, in

these respects.

The nsain aim of our work is to develop and test

neutron-sensitive self-powered detectors for in-core use in PWR

and BWR reactors. With these applications in mind, we have

found both Vanadium and Cobalt detectors as promising. Yet

self-powered detectors have not been installed in Swedish BWR's

other than for testing purposes. The main reason for using

Vanadium or Cobalt detectors in BWR is to increase the opera-

tional life of in-core assemblies up to about five years, and

therefore it takes a very long time to make the demonstration

tests which are considered necessary.

In the following, only Cobalt detectors of our own de-

sign will be reviewed. The mechanical and operational charac-

teristics of these detectors have been reported in a previous

NPPIC meeting (Vienna, 1969). During the last few years the

same detectors have been subject to studies and tests also

elsewhere [1-3].

2. PRINCIPLES

The useful signal in a Cobalt detector is produced

from a (y,e) process following the capture of a neutron in
59Co. This signal is prompt, but apart from it there are two

other neutron-induced background componentsP one originating
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from ("T#e) reactions from 6 °Co decay gammas and the other due

to the beta decay of 61Co. They will both contribute only

after long irradiation time, when a substantial amount of 60Co

has been formed. The first, the 60Co decay signal, is built

up very slowly as a function of the totally received neutron

dose and does not respond to transient changes of the flux

level. The second, which can be called 6 ^ o signal, will re-

spond to a step change in neutron flux with a time constant

corresponding to the half-life of 61Co, which is 1.65 hours.

In raost in-core applications, the 0UCo signal is con-

sidered less serious than the blCo signal, even if it givcc a

higher contribution to the over-all signal. The reason is that

it is semi-stable and can be calculated from records of the

integrated detector current and also measured with a calibra-

tion routine at suitable intervals. The 61Co signal, on the

other hand, is serious because ir may influence signal stability

in a frequency region important for reactor control and safety

systems.

Other background effects in the detector are caused

by ambient gamma or beta radiation.

Valuable work has been done [4,5] to develop calcu-

lational models for Cobalt detectors in general. This is im-

portant since background signals of the types described are

functions of the geometrical design of the detector. So far,

however, the calculational models do not give a full descrip-

tion, e.g. of gamma sensitivity and of reactions in the insula-

tor material in the detector. It is therefore desirable to

investigate detector properties by systematic experiments.

Unfortunately, some experiments relating to parasitic back-

ground effects require very long irradiation time.



- 10 -

3. PRESENT TESTING PROGRAMME

The in-pile detector tests made in our facilities in

Studsvik relate to problems of importance to power-reactor

applications. A list of such tests, involving Cobalt detectors,

is given below.

a) Long-term irradiation tests at about 400 C temperature.

This is aimed to complement similar tests at lower

temperature in Halden. Norway. The insulation qualityi

change in calibration and s0Co build-up is recorded.

Total neutron dose was 5.5 x 10ai nvt when it was ended,

We hope to recalibrate the detectors accurately and

also to measure 61Co background,

b) Dynamic tests with a number of detectors to investi-

gate possible transient effects due to temperature

changes. Individual detector temperatures can be

measured and also controlled by means of heating

elements. The temperature range is up to about 600°C.

Detector overtemperature, obtained through gamma ab-

sorption, can be measured. The test program is not

yet completed,

c) A low-temperature long-term irradiation test has been

run for 4.5 years. The neutron dose is estimated to

5.6 x 1021 nvt, and the 60Co background is 9.3% of

the full flux signal. After the test was stopped, an

attempt was made to establish 61Co contribution by

taking a detector out for accurate recalibration in a

well-known flux position. The detector was broken at

this occasion. Later we have made a metallographic

examination of it in order to see possible changes

in structure material caused by the neutron irradia-

tion.
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d) A new long-term test is started this spring with

better possibilities than before to get data of in-

stability effects due to 61Co. In this several

different detector types are irradiated under well

controlled conditions at a high flux with possibili-

ties for accurate on-line calibrations.

An in-core detector test has been run for the past

3 years in the Qskarshamn I BWR. Two assemblies were installed,

each with 6 detectors (2 Vanadium and 4 Cobalt) . Unfortunately

it was not possible to install recalibration facilities, so the

signals from the detectors can only be compared with each other

and with those from adjacent fission-chamber assemblies. The

system lay-out is very similar to that of a fixed fission chamber

probe system: assembly mechanical design, signal handling

equipment, cable installation etc. Out of the 12 detectors, 4

developed failures before the reactor start-up, probably due to

cable faults caused during the installation. During the whole

test period, the detect."r signals have been recorded continuously

and detector properties checked. Towards the end of the period

another 2 detectors developed unstable or faulty signals. The

reason for these failures cannot be explored until the assemblies

are taken out.

During this summer one of the Oskarshamn I test assem-

blies will be taken out and replaced by a new assembly with

8 detectors. The new assembly has possibilities for calibration

scans, because the main object of this test is to verify long-

term stability of Vanadium detectors. It is hoped that the old

test assembly which is taken out for examination and which con-

tains some failed detectors, will be able to give information

of possible weaknesses in the detector or assembly design.
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4. RESULTS

The long-term tests have fairly well established the

background effect caused by S0Co build-up. Several irradiations

performed in Studsvik as well as elsewhere have caused up to

about 10% 60Co background current.
61Co background contribution has m t so far been

observed in our detectors. We have made experiments with ir-

radiated detectors which should well have disclosed this contri-

bution according to estimations with an available calculational

model, but the effect may have been masked by competing gamma-

induced effects in the detector. We think that the further ex-

periments planned will establish the important 6lCo contribution.

Cobalt-61 instability has been calculated for wire type Cobalt

detectors by Sovka [6]. According to this rather approximative

estimation a contribution of up to 11% could be expected after

a dose of 1.5 x 10 2 2 nvt. This means a short-term signal drift

in the detector which cannot be tolerated in power reactor ap-

plications. However, the mechanism generating the 6lCo back-

ground is very dependent on detector dimensions, and we have

estimated the 61Co background for our detector design with 2 mm

dia, emitter to only 1/4 of the value for a wire-type detector.

The value is 20% lower if the effect of flux depression in the

Cobalt emitter is taken into account. Consequently, with our

present Co-detector design it is not expected that the 6lCo

background for practical in-core applications will exceed 2-3

percent.

Response to neutron spectrum and flux depression has

been estimated for Cobalt detectors, as well as for Vanadium

detectors, by calculation. The comparably high epithermal

sensitivity of the Cobalt detector is a clear disadvantage com-

pared with the Vanadium detector in practical in-core applica-

tions. The flux depression calculations were made for an

assumed in-core application with water of 300°C temperature

surrounding the detector. From the data of flux perturbation
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obtained, it can be stated that the thermal reaction rate m

the detector is 0.74 of the reaction rate in the unperturbed

flux. For comparison, the figure for the Vanadium detector is

0.96. These data are of importance when comparing a Cobalt

detector of 2 m emitter with one of 0.5 mm emitter. For

instance, the burn-up rate of the latter, as well as production

rate of 6qCo, will be 20% higher.

Part of our experiments have been devoted to the ques-

tion of signal stability at stepwise change of temperdluie,

Some experience from an in-core test indicated that after a

step change in flux a small component of the signal decayed

with some half hour time constant. This could be explained by

assuming gamma heating of the detector and hence a temperature

step following each flux step. The signal instability could

then be caursed by a slow temperature effect in the insulator

part. No theoretical model exists for radiation effects pro-

duced in the insulator, and therefore systematic experiments

have to be performed. So far we have not seen this instability

in our specially designed tests and may assume that the observed

drift as mentioned was due to external disturbance effects.

5. CONCLUSIONS REGARDING POWER REACTOR APPLICATIONS

The Cobalt detector as described has dynamic proper-

ties to make it useful in systems where fission chambers are

used now. Like the miniature fission chamber, the burn-up

rate is a limiting factor, and it is necessary to have a back-

up recalibration facility. This facility can consist of a

traversing in-core probe, as is an established technique in BWR,

an aeroball system or fixed Vanadium detectors. In the last

case we think that the signal stability over several years

justifies the detector to be used for absolute calibration. One

practical advantage of fixed Vanadium detectors as calibration

devices is that they easily can be combined with Cobalt detectors

in the same assemblies.
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The over-all gamma background in the Cobalt detector

is of the order of 81 when it is installed in a BWR. This

may be compared with the value 1.5% for an unexposed miniature*

fission chamber. However, the signal to gamma background ratio

goes down with a factor 2 each 10Jl nvt exposure for a fission

chamber, whereas it is decreased only about 3% for a Cobalt

detector for the same exposure. This means that the burn-up

life with regard to tolerable signal/background ratio is typi-

cally only 2 years for a fission chamber but more than 5 years

for a Cobalt detector with the same burn-up life requirements.

For a BWR in-core detector installation, the main

attraction with Cobalt detectors, apart from the small size,

seems to be the. long life, which might be comparable to other

structure components in the core. This potential advantage also

applies to Vanadium detectors, for flux distribution measurements,

Present detector tests going on in Sweden are designed to demon-

strate long-term effects of the types described above and also

the accuracy of Vanadium detector calibration. Also the long-

term radiation effects on structural material in the detectors

are of course studied in those tests.

6. DEVELOPMENT

Some work is done in Studsvik in order to improve or

optimize self-powered detectors for power reactor applications.

For instance we have made detectors with combined Vanadium-

Cobalt emitters. The fast and delayed signal can be electroni-

cally separated. The advantage of such a device might be

better calibration stability, better 1/v spectrum response etc

than for an ordinary Cobalt detector.

The gamma sensitivity of the Cobalt detector is ex-

pected to be drastically reduced in a new design which is being

developed in Studsvik at present. The characteristics of that

detector design will ibe confirmed through ih-core tests• i& the

near future. We think that the Cobalt detector after this
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improvement will be more useful for particularly PWR applica-

tions, where gamma background is considered disturbing in-

present available designs.
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DISCUSSION ON PAPER BY JONSSON

I would like to ask about the extent of the y-ray

background effect on the response of your cobalt detr tors.

You mentioned its existence and said you plan to reduce its

magnitude. Are you planning to use geometrical effects to

reduce it?

JONSSOS: In a BWR, the y-rays contribute about 8% o, the

signal. For PWR applications it is probably a little larger,

about 10-12%. We are going to reduce this by an improved

design.

PEARSON: You made a comment that you had to do many years

of testing at Studsvik before you thought these detectors would

be usable in the nuclear power program. Would you care to

discuss how relevant to the use of these detectors in a nuclear

power station, are tests in a research laboratory or a re-

search reactor?

JONSSON: The point was not that we think that these detector

tests are sufficient to establish data for power reactor ap-

plications but instead that this report is confined to those

tests that we actually do in Studsvik. There are other tests

going on elsewhere in power reactors. In general, the tests

that are done in the high flux reactors are confined to effects

due to neutron exposure. Thus, for example, it may not be

possible to study the y^ay background effects under these

conditions.

GREEN: In Canada, it has now been decided to use platinum

detectors in the power reactors because of the small burn-up

effects with platinum compared to cobalt. Although they are
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predominately y-ray sensitive, we believe we can use that signal

just as well as we could the neutron signal to serve our par-

poses in terms of control and safety. . Have you given any

consideration to the use of platinum detectors for situations

where fast response is required?

JONS SON; We are aware of some work that has been done in

Germany and also in Canada but no work has been done on

platinum detectors in Sweden. We consider the main reason for

using cobalt detector is not necessarily to have a very long

term stable response, but to have a calibrated detector in the

reactor. Cobalt detectors can be used for control purposes.



; - . ] • / • : . - .; zi- '. .2

FUEL TEMPERATURE MEASUREMENT (= FTM) AS AN ALTERNATIVE

IN-CORE POWER MEASURING TECHNIQUE k

M. Kolb

GKSS, Gesellschaft Fur Kernenergieverwertung
in Schiffbau and Schiffahrt MBH

Geesthacht, Germany

P a p e r 1 .2



- 20 -

1. INTRODUCTION

This report is intended to be discussed under the

general heading "in-core instrumentation systems under design

to measure power distribution in nuclear power plants" as

suggested in the Preliminary Agenda of this meeting. Already

five years ago, the following statement was written by

BOLAND [1] for the AEC monograph on in-core instrumentation

regarding fuel temperature measurement (= FTM);

If continuing efforts to develop temperature trans-

ducers for fuel temperature measurements in experimental

fuel elements are suoaessfult they will undoubtedly be

used ;n future power reaatove. (p. 125)

Even today FTM is not regularly used in power reactors and

this report likewise cannot deal with a complete FTM system in

operation or under design. It will be based, however, on

previously unpublished results of the successful operation of

18 thermocouples distributed in fuel rods of two standard fuel

elements [2,3] within the first, stainless steel clad core

(= FDR-I)* of the nuclear ship OTTO HAHN [4], which operated

with a mean power density of 34 kW/liter from 1968 to 1972.

Furthermore, results will be given from 9 fuel thermocouples

installed together with SPN detectors and fission chambers in

an experimental fuel element [5] in a corner position of the

second, Zircalloy clad core (= FDR-2) [4], which propels the

OTTO HAHN since early 1973 with an increased power density of

53 kW/liter. The report will first discuss the pros and cons

of FTM as an alternative to the present in-core power measure-

ment by ion chambers or SPN detectors in general and then pro-

ceed to the specific experiences gained with FTM in the two FDR

cores.

*FDR = Fortschritt1icher Druckwasser Reaktor
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2. FUEL TEMPERATURE MEASUREMENT vs. NEUTRON FLUX MEASUREMENT

In order to judge their relative merits, FTM and its

established competitors will be compared with a fictitious

ideal in-core power monitoring system. The properties of this

ideal system are rather easy to define:

It possesses minima of

(1) detector diameter

(2) time constant

(3) background - i.e. not power-relatea-signals

(4) burn-up influences

(5) total power consumption

combined with

(6} a cheap, durable, easily installed design

and finally

(7) a well understood - i.e. completely calculable -

sensitivity to the local power only.

It is difficult to compare the existing systems

briefly with the ideal one since true standardization has not

been reached - at least in German nuclear power plants [6].

However their in-core instrumentation trends will form the

base of the present comparison which can provide only a crude

assessment.

We consider as established systems primarily fission

ion chambers and - to a lesser degree - SPN detectors.

Activation systems using movable ball columns or spirals will

be disregarded because of their intermittent operation. For FTM,

sheathed high-temperature WRe alloy thermocouples only will be

considered since other proposed temperature sensors are not

commercially available in the small size necessary.

2.1 installation

In FTM, the installation of the sensor is nearly ideal

since it is incorporated into the fuel rod without any distur-

bance of the core fuel grid. However, from this advantage
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follows its main - and perhaps overriding - disadvantage; the

thermocouple connecting cables have to be handled together

with th*s fuel element. Attempts to develop wet electrical

connectors - i.e. with contacts exposed to the water coolant

of fairly high resistance - in order to disconnect the cables

from the fuel element have been reported so far as unsuccess-

ful [1]. For an expedience, the thermocouple fuel rods could

possibly be inserted after the fresh fuel elements have been

loaded into the reactor. The connecting cables could be

squeezed off later before shuffling or removing the irradiated

fuel elements.

The so-called 'hot zone error* resulting from the

passage of the thermocouple leadwires through hot zones in the

fuel rod seems to be a minor problem in comparison with the

fitting of the connecting cables just mentioned. It might be

avoided by laying the leadwires not centrally in the fuel

pellets or using pellets of lower enrichment at some distance

from the thermocouple tip in order to prevent hot zones along

the leadwires.

2.2 Signal Interpretation

The in-core measurement of neutron flux is not an end

in itself but serves to deduct the local power density and from

this the local heat flux at the fuel rod surface. This, to

know the distance from burn-out and - to a lesser degree -

from central fuel melting is the true objective of in-core

measurement which can be reached as well, if not better, by FTM.

Calculating the can surface heat flux from the

measured central pellet temperature involves mainly the know-

ledge of U02 thermal conductivity and gap conductance 17], The

former is by now fairly well known for fresh fuel [8] whereas

the latter represents the main source of error. It might be

compared with the difficulty to obtain the micro neutron flux

distribution between neutron detector and fuel and leads

similarly to a safety or "no-knowledge" factor, The temperature
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error stemming from the central thermocouple bore is small,

since only a few percent of the fuel has to be removed and,

moreover, at the place of the maximum neutron flux depression.

The time constant of an in-core power measurement system

is another area of concern in signal interpretation. Here

bearing in mind the true objective - i.e. to measure the heat

flux leaving the fuel rod - FTM comes nearer to the ideal

signal sought than neutron flux measurement provided the

thermocouple's time constant is short in comparison with the

fuel rod's time constant. This is the case even when using

insulated, fully sheathed thermocouples with fuel elements of

water cooled reactors. FTM generates a low pass smoothed signal.

It allows detection of an insipient excursion at least as early

as the faster neutron flux signal which shows high inherent

fluctuations - especially in BWRs - whose high frequencies are

irrelevant to burn-out monitoring.

Signal interpretation is not complete without a dis-

cussion of systematic and spurious background signal components.

Here, FTM seems to be well placed again. y~heating of the

thermocouple is negligible due to its small mass and good thermal

radiation equilibrium with the surrounding fuel at the prevail-

ing high temperatures. Spurious signals are well suppressed by

the^low source resistance - at most a few hundred ohms - of the

"self-powered" thermocouple which is orders of magnitude smaller

than the one of the competitive neutron detectors.

2.3 Long-Term Reliability

The dependence of the EMF of high temperature thermo-

couples on burn-up is still under study [1,9,10]. A 25% drift

of their EMF was reported for some W3% Re/W 25% Re thermo-

couples after irradiation to about 5 x 1021 thermal n/cm2 [9],

however a final evaluation is not yet possible. At least a low

temperature in situ recalibration of the thermocouples is

possible by measuring their voltages at an isothermal state of

the shut-down reactor.
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Despite the EMF change FTM does not seem to suffer more

from burn-up than most ion chamber neutron detectors. However,

the change of the "effective" thermal conductivity [7] from

canning surface to fuel centre with burn-up cannot be accounted

for easily - if at all - since pellet cracking and altered gap

conductance are very local phenomena. However, somewhat similar

difficulties arise as well when calculating the power released

in partly burned-up fuel elements from neutron flux detector

signals.

Foremost, however, any FTMs long-term reliability

depends strongly on the art and techniques used by the manu-

facturer of the thermocouples. Despite some attempts to develop

standardized specifications for high temperature thermocouples

the procurement of reliable ones is far more difficult than

that of simple sheathed Chrome 1/Alumel thermocouples. To cut

a long discussion short, we may say of FTM's reliability:

below 1000°C there is no problem, below 1500°C good results

are possible, and above 1500°C it's difficult!

3. FUEL TEMPERATURE MEASUREMENT IN OTTO HAHN'S TWO CORES

This section will give an abstract of our experiences

with FTM in OTTO HAHN's two cores restricted to the practicability

of FTM. The FDR-1 operated for a total time of 1,051 days

delivering a total power of 0.51 TWh equivalent to 560 full

p_ower days, its design had been for 500 fpd. The square fuel

element containing 10 FTM thermocouples has been dismantled

in the Geesthacht hot cells. The non-destroying tests on the

FTM fuel rods are nearing completion. They include detailed

fission product y-seans giving local power density integrals

and neutron radiographies which should show local heat transfer

anomalies as cracks and dishing gaps at the thermocouple tips.

We hope that the destroying tests will allow a removal of the

thermocouples to recalibrate their EMF after a fluence of about

1 x 10 2 1 n/cm\
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The FDR-2 has delivered up to now a total power of

0.20 TWh equivalent to 223 full power days. Contrary to FDR-1,

which was an interlocked batch core, FDR-2 is designed for

partly refuelling and fuel shifting whic••> is now scheduled for

1975.

3.1 Installation

Figure 1 shows the FTM positions in a cros^ section

of FDR-1's two instrumented fuel elements. Only one of these

18 installed thermocouples failed at the beginning (number 15^.

The thermocouple leads left the fuel rods at the bottom of the

core, were collected under the fuel rod supporting plates and

passed on to the leads of the instrumented fuel elements within

empty fuel rod sheath tubes. From there the leads of about 11 m

total length were guided along the lining of FDR's internal heat

exchanger to leave the pressure vessel through special instru-

mentation ports in the vessel's lid.

Figure 2 shows the positions of the 9 FTM thermo-

couples installed ?t the FDR-2 of which only three remain opera-

tive at present. These 9 thermocouples are the first trial

series of WRe-high-temperature thermocouples made by a national

manufacturer for testing purposes only which explains their high

initial failure rate. In the FDR-2, the thermocouple leads

leave the fuel rods at the top of the core and are guided to the

pressure vessel lid through a newly introduced construction

which is to hold the fuel elements in place if the ship should

turn upside down.

Figure 3 gives details of the thermocouple installa-

tion in the fuel rods of the two cores. The stainless steel

(ss) clad FDR-1 fuel permitted a weld between the thermocouple's

ss sheath and the ss fuel rod plug whereas the Zircaloy clad

FDR-2 required a pressure seal since ss and Zircaloy could not

be joined by welding. Furthermore, Figure 3 indicates the

miraculour technique of directly joining the ss sheath to the
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Ta sheath with constant diameter and without solder which was

mastered by Continental Sensing, Inc. of Melrose Park,

Illinois for the FDR-1 thermocouples, (Unfortunately, this

technique seems to have disappeared with them.) It follows

from the pellet dimension given in Figure 3, that only about

3 respectively 4 percent of the pellets' mass was drilled out

for the thermocouple bore.

3.2 Static Measurements

We will present only two typical examples of static

measurements i.e. measurements of the mean temperature accom-

plished by an integrating DVM with the reactor operating

steadily at different power levels. The cold junction formed

by the extension leads was thermostatically kept at zero degrees

centigrade (0°C).

Figure 4 displays temperature profiles across the

square fuel element of Figure 1 measured at different power

levels. The influence of the raising of the control rod is

shown clearly by the increase of the innermost thermocouple's

(number 3 in Figure 1) temperature over that of the next

thermocouple (number 3 in Figure 1) between 244 and 323 mm - mm

control rod position refers to the four central control rods

marked A in Figure 1, small insert -. The temperatures of the

thermocouples 2 and 7 respectively 1 and 9 in Figure 1 are

plotted in Figure 4 at the same distance from the fuel element's

inner surface. The fairly small temperature difference between

2 and 7 (distance 87 mmX and the larger temperature difference

between 1 and 9 (distance 118 mm) in Figure 4 may be reasonably

explained by looking at Figure 1 for the respective thermo-

couple positions.

Finally, one feature of FTM should be stressed: When

interpreting Figure 4 in terms of heat flux through the fuel

rod surface, the increase in fuel enrichment for the three outer

thermpcoiuples • - 18, 17 and 19 in Figure 1 - has not to be taken

into account apart from a minor correction for the slightly
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increased neutron flux depression in the fuel rod.

Figure 5 compares the power dependence of FTM indica-

tions with that of conventional in-core neutron flux detectors

installed at the FDR-2 (see Figure 2). The fuel temperature

equals the coolant temperature at zero reactor power and in-

creases practically linearily with the power which is to be

expected at the fairly low temperatures reached [ 7]. The some-

what inconvenient signal cff-set induced by the coolant

temperature could be cancelled by exposing the cool thermocouple

junction to the coolant temperature. This is usually done with

thermoelectric radiation detectors, see e.g. [6].

The neutron flux indications of the conventional

detectors were obtained from their thermal neutron sensitivities

as given by their manufacturers. Position A is somewhat shielded

from the adjacent starboard fuel element by two experimental

fuel rods with burnable poison cores. This may explain why the

fission chamber at A indicates a lower flux than the one at B,

both chambers are being situated at the same core height.

3.3 Dynamic Measurements

The dynamic properties of a measuring system can be

characterized either in the time domain by its transient response

to a step or ramp input or in the frequency domain by its

transfer function. Accordingly, we will give examples for the

FTM system.

Figure 6 displays fairly old, digitized measurements

[ 11j of the transient resulting from a +0,3% reactivity input

within 10 seconds together with more recent model calculations

of this transient [12] • Obviously, fuel temperature was calcu-

lated about as well as neutron flux; therefore FTM may be used

with the same confidence as neutron flux measurement for reactor

power monitoring. "Measurement corrected" (Figure 6 lower half)

refers to a renormalization of the measured central fuel

temperature to the mean fuel temperature calculated by the model.
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Figure 7 gives the response of neutron flux and FTM

signals to a pseudostoehastic reactivity perturbation ( 13). The

FDR-2 was operating with one of its three primary coolant

pumps off. This increases (1) localized boiling with higher

power and hence (2) the neutron flux noise. The FTM traces

show clearly the low pass character of the FTM signal which

resembles the actual fuel rod load better than the neutron flux.

The heat transfer tima constant of a fuel pin can be

obtained from the measured phase of the cross power spectrum

between neutron flux and fuel temperature [ 14]. Figure 8 shows

the transfer function between neutron flux and FTM signals as

measured recently on-line with a digital Fourier analyzer at

the FDR-2 utilizing the inherent power fluctuation only [ 151.

A simplified model of the FTM system is outlined at the top of

Figure 8 where both fuel pin and thermocouple are represented

by first order lag subsystems possessing a heat-transfer

resistance and a heat capacity. From this model the phase of

the transfer function of Figure 8 should be zero at very low

frequencies and approach -180° at high frequencies.

Fitting the model to the measured phase of the transfer

function yielding the two time constants related in Figure 8.

These time constants may seem to be large for a reactor power

measuring system. However, the thermocouple's time constant

is definitely smaller than the one of the fuel pin, thus FTM

signalises the fuel pin's state fast enough.
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DISCUSSION ON PAPER BY KOLB

;:/1;;:J;;:: Am I right in understanding that you are not con-

cerned with heat flux, burn-out, or anything like that, but

that your main criterion is the centre fuel temperature?

Otherwise you would have the problem of transferring thermo-

couple information to the outside of the fuel rod just as you

have the problem of transferring in the opposite direction

from the neutron flux.

fXLB: That is correct, and I hoped to point out that they

are equivalent. Whether you measure the central fuel tempera-

ture or the nautron flux a few centimeters away from the fuel

rod you do not measure the critical heat flux. From the

central temperature it is possible to calculate the power and

then, indirectly, the heat flux.

GOOD INGS .-You mentioned that you can recalibrate the thermo-

couples during a reactor shutdown. To what extent have you

measured changes in the linearity of the thermal coefficients

with irradiation?

XOLB: The first core operated to a total neutron fluence

of 1 x 1021 nvt and during operation there were occasional ex-

tended shutdowns that allowed fission product heating to be

minimized. We did not find a systematic shift of sensitivity

under these conditions. However the calibration was performed

at 200°C and the operating temperature was 1000°C or more, so

an accurate calibration was not done. It was used simply as

a check on the operation of the thermocouples.

I should perhaps mention that there was a paper at

the last A.N.S. meeting where it was reported that thermo-

couples had been exposed to 5 x 10 2 1 nvt with no systematic

change in their sensitivity. However, theoretically, a change

of 20% was expected.
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!JO0D:N'JS: Possibly the hard spectrum at the centre of the

fuel could make a difference,

KOLB: Yes, in the centre of the fuel the spectrum is fairly

hard.

GOODINOS: Have you tried smoothing your fission chamber

outputs?

KOLB: We have many low pass filters and it is easy to smooth

the outputs, but it means that noticing an insipient transient

becomes as slow as with thermocouples.

GOODINGS: I noticed on your Figure 7 that there was a sig-

nificant time lag in the response of the thermocouple to a

change in the neutron flux. Does this bother you?

KOLB: If the signal from the neutron flux is fast then you

have to allow a long dead time before considering the signal

excursion to be significant otherwise the signal will be con-

stantly exceeding the limits. The use of a long dead time or,

as you suggested, low pass filtering, both give a slow response.

KELLY: What size was the diameter of the wire and the

junction of the thermocouples and were they sheathed?

KOLB: The wire diameter used in both cores was 1.6 mm. The

junction in the first case was 1.7 mm and in the second 1.9 mm.

I have calculated the temperature distribution in the fuel

element and the results show that there is very little gradient

at the centre so these sizes present no difficulty. The

thermocouples were sheathed in tantalum and insulated with

BeO, making the signal amplification easier. It also simplifies

checking for a short to the sheath.
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K-.LLY: You said that you didn't notice a significant sensi-

tivity shift* Have you performed any metallurgical examina-

tion to determine if there has been some transmutation?

?:CLB: The fuel element from the first core is in our hot

cells at the moment. From the integrated values from the y-ray

scans of the fission products in the fuel rod we have obtained

the total neutron fluence. We also plan to try to reconnect

the thermocouples and make an e.in.f. measurement but we are not

sure if it's possible yet.

KELLY: On the subject of sensitivity shifts, the work re-

ported at the previous conference that you mentioned showed that

annealing reduces this effect and I suspect that since you are

operating at 1000°C annealing is the overriding effect unless

you have considerable transmutation effects on the junction.

KOLB: You must have some transmutation effects with these

neutron doses but I think that the work you mentioned had

some annealing too since they operated at temperatures even

higher than 1000 C and yet they still had a sensitivity shift.

VAN ERP: In the case of fast reactors where the fuel is

subjected to a very high burn upf it forms a void in the centre,

and there are considerable changes in the properties of UO2 as

well as changes in the geometry. To what burn up did you

operate these thermocouples?

KOLB: I said the thermal conductivity is fairly well known

for fresh pellets but for irradiated pellets, with possible

cracking, etc. it is defini-tely susceptible to local changes

that may result in local overheating. However we suppose that

if this has happened then you can still notice power excursions

without too much alteration.
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LYNCH: Designers would be faced with an immense problem if

each fuel channel and each fuel bundle required thermocouples

for total reactor instrumentation. Would you care to comment

on the philosophy of using a point detection system rather

than a linear system, as is possible with self powered de-

tectors, for total instrumentation of a power reactor?

KOLB: It is not intended that every fuel pin have a thermo-

couple installed in it. Even now with in-core instrumentation

in large power reactors only about 50 measuring points in the

core are used. These'are located at particular positions

usually between the fuel elements.

LYNCH: But these 50 measuring points can probe the whole

reactor core.

KOLB: No! With fixed detectors it is just 50 points. Of

course, you can interpolate between them using some sort of

moving detector system. This is not possible with ;he thermo-

couple system where you chose 50 or 100 points and that's it.
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The expected functions for in^core neutron monitoring

systems for HTGR's are similar to those in water reactors, with

the following differences:

Geometry involves considerably larger volumetric

coverage. Environmental conditions are more severe

in regard to high temperature and thermal cycling.

Core neutron fission cross sections are more com-

plex.

The proposed in-core neutron monitoring for HTGR's

would consist of two separate systems:

Periodic full core "flux-mapping" to supply data

for confirmation of core design and fuel depletion

computations. "On-line" monitoring to provide

alarms and/or protective action against abnormal

power distributions which might lead to core damage.

Full core flux-mapping is proposed to be done by a

system of two or more movable neutron detectors which could

be routed into a relatively large number of vertical flux

paths distributed throughout the core. The flux mapping would

be manually initiated and semi-automaticdlly controlled. On-

line monitoring would be done by a separate system of six

or more detectors in pre-selected flux paths which would

automatically make axial profiles frequently and/or subsequent

to control rod movements or load changes which might tend to

produce Xenon oscillations.

A block diagram of the overall system is shown in

Figure 1. The detectors used for flux mapping would have

associated drive units, position indicators and transfer de-

vices for routing into various paths. The control panels for

these would provide detector readouts and recordings, path

and position controls and inputs to the plant data acquisition

system for data storage and limited on-site computations. The
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on-line detectors would be similar except with simpler posi-

tion control and outputs to two mini-computers for on-line

computations of flux peaks, and axial and radial tilts if

they occur. Calibration of these detectors would be by use of

one of the detectors normally used for flux-mapping.

Each flux-mapping detector transfer device would be

capable of covering the entire core, or to speed up the procedure,

the other detector(s) could be used simultaneously with cross-

calibration in a common path. The need for six detectors

for on-line monitoring is based on the hexagonal geometry of

the fuel assemblies resulting in three axes of symmetry in HTGR's

as compared to two axes in water reactors (see Figure 2),

The system proposes cooled flux paths within the core

because of the high temperatures, which are estimated otherwise

to be approximately 2000°F within detectors due to environment

plus internal heating. Detector constructional features which

are subject to failure due to such high temperatures are

primarily the seals between the inner portions of the detector

and the insulation of the connecting readout cable. The internal

dimensions are also subject to changes during thermal cycling.

It is believed that deterioration of detector performance would

be so great as to preclude the possibility of satisfactory per-

formance. Good operational test data up to 1000°F are available,

but to date there have been no reports of successful operation in

the 1500° to 2000°F region.

The detector readout cable performance would also

deteriorate to the point which would probably preclude operation.

Figure 3 shows typical resistance measurements of several

insulations showing rapid drop off with increasing temperature.

Specific data are available to about 120Q°F, and extrapolation

indicates complete inoperability in the 1500°-2000°F region.

In order to alleviate the temperature problem, it is

proposed to "cool" the flux paths by means of pressurized water

flowing along the periphery of each flux detector guide tube



Fig . 2 - Axes of Symmetry
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(see Figure 4). ' Because the paths available in HTGR's are of

ths order of 0.800-inch diameter rather than 0.400-ir.ch in

water reactors, it would be possible to provide a "heat

exchanger" type of guide tube which would consist of the

central tube or "thimble", an inner annulus for downflow of

cooling water and an outer annulus for upflow. The water woul'

be supplied from one or ir.ore headers with connections at the top

of the tube assemblies.

The quantity of thermal energy removed from the core

would only be a fraction of 1% of the total core power, and

this could be easily disposed of to the external atmosphere.

In fact, it would probably be possible to use a cooling system

already designed for use with the auxiliary core cooling system,

which is capable of removing decay heat from the core at shut-

down on the order of 1% of full reactor power. The cooling

water flow would be sufficient to hold detector internal tem-

peratures below 1000°F, at which satisfactory operation has

been previously obtained.

The most versatile in-core movable detectors presently

in use in water reactors are miniature fission chambers, with

enriched U-235 as the fissionable coating. For HTGR's, it is

proposed to use similar detectors, but possibly with some

thorium or U-233 to provide approximately the same fission

cross section as the core itself.

The fact that the guide tubes for the flux paths

would be surrounded by a double layer of water and steel would

undoubtedly perturb the flux in the thimbles somewhat, but

this change is expected to be uniform and hence correct

relative readings would be attainable.

In some installations for PWR's, the transfer devices

are divided in two groups, a set of 5-path rotary transfers

to select the mode of operation (normal, calibrate, storage,

etc.) and a set of 10-path rotary transfers for flux thimble

selection. The result is to lengthen the runs by some 30 ft.

more than the basic lengths, including a number of tubing bends,
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thus increasing the flux-mapping time and size of drive motors

required. Tests have shown that more than 50% of the total

insertion force is used up between the drive units and the

start of the flux paths.

This proposal for HTGR's would shorten and straighten

the runs by employing X-Y type positioners which would move

the drive units directly over the top of the paths during flux-

mapping. Figure 5 shows the proposed arrangement for two drive

units, each with its own X-Y positioner. One of these would be

about 2 ft. above the other so that either drive unit could be

used to cover the entire core in approximately 2 to 2 hours,

depending on the number of paths. An alternate mode of opera-

tion would be simultaneous use, covering one-half the core by

each drive unit in 1 to l*s hours. Provision of two independent

X-Y positioners assures availability of at least one in case

of a single failure. The positioners could be constructed

using standard techniques for positioning and indexing devices.

The drive units themselves would be similar to the

ones in PWR's except that the drive motors and storage reels

could be smaller, and the path length logic circuitry simpler

because all path lengths would be the same. Figure 6 shows

some details of these, with the electrical controls and readout

being transmitted through spring-loaded cable reels and slip-

rings. Positioning would be by remote control with a section

of swiveled tubing used to make the final connection between

the output of the drive unit and the selected path when the

detector is in the withdrawn position.

The six "on-line" drive units would be similar except

in fixed locations and each supplying only one pre-selected

path. Scanning of the selected paths would be done as frequently

as required by operating conditions, and there would be two

mini-computers employed to program the scanning and to process

the output signals. The functions of the mini-computers would

be:
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1. Calibration of on-line detectors using flux-mapping

system.

2. Programming on-line monitoring for frequent use and

following load changes* control rod movements, etc.

3. Detection of flux peaks in selected thimbles,

4. Computations of axial and radial peaking factors.

5. Comparison of measured peak arsd flux distributions

with allowed values during steady conditions or

during Xenon oscillations, if they occur.

6. Alarms and/or corrective actions for abnormal condi-

tions.
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DISCUSSION ON PAPER BY LOVING

KRYTER: What are the safety implications of having water

cooled thimbles and is gas cooling possible?

COVING: There might be a leak from the water into the

helium but there are moisture monitors already in the plant

that would detect this. There are cooling tubes in the shut-

down heat exchanger and in the steam generators and so there

are also moisture monitors to indicate a stuck shuttle.

As far as gas cooling is concerned I'd rather have

gas cooling if it were possible but I don't know if the gas

would flow through the tiny holes at the velocity that would

be required. In other words, gas is being used just now to

cool the reactor but it comes out at 1800°F and it's likely

that as much gas as possible is being put through the system.

I don't think that there is any gas available. That's why it

is necessary to go to water.

KRYTER: You mentioned 1800°F as the magic figure. What type

of detector, that could operate at something less than 2000 F,

would be useful as a completely alternative design?

LOVING: The preliminary safety analysis reports on gas

cooled reactors give 1800°F as the maximum outlet temperature

of the helium in the hot channel. However, this does not in-

clvide thfe y-ray heating within the detector itself. As far

as I know it is not yet possible to produce a detector that can

operate at that temperature. I believe that there have been

some laboratory tests on cable up to 2000°F, but I don't think

that there are any actually being used in a reactor at this

temperature, with the same neutron and y~ray flux ai we expect.
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PATTI-'K^ON: Will the cooled channel that you would have inside

the core have any reactivity effects that would have to be

considered?

LOVING: I don't really think so, but it would have to be

investigated. Remember that this is merely a concept, so far.

It would have to be looked at by the physicists but I want to

get it accepted by the other people before I go to the

physicists. It probably would affect the core flux distribution

to a certain extent but th^re are approximately 35,000 coolant

holes and this system will be only using about 100. So it may

have some minor effect.

FORGES: In keeping these detectors calibrated over what

might be an extensive time, have you thought about the use of

the breeding type of coatings on the fission chambers?

LOVING: This has been looked into and some experimental

breeder coatings have been made for fission chambers. To date,

however, our experience in PWR's has shown that it isn't burn

up that is the* limitation; other effects upset the detector

before it burns up-. The insulation or the seal deteriorates

or some other effect.

FORGES: Presumably you rely on one set of calibrated fission

chambers?

107131: The calibrations are done every time we take a map.

All the chambers are run along one common path for recalibration

before they are removed from the core. Hopefully by the time

the plant is operating we'll have more stability in the

detectors and we will be able to calibrate them once a month

and have :>ome reliance on them.
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SOUCH: Maybe I can make some comments from the point of view

of a utility that is operating gas cooled reactors. First

of all, maybe I'd better start from where we stand on advanced

gas cooled reactors at the moment. There is no provision for

in~core flux instrumentation of any sort, but recently we have

developed and are installing, during the commissioning phase,

three instrumented stringers. These are mainly thermocoupled

elements and I think there are about 18 or 20 thermocouples

on various fuel pins. These are used, together with the gas

outlet temperature measurements and the gar. flow control on each

channel, to obtain better figures to feed into post irradiation

examination along with all the other parameters to give control

of the fuel cycle. When you move to HTGR the problem looks a

little bit more difficult. First of all, the refuelling

strategy is such that it's not a complete string of fuel that

is inserted. This leads to difficulty in making connection

into the reactor. We have discussed with the designers the

possibility of putting in various detectors and they simply

threw up their hands in horror. I'm sure any water cooling would

be even more horrifying to them. Where there is an advantage

with HTGR's, of course, is in the nature of the fuel. Much of

the thinking, so far, has been in terms of metal clad fuel where

the failure consequences are fairly dramatic. If one considers

the coated particle fuel in an HTGR there are very large margins

of safety indeed. In particular I'm referring to an HTGR fuel

which is normally only 2-300 degrees above the coolant temperature

and where, in some cases we have taken the fuel to another 1000

degrees higher without serious consequences. There was the

classic case, which was reported in the recent A.N.S. meeting

in Gatlinburg, when our own laboratory had an experiment in

Dragon for activity release measurements and where the coolant

holes weren't bored out. Only pilot holes were there and this

led to a very large overheating of the fuel for several hours.

When it was revealed by release of activity that this had

happened the reactor was shut down, the fuel removed and the

holes bored out. On replacement of the fuel the reactor once
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again operated satisfactorily. When that sort of thing can be

done with a coated particle fuel I think one should begin to

question whether in-core measurements are necessary from the

point of view of fuel safety. There is certainly the advan-

tage with a gas cooled reactor of being able to monitor each

channel in terms of the release of radioactivity. This is

probably the most sensitive indicator of fuel state and is one

that is perfectly capable of being done with an external system.

I think you then begin to query quite seriously why you want to

make measurements in an HTGR core, rf it's for flux and fuel

management that is one thing," however, if it's safety I think

that's an entirely separate question. This takes up the point

M. Kolb was talking about earlier in terms of what sort of

sensors that should be used. I hope that these comments are

an opener for discussion rather than a definitive view.

LOVING: My comment on this is that I've been down that road

before with PWR's. Originally it was thought that in-core

instrumentation was certainly not needed and no*? we have it

in almost every one of the plants. I know that this system is

complicated and expensive and hard to maintain, etc. but I

don't think we can definitely say that we won't need it. We

just have to look ahead and assume we are going to need it and

be prepared.

SOUCH: With the benefit of hindsight, I must agree with you

or some problems that have occurred with Magnox reactors.

Things like inspection have been a very salutory lesson to us.

I think the question still is what are you going to have to

measure in HTGR's. I suspect there will be much more emphasis

on flow than on fuel temperature. In other words, it's

blockage of channels, it's the state of seals, and general

coolant flow patterns rather than the actual fuel temperature.

But that's a personal view and this hasn't been proven yet.
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I'd be very interested to see a system, such as you

have described, that would work.
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DISCUSSION ON PAPER 1.4 BY ANDERSON AND 1.5 BY IIINCHLEY

JONSSON: In order to resolve flux peaks you have to consider

the geometrical dimensions of the detector. What size is the

sensitive part of the detector?

HINCHLEY: It covers about one lattice pitch which is about

11 inches. As I mentioned, they penetrate vertically between

the fuel bundles at right angles to the horizontal channels.

A detector is located between two channels at just about the

spacing of the channels. The detector length itself may be

longer than that because it is wound onto an assembly but the

length of the coil is about 11 inches.

VAN ERP: It seems that for safety purposes, in addition to

the neutron flux measurement, you would also need temperature

or flow measurement per channel. You said that you eliminated

the temperature measurement. Does that mean you perform flow

measurements on each channel?

HINCHLEY: Channel by channel flow measurements are not made

but there are bulk low flow measurements so that in the case of

a pump failure or total loss of coolant it would be detected.

In terms of fuel power, of course, the cooling is dependent on

flow and neutron flux and so both have to be determined. In

addition the pressure in the system is also measured. In

general, though, there are several bulk measurements that can

shut the system down but monitoring on a channel by channel

basis is not done.

PEARSON: The point was made earlier that we were trying to

avoid other types of measurements. We would like to deal with

flux ^3one. when we have a core with a positive void coefficient
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from loss of coolant we do in fact get a signal from the neutron

flux that tells us that something has happened. It is one of

those situations where you substitute something you don't want

to obtain something you do.

VAN ERP: Is blockage of a single channel not considered?

HINCHLEY: It is not considered. It is not part of the shut

down system and I don't think that the consequences of it are

serious enough to require it to be incorporated into the shut-

down system. The consequences are economic not safety.

PATTERSON: If a channel became blocked the temperature would

rise considerably on your detection system. Would it not be

possible to make a small modification to the software to detect

that change as a result of the change in the insulation resis-

tance due to the temperature increase?

PEARSON: 1 must say that we have not seen a small software

change.

JOSLIN: The detectors are thermally decoupled from the

coolant since they are in the moderator and there is no one-to-

one correspondence between the temperature of the coolant and

the temperature of the detectors.

ANDERSON: The moderator stays at the same temperature of

50°F at full power. The blockag*

the moderator temperature at all.

150°F at full power. The blockage of one channel will not alter

HINCRLEX: In general this is true, but we have put detectors

in other places such as in the gas space between the pressure

and calandria tubes and in such cases it may be possible to

monitor the insulation resistance but we have not done so. In
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some of our prototype reactors we have included some thermo-

couples on the same assembly as flux detectors in order to

make temperature measurements in the vicinity of the

detectors. But we don't do this as a matter of course.

JONSSON: How many of the 110 detectors were measuring

neutron flux and how many were measuring yray flux?

HISCELEI: They were all vanadium neutron measuring detectors.

The platinum detectors are used in. the safety system where

prompt response is required, and in a separate fast zonal

control system. The vanadium detectors are used in the flux

mapping system. The computer would calculate a new map every

few minutes and so the time constant of the vanadium detectors,

which is of the order of 5 minutes, is not a problem.

JOaSSGN: You said that you must have a fast detector which

has good stability with time. Why is that essential, when you

use it for control purposes only?

HINCHLEI: "Essential" maybe isn't the word. It is "desirable"

CANDU plants with on-line fuelling don't have fuelling shut-

downs and so we like to minimize maintenance on them. There

are no requirements for a shutdown other than from say turbine -

related maintenance, etc. and as a result we just strive for

long-term components that minimize maintenance loads when

shutdowns do occur.

GOODINGS: The flux is measured interstitially '-between*, a set

of channels and from this you attempt to determine peak bundle

power or some such factor. This implies that a translation

has to be made from flux and fission rate. This translation

will be affected bv things like neutron spectrum, extent of

boiling, position cf boiling boundary-,-etc* To V7hat extent are

corrections necessary and possible?
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HINCHLEY: We've attempted to always call this a "flux" rather

than a "power" mapping system so the corrections, which are

possible, should be done off-line. We give the operator a

flux map and if we want to set back the reactor because of

high flux we can put in the required margins to allow for this.

However/ to do on-line corrections requires a burn-up history

of the bundles since the relationship between flux and power

is a function of an individual bundle. On-line fuelling com-

plicates this by having bundles in the core with a variety of

burn-ups and since we don't keep track of that at present we

don't do on-line corrections.

GOOD INGS: You indicated that the economics of the system

follows essentially from the amount by which you can reduce

your margins. If you don't know the translational effects you

are thereby throwing away margin. Is there a point in refining

these techniques and to what extent has this been done?

HINCHLEY: It is being studied. It is not going into present

designs but we are looking into it for future designs. There

is, naturally, some disagreement among ourselves in the re-

lationship between error limits and economic cost. We try to

do it in terms of channels. It can also be computed in terms

of the extra electricity generated if the capacity is available

in the turbine system. This gives an order of magnitude more

dollars for a percentage change in power. However, in

practice this is a difficult concept to sell. One other factor

is that it is difficult to get margins reduced just because we

know something within a percentage or two better than before.

GOODINGS: The translational type of argument is a very

important one because it is the sort of argument invoked by

someone wishing to measure steam quality, or some other su-:h

factor, instead of flux. So this is really the key issue.
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HINCHLEY; From our experience it's just as difficult to

determine power from steam quality monitoring as it is from

flux, but I agree that this is a valid point. But in the

particular application in the present generation of reactors,

it is the flux map that gives the maximum information.

AKDERSON; I would like to emphasize the point I made before

that channel power is very much more difficult to relate to

power than flux rating. Thus the designer tends to overdesign

the coolant circuit with wide margins so that if a power ex-

cursion of some sort occurs the first limit you run into is

bundle-related rather than the critical power ratio.
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The signals from the in-core detectors consist of a

large background signal due to activation plus a prompt

signal that represents the reactor flux.

We have had no significant problems with the

hardware.

The total signal from the detector remains quite

constant for the first four years. During this time the make-

up of this signal drastically changes. The prompt component

decreases by about 50% while the background signal consists

of two parts. Half of the total background signal is the

long-lived Co-60 while the other half of the background signal

is Co-61 which has a half life of 1.5 hours.

The operational problems are centered around the

computer program that is used to calculate the fraction of the

signal which represents the prompt component.

As designed, the in-core detector correction routine

was meant to continuously calibrate the in-core detectors against

thermal power measurements.

The program by itself performed no function because

the total detector signal remained fixed at 100%, the Co-60

and Co-61 build-up equalled the Co-59 burn-out. The automatic

correction routine was in reality a manual routine.

The basic calculation carried out by the in-core

detector correction.routine is the comparison of individual

in-core detector signals against the corresponding zone thermal

power; the result is a number of counts representing the

difference in percent full power, which is used to form the

corrected values.

However., as zone thermal power was calculated from

the delta T across the 22 instrumented channels (six zones

having three channels, one zone having four), the calculated

values were extremely susceptible to variation in just one RTD.

A change in an RTD reading of 3°F would change the zone thermal

power by 1.25% full power which would have a corresponding
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appreciable effect on zone water level and flux tilt control.

Quite large differences in calculated values of zone thermal

power also existed between the two computers and these were

again caused by the RTD readings. On control transfer between

DCC's therefore, relatively large changes in zone water levels

could be expected with corresponding effects on the boiler

levels.

Until October 8, 1971, the correction routine had

been in service but its calculated values of correction factors-

had been greatly scaled down to avoid the problems described

above and as such, the execution of the routine was really

just a nominal exercise in arithmetic. However, unforeseen

problems had developed which had somewhat drastic consequences

on Unit 1 on September 22, when the regulating system programs

failed to transfer to ion chamber control after a reactor trip,

this failure being caused by the in-core detector signals remain-

ing at 14% full power due to build-up. The transfer point is

at 13% of full power. This meant the ion chambers were effec-

tively disconnected from the regulating system while at low log

power. Immediately after that event, the in-core detector

correction routine was removed from service by program change

and both the regulating system and boiler pressure control

programs changed to use constant values of correction factors

which were calculated based on detector readings taken immediately

following the reactor trip.

The control programs are designed in a way that allows

two corrections to be applied to the detector analog input

signals. A factor representing the slope of the prompt response

must be manually evaluated and input. The program when fully

serviceable then calculates the corresponding zero offset.

However, as the effects of Co-60 and Co-61 increase,

the detector signals at full power increase from 100% initial

reading. All analog inputs are declared irrational at 5.0

volts which, in the case of the in-core detectors, corresponds



- 73 -

to a reading of 120% full power. To avoid any signals going

high irrational, the gain of the detector amplifiers must

therefore be progressively decreased and this has in fact

been done quite regularly on Unit 1. The most significant item

being, that for a given change in reactor power, the indicated

change on the in-core detectors becomes less. A requested

change of 10% full power will thus result in an actual reactor

power change of greater than 10% full power.

As described previously, the in-core detector cor-

rection routine was removed from service temporarily, until

major changes to correct the deficiencies could be incorporated.

These consisted of changing the zone thermal power

program ZOTPR as follows:

1) All outlet temperatures in a reactor zone are read

and used in the calculation of thermal power,

rather than using just three or four outlet tempera-

tures.

2) All 22 inlet temperatures are averaged to provide

one inlet temperature instead of 22 separate ones.

3) All 22 flows are similarly averaged.

Due to the significant burn-out experienced with the

cobalt self-powered detectors, the detectors are being re-

placed by platinum detectors when the cobalt detectors are

about five years old. The platinum detectors are expected to

have a useful life of better than five times that of the cobalt,
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DISCUSSION ON PAPER BY TURCOTTE

Kellu: How well do you understand the build-up of G0Co and
61Co as a function of the neutron flux?

71'RCS-TTE: We have curves that the designers have produced

and the system does exactly what they say but the problem is

deciding, at a particular time, where you are on the curve.

Our original program did not keep track of the detector's

history, it simply read the flux detector signals. What is

required is to keep track of the integrated burn-up from day

zero ar*d then it is possible to compare that to the curve and

get a value for the prompt response. Our original intention

was to keep track of this by dropping the power level and

seeing how much the prompt signal really changed when the load

on the turbine was lowered. But now that vje are operating we

don't go around dropping power - we just sit at full power and

that's that.

KELLY: You are talking about a bookkeeping function which

your computers can surely do very well?

TURCOTTE: Absolutely. The problem can be solved by putting

additional programs into the computer - o£ by using different

detectors. The point is that if it is assumed that the cobalt

burns out in 4 or 5 years then we'd be just as happy to replace

them with detectors that won't require replacement for the

life of the reactor. We are 2 to 3 years along the road with

the cobalt detectors now and by the time replacement is re-

quired we will certainly be sure of platinum. In other words

if we have to replace them let's do the job once and that is

the end of it.
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KOLB: The concern seems to be with the percentage of prompt

component. We have found that the measurement of the prompt

signal percentage of our vanadium detectors, for instance, by

noise techniques was fairly easy. All that is required is a

true prompt signal that could be obtained from an outside

fission chamber and a slightly noisy reactor. This could be

produced by moving a control rod. I wonder if you have con-

sidered such a measurement under operating conditions.

TUFCOTTE: We certainly have not tried, but I don't doubt

that there are quite a few different ways that it could be done.

We have had a little bit of noise in our system and I've been

looking at it. Since the whole reactor doesn't go up and down

in step, all the detectors don't give the same answers. With

our system the external ion chambers are only on one side of

the core. If we used them to compare with the detectors it

would be limited to those on that side.

JONSSON: Your data showed the lifetime of the detector of

20-25 years and presumably this is from the burn up point of

view. Do you think that such a lifetime could be expected

with regard to all possible failures?

TURCOTTE: The detectors are in wet installations in the

moderator which means they are surrounded by cold water and so

we do not have temperature effects on the insulation. Wo don't

have very much by v;ay of heating effects on the detectors,

either. At the station we don't have any experience in that

area so far, so I really don't know. Our biggest problem is

the eiCo build-up which gives us very large signals compared

to the total signal. For example, for some detectors in a

slightly lower flux, we get a total net increase in signal.

The 60Co goes up, the 61Co goea up, and so to keep thorn on scale

we decrease the gain on the amplifier and that just compounds
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the problem. The prompt signal has decreased and we've

decreased the gain on the amplifier, so we are losing both ways,
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1. INTRODUCTION

During the twelve or so years that we have been using

self-powered flux detectors, many of the basic lessons in

practical application have come from numerous isolated and

seemingly unrelated occurrences or observations. Most of

these never get reported in the open literature, usually

because they seem relatively trivial at the time, often because

they are not fully understood, and sometimes because the

circumstances are not exactly the kind that one wishes to

publish. However, it is still true that we learn much through

our mistakes and it is usually these isolated incidents that

form our most vivid impressions and thus taken together form

the backbone of our total experience and practical knowledge.

In this relatively new field, it is not unusual to

read of unexpected and unexplained observations on the part of

a new user. Very often it is clear that he is facing a problem

that we have already met, and found a solution or explanation,

or at least think we have. It is with this in mind that we

are pleased to share some of this information and a few related

ideas so that ethers may benefit from our experience, including

our mistakes.

From the point of view of the user of self-powered

detectors, most considerations of practical concern may be

grouped into four broad categories:

the choice of detector type

- the physical installation

- electrical measurements, and

interpretation of detector output signals

2. CHOICE OF DETECTOR

The primary considerations in the choice of a detector

type are the obvious ones such as speed of response, the kind

of sensitivity (neutron or gamma-ray), and the tolerable burn-up

rate. These are usually dictated pretty inflexibly by the
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particular application, whether regulation or protection,

zonal control or flux mapping, and also by the type of reactor,

its neutron-to-gamma-ray flux ratio and the maximum flux

level. In CANDU reactors, for example, the high fluxes have

severely restricted our options to types with low burn-up

rates, such as vanadium and platinum. On the other hand, in

a fast reactor, the burn-up rate of a cobalt detector might

not be too severe, but, because of the low thermal-neutron/

gamma-ray flux ratio, the output due to neutrons would likely

be swamped by the output due to gamma-rays, which for cobalt

is negative.

Less obvious, but of some fundamental consequence,

are considerations of neutron economics. It is possible to

put a definite price on neutrons. Estimates vary somewhat and

they can be expressed in various ways. In terms of reactivity

in the Bruce G.S. reactors, the current figure is $500,000/mk or,

more fancifully, about $2,000/g of neutrons. At this rate,

the cost of neutrons to operate a cobalt flux detector 'including

a proportionate amount of in-core hardware, for the 30 year

expected life of the station, /ould be about $2,300. For a

platinum detector the cost is about $1,500, and for vanadium

just under $1,000. Since the order of magnitude of these

numbers has become generally known by the system designers,

there has been noticeably less talk about the need for bigger

and better detectors. One can buy a pretty good amplifier with

the money saved by using our present compact or intermediate

models with modest„ but adequate, output. This neutron cost

consciousness reached a zenith of sorts in a recent, rather

heated controversy over the use of Zircaloy instead of stainless

steel straps for holding the detectors on the carrier tube,

for an average saving over 30 years of perhaps $40 per assembly

of 5 to 6 detectors.

The basic neutron-to-electron conversion efficiency

of a detector type is, however, a real economic consideration.

For 6-emission types it is roughly 50 times higher than for
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the capture Y-^ay/Compton-emission types. It is indeed un-

fortunate that none of the B-emission types have responses fast

enough for many purposes. On the other hand, economically,

^-sensitive detectors have a decided advantage. Gama-rays,

apart from the little bit of useful heat that they may produce,

have nowhere near the value of neutrons in the nuclear process

and are largely waste products, especially once they enter the

moderator, where the detectors are usually located.

3. INSTALLATION CONSIDERATIONS

There are two classes of effects to be taken into

account in the design of a flux detector installation:

1) those involving the radiation response of the

detector, and

2) those that are the result of the physical or, more

often, the chemical environment.

The radiation response effects are generally of two kinds:

1) those arising from the detector support hardware,

and

2) those resulting from the interaction of two or more

detectors (commonly referred to as cross-talk).

For the in-core hardware, zirconium (or Zircaloy) is

unquestionably our preferred material, having a minimum effect

on the sensitivity of commonly used detectors. Although the

use of aluminum would not involve a very large neutron-economic

penalty, the 2.3 min 0-ray from Al 2 9 shows up on the output

signal to an undesirable degree. For example, for a cobalt or

platinum detector strapped to a 3/8" (0.95 cm) O.D. aluminum

tube, the interference is 7 - 9% and, of course, negative. For

a detector inserted inside a small aluminum guide tube, the

negative component has been known to be larger than the normal

detector output.
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While on the subject of aluminum, it should be not <_•:.:

that the use of aluminum oxide insulation in the detector

cable also involves a 3-emission that cannot be ignored in

most cases. We have used alumina in rhodium detectors in the

emitter section without much effect, but if used in the con-

necting cable as well it would contribute an interference of

about 3%. For cobalt or platinum detectors the interference

would be closer to 20%. Incidentally, in our experience the

polarity of 3-emission interference from alumina insulation

has been positive (+) .

Stainless steel and nickel alloys are not often used

in bulk for in-core hardware, but in addition to the economic

disadvantage they would, like aluminum, produce interfering

S~emissions, mainly from Mn56 and Ni 6 5.

Whatever the material, on every count it is desirable

to keep the total mass of the hardware to an absolute minimum.

An effect not yet mentioned is the interception by the detector

emitter of Compton electrons produced in the surrounding

material by reactor y-rays. At best in a typical installation,

this reduces detector output by the order of 5 - 10% for

cobalt or platinum.

The only situation where cross-talk problems have

been observed is where 3-emission detectors have been used in

close proximity on the same hanger as detectors of much lower

sensitivity. The worst combination we have used is vanadium

and zirconium where the 3.7 min 3 from vanadium appeared as a

negative component on the zirconium signal. In one carelessly

assembled unit this interference amounted to 45% of the

zirconium output, but it was essentially zero in other

assemblies of identical design where care had been taken to keep

the detectors physically isolated. Cross-talk is generally less

of a problem in wet installations because the water acts as a

3 shield.

Environmental factors that affect the life and re-

liability of the detectors are:
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- temperature, humidity and cover gas for a dry

installation,

- water purity, dissolved oxygen and pH for a wet

installation.

In either case the degree of control exercised over the en-

L.,t will have a decisive effect on detector life.

Figure 1 illustrates the kind of thing that can happen when

the intended environmental control breaks down. These detector

cables wero supposed to be in dry helium. But, in fact, air

and moisture got in somehow and upon irradiation this turned

into nitric acid which led to very early intergranular cracking

and fracture of the Inconel sheaths. One might argue that

this would not. have happened if we had used stainless steel

sheaths, but we would really only be gaining resistance to

oxidising acids in exchange for sensitivity to chlorides which

might just as likely have been present in other circumstances.

Moreover, the higher manganese content of stainless steel would

result in substantial & interference.

Further on the subject of environmental control, the

importance of making this a total objective cannot be over-

stressed; beginning as early as possible in the life of the

detector, including the manufacturing stage. A most difficult

period begins when the assemblies come in the receiving-room

door at the reactor site. Construction forces are, unfortunately

but inevitably, a motley lot. Shis is not intended to dis-

parage any particular group of tradesmen at their own trade,

but it is a simple fact that those engaged in rough work do

not have, nor can they be expected to have, much understanding

of or regard for delicate instrument assemblies and it requires

special measures to make sure that adequate protection is

maintained. All too often the protective coverings on the

assemblies are removed before the dust from heavy construction

has settled and clean conditions established. While checking

out the installation where the failures in Figure 1 occurred,
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Pig. 1 - Examples of Cracks and Fractures
Found in Inconel Cable Sheaths (12 X)



a cigarette butt was found in the bottoir of the guide tube,

proving that the prescribed cleaning procedure had simply not

been carried out. In another station there were more detector

failures due to damage of one kind or another before installa-

tion than during the first three years of operation.

Another worrisome time is after the detectors have

been installed in the reactor, but before start-up, which may

be many months. During this period when various systems are

being commissioned, including the moderator, we know from ex-

perience that the detector environment is often not under

continuous rigid control.

To the question as to which is better, a wet or a

dry installation, we have no clear answer and have used both

successfully. Gamma-ray heating in a dry thimble has not

resulted in excessive temperatures. However, if the assemblies

can be installed in the moderator, as in Canadian reactors,

with low temperatures and pressures, it is probably somewhat

easier to ensure controlled conditions in a wet system, provided

it is well-designed with provision for positive flow through

every part of the rod, leaving no blind cavities for dissolved

material to concentrate.

In either dry or wet installations, a seal is usually

required where the detector cables leave the assembly. A brazed

header is both hermetic and permanent, although the manufacturer

may prefer a type that allows reuse in case a detector has to

be reworked or replaced before start-up. If the seal is far

enough from the reactor core that radiation and temperature

are moderate, various types of compression seals are satis-

factory. Compressed flake graphite has been used without any

problems in dry installations for many yea.cs, but recently it

has been shown to cause corrosion of Inconel cable sheaths when

wet at room temperature. Lava (talc) is reasonably inert, but

requires extreme compression to pass a helium leak-test. Pre-

molded elastomer sealing elements are versatile, but, although

many have excellent physical properties, the materials must be
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chosen with care. The chlorinated or fluorinated hydrocarbons

are particularly controversial because some of them unquestionably

give off corrosive vapours or leachable halides, especially

under irradiation. On the other hand, this class of material

must not be condemned categorically because a few, such as

Neoprene (a chloroprene rubber), have a long and excellent

record. Some of the newer materials are probably just as good

or better, but more testing is needed.

4. ELECTRICAL CONSIDERATIONS

In this area, most of the basic rules seem simple

enough, and are probably fairly well known at the engineering

design level, but our experience indicates that there is

sometimes less than full appreciation of the electrical

peculiarities of flux detectors on the part of casual users

and occasionally operating and maintenance personnel.

With regard to the current amplifier, the requirement

for a low input resistance, compared to the effective leakage

resistance of the detector, is well known. The amplifier input

resistance is almost invariably lowered artificially by em-

ploying negative feedback, and ordinarily this is quite satis-

factory, provided the input terminal is precisely at zero

potential. Howevert a zero offset in combination with a low

detector leakage resistance can cause considerable error. We

have encountered two situations that led to errors from this

cause. The first concerned an amplifier with what one might

call poor input-output zero congruity; i.e. when the zero

control was adjusted so the output read zero, the input terminal

was not at zero potential, an unfortunate fe: "-are of the

particular amplifier design. The result was that shunting the

input with 100 kn, admittedly not typical for a good detector,

produced an error of 35%. In situations such as this the

direction of the error depends on the polarity of the input

zero offset.
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The other situation arises where, although the input

and output zeros may be perfectly coincident, the zero adjust-

ment has been offset for some reason. In our case it involved

cobalt detectors, which, as is well known, produce an increasing

background signal with time, due to the build-up of Co60. To

the operator it seemed that an expedient way to eliminate the

unwanted background signal was to reset the amplifier zero

during reactor shutdowns. Unfortunately, this practice went

on for some time before it was discovered that it was the cause

of some most unusual flux-detector readings. The moral of the

story is to use a proper add (or subtract) circuit to back off

unwanted background signals, or check first that the zero control

does it the right way, which is unlikely.

The effective insulation resistance of a detector is

of basic importance since it affects the accuracy of the current

measurement. In good detectors it is usually determined

mainly by the conductivity induced by the reactor yrays. As

shown in Figure 2, the value at full power is usually in the 108

to 109 fi range and typically, in our experience, tends to in-

crease somewhat during the first few months of operation. Any

drastic decrease has always been associated with a sheath

defect or damage and the ingress of moisture. As far as we can

determine there has never been a case of abnormally low insula-

tion resistance attributable directly to radiation damage.

The measurement of insulation resistance as a check

on detector condition has become a customary procedure that

most users seem to do willingly enough, but in observing the

methods over the years a few pitfalls have been noted. Perhaps

the most common mistake has been to use a Megohmmeter to measure

the resistance of a detector installed in a reactor. With any

device that is producing an output current that cannot be shut

off, only a differential method will give the correct value of

effective resistance and this applies to a flux detector, even

with the reactor shut down. For example, a cobalt detector with

a residual current of 0.14 uA gave a reading of 5 x 10' fi with a
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1965 1966

Fig. 2: Typical behaviour of detector insulation
resistance in an operating reactor.

Megohiraneter, whereas the actual differential resistance was well

over 1010 fi. Differential methods that use either series

voltages or resistors are equally satisfactory.

Another misconception that we have met occasionally

is that the insulation resistance of a detector installed in a

shutdown reactor ought to be the same as measured on the bench.

We know of one installation where all of the detectors were

stripped from an assembly and replaced because their resistances

all dropped to about 10 1 0 & after insertion. What had not been

appreciated was that while the reactor neutron flux drops five

or more decades in a matter of minutes after shutdown, the

y-ray flux, which mainly determines the insulation resistance,

typically does not fall much below 1% for many days. Inciden-

tally, when genuine low-resistance readings are observed, it
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often pays to check the out-of-core wiring. At least one

assembly was saved from the }unk yard by the discovery that some

organic-insulated cables had melted and shorted as a result of

being in contact with a hot pipe in a service room.

When a detector is in an operating leactor, but not

connected to anything, as in the case of a spare detector,

the emitter typically charges up to several hundred volts. A.

question often asked is whether the outputs of such detectors

should be shorted for protection. Although on general principles

this would seem to be a good practice, over the years many de-

tectors have been left open for long periods (not always inten-

tionally) , but we have never observed any sign of damage or

deterioration of the insulation properties as a result.

With regard to detector noise, we refer to Figure 3

which is a recorder trace of the output of two prompt-responding

detectors, zirconium and platinum. Both detectors exhibit a
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Fig. 3: Chart record of two prompt response
detectors showing identical reactor
noise patterns.
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noisy signal, but on close inspection the fluctuations are

seen to be precisely identical. In other words, they are both

seeing noise that originates in the reactor and not in the

detectors themselves, or in other parts of the electrical system.

For a slow-responding detector, such as vanadium, the electrical

noise would not be visible on this scale. Actually, oar

reactors are not always that noisy. The point is, however,

that while we worry about electrical noise and its consequences,

and have taken numerous precautions to minimize it, in general

there has not been any significant noise problem with power-

range signals of the order of 1 yA. Further, on occasion we

have monitored the first startup of a power reactor satisfac-

torily with self-powered detectors, under normal operational

conditions, without extraordinary precautions, and where the

maximum currents were no more than 10~10 A.

5. INTERPRETATION OF DETECTOR OUTPUT

This is a very large and complex subject that extends

far beyond the scope of a brief presentation, so our comments

will be restricted to a few points.

In deriving the true reactor flux from the detector

output current, we need to know not only the sensitivity, but

also the precise meaning of the value given on the manufacturer's

data sheet. For instance, does it include the flux depression

of the detector itself? In a close-wound cobalt detector, a

form that we commonly use, this can be of the order of 10% or

more, although it is less for most other types. It is also

worthwhile knowing whether the quoted sensitivity is strictly

the thermal-neutron value and if so how much correction is re-

quired to take into account the epithermal neutron contribution,

which for detectors such as rhodium can be substantial. It

should be noted here that in most cases the epithermal neutron

component of a flux detector output cannot be derived simply

from a direct measurement of the cadmium ratio, as with
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activation foils. A cadmium cover generates capture y-rays as

well as some additional Compton electrons from external y-rays,

both of which contribute to the detector output. So far we

have not sorted out those separate components well enough to

rely on this method nor are we aware of anyone who has done so

to our satisfaction. Further, the data-sheet sensitivity will

almost certainly not take into account such variables as the

effects of support hardware and, as stated earlier, this can

be considerable.

Anomalies in detector response to flux perturbations,

such as in the vicinity of absorbers or booster rods, are

mainly of significance only for detectors with considerable

y-ray sensitivity. Differences in reported experience seem

to be largely a reflection of the type of reactor involved.

This is undoubtedly true in our case too, but in CANDU reactors

we have found that the flux distributions as measxired by gamma-

and neutron-sensitive detectors are remarkably similar.

Figure 4 shows the response of three detector types in the

vicinity of a rather black absorber and Figure 5 shows the

response of the same detectors near a group of three equally

spaced booster rods, two of which are in the upper of the two

elevations shown. As a general rule, the distributions

measured by all of the detectors are almost identical at distances

greater than about one lattice pitch (usually about 28 cm) from

the source of the perturbation. At closer distances the detector

outputs differ significantly and often go in opposite directions.

Finally, we would like to mention and even emphasize

the fact that there is a wealth of information contained in the

dynamic response of a detector. In fact every time-dependent

effect to which the detector has been exposed, from interfering

activities, internal and external, to fission products and

reactor dynamics, is present to some degree. We have made ex-

tensive use of this fact, usually by unfolding the various

components, both positive and negative, from the decay of the

detector signal following a reactor trip. It has been one of
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Fig. 5: Response of Pt, Co and V detectors in the
region of three equally spaced booster rods.

our most valuable sources of diagnostic information. There are,

however, a few situations that can cause puzzling and misleading

results. The most frustrating is where a reactor trip is ac-

companied, or immediately followed, by a second core disturbance,

such as a moderator dump or poison injection. Dumping the

moderator, for example, reduces the amount of shielding between

the fuel and the detectors and in detectors with some gamma

sensitivity the result is an apparent lengthening of the half-

lives of the other signal components. In the extreme, the

signal will even rise momentarily. In either case precise

analysis of the detector output becomes difficult, if not

impossible.
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DISCUSSION ON PAPER BY SHIELDS

(Presented by G.F. Lynch)

LOVING: With reference to the insulation resistance results

shown in Figure 2, at what temperature were these made?

LYNCH: These were made in dry tubes inserted into the

moderator of NRU. The temperature is due to gamma ray heating

and a thermocouple in the tube recorded temperatures of the

order of 350°F.

GOODINGS: I have a small point but one I believe worth

making. I don't think any of the comments you've made in this

presentation are peculiar to self-powered detectors. They

virtually all apply to ion chambers as well. We've all had

experiences of this kind of thing.

JONSSON: From Figure 4 it appeared that the platinum detector

did not respond to flux changes caused by an absorber in the

vicinity but the other types of detectors did.

LYNCH: For the case of the absorber rod experiment all the

detectors showed a decrease in response. I think you are re-

ferring to the detector response close to a booster rod as

shown in Figure 5 where the yray sensitive detector actually

increased whereas ths neutron signal appears to decrease.

GREEN: This is because the neutron flux is depressed in the

vicinity of the booster due to the large fission cross section

of 2 3 5U. However, this leads to a high fission rate so the

Y-ray flux is high.

JONSSON: What conclusion do you draw from this with respect

to which curve better represents the power distribution?
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LYNCH: This is a very fundamental question, whether it is

better to measure •y-ray or neutron fluxes to determine the

power from a fuel bundle. From these results, it appears that

maybe we should be measuring the y-ray flux.

GREEN: In this particular case, however, we were interested

in knowing the power in neighbouring fuel channels which would

be a lattice pitch away from the booster rod. At that position

all the detectors essentially agreed since the neutron flux

increased due to the sources from the booster.

ANDERSON: The objects of this experiment as far as I under-

stand it were firstly to identify peculiarities in detectors

and secondly, as far as the designers were concerned, to

determine the location of detectors where they are least af-

fected by such screwball devices as boosters. And it is

obvious that at 1 to l*s lattice pitches away from something

that is going to cause a severe perturbation, the detector will

more reliably reflect what is happening as an average indica-

tion of the core. These detectors are not there to measure

what is happening to the booster, they are to tell what happens

to the rest of the fuel because of the booster.
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SUMMARY

Despite the fact that the technology of self-powered

detectors is in an advanced stage, one of the limitations to

further application of these devices is the lack of a com-

prehensive theoretical model that accurately predicts detector

responses in various radiation enviornments. This situation

is partially due to the limited effort that has been expended

on the subject, but is mainly due to the complexity of the

problem of describing the behaviour of a multielement device,

such as a self-powered detector, in mixed neutron and gamma-

ray fluxes.

This paper is a review of the theoretical models that

have been put forward in the past few years, and attempts to

illustrate how far we have progressed towards a fully compre-

hensive treatment of self-powered detector responses.

Of ^ 80 possible interactions that can occur when a

detector is introduced into the cori: of a reactor, only 20

have been considered so far [1-3], and only 11 of these in any

detail. Hopefully, only a few of the many reactions, and com-

binations of reactions, actually dominate, thus making theore-

tical calculations possible without having to make assumptions

that are overly simplified. However, all processes have to be

considered in a complete model since geometric and material

variations may change the importance of one reaction over

another.

More than 50% of the interactions involve electronic

processes in the insulator and since the pioneering work of

Warren in 1972 [1] very little progress has been made in this

direction. This is certainly one aspect of the problem that

requires considerably more effort.

The other major area that has been neglected is the

effect of external gamma-ray flux on the detector response.

It is well known that the prompt component of an SPD's response

is partially due to the effects of external gamma-rays as well
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as capture gamma-rays produced inside the detector and yet,

apart from Sovka's cursory treatment of a special case [4],

little theoretical work has been presented on this facet of the

problem.
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1. INTRODUCTION

The technology of self-powered neutron detectors is

in an advanced stage of development and one of the factors

hindering further progress is the lack of a comprehensive

theoretical model that can be used to accurately predict

detector responses from first principles. This situation is

partly due to the limited effort that has been expended in

this area, but is mainly due to the complexity of the problem.

This paper is a review of several of the theoretical

models for self-powered detectors that have been put forward

in the last few years. The scope of the paper does not extend

to the details of each of the mathematical treatments but dis-

cusses their achievements and indicates their weaknesses.

There is also an outline of what has still to be achieved and

what steps should be taken in the near future to accomplish

these goals.

2. THE THEORETICAL PROBLEM.

When a multielement device, such as a self-powered

detector, is introduced into a mixed neutron and gamma-ray

radiation field, the possible reactions and combinations of

reactions are quite complex. Hopefully, one, or perhaps a few,

of the processes actually dominate, thus making theoretical

calculations possible without having to make assumptions that

are too simplified.

Table 1 lists all of the possible neutron-induced

beta-decays that can occur in the components of a self-powered

detector when exposed to a neutron flux. This table shows the

source of the beta-particles, where they come to rest,and

indicates what contribution each of the interactions makes to

the output current of the device. A contribution of a full

positive increment, as in interactions 3 and 4, corresponds to

the transfer of unit electronic charge from the emitter to the

collector. A contribution that is indicated as "+ve" or "-ve"
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CURRENTS FROM NEUTRON-INDUCED B-DECAYS IN SELF-POWERED DETECTORS

Interaction
Number

Electron Production
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indicates some fraction of a full increment.

It should be noted at this point that the actual con-

tribution from each interaction has to be weighted by the

probability of a particular interaction occurring before the

total detector response ecu be calculated. For example, in

the case of detectors manufactured with MgO as the insulation,

interactions 5 to 8 may be ignored due to the relatively low

neutron-absorption cross section for magnesium and oxygen com-

pared to common emitter and collector materials. On the other

hand, with AI2O3 insulation, these interactions must be con-

sidered for certaii. types of detectors.

As well as the delayed-response, beta-current de-

tectors described above, more emphasis is being placed on prompt

detectors, which rely on electrons being liberated by neutron-

capture gamma-rays to produce an output signal. Table 2 lists

all the possible neutron-capture gamma-ray interactions that

can occur in a self-powered detector. The situation is complex,

due to the possibility of free electrons being produced by

photoelectric, Compton, or pair-production processes in all

parts of the detector, following an (n,y) interaction in any

given part. Once again, consideration must be given to the

probability of each interaction occurring before the total de-

tector response can be calculated. Neutron-capture gamma-rays

are present even in the delayed-response detectors/ giving rise

to a prompt component of the output signal. Thus, consideration

must be given to these interactions when discussing delayed-

response detectors.

The interactions listed in Table 3 must also be con-

sidered. These reactions arise from the strong gamma-ray

field which is present in the reactor core. These gamma-rays,

from neutron activation products, fission-products or from the

fission process itself can give rise by photoelectric, Compton,

or pair-production processes, to electrons which move inside

the detector, producing an output signal. Table 3 also includes
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EXTERNAL y-RAYS

Interaction
Number

Electron Production

Emitter Insulator Sheath External

Electron End Point

Emitter Insulat-o- Sheath External
Contribution
to Current Reference
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the effect of an electron flux into the device from some ex-

ternal source. It has been listed in this table as a (ye)

reaction in the detector mounting hardware, but fcr complete-

ness it will be taken to include electrons from all outside

sources.

These three tables illustrate the problem with which

the theorist is faced. All 76 interactions have to be con-

sidered (even though many may he ignoi*(?d for a particular

detector), analytical expressions have to be created for the

ones that dominate, and the net effect calculated. Before pro-

ceeding to discuss how much has been achieved so far, some

interesting aspects of the problem should be presented.

Table 4 summarizes the statistics of the various

processes. The 76 basic interactions are divided into groups,

depending on their contribution to the output current. The

23 interactions that produce no output current cannot be

totally ignored, for although they do not enter directly into

the calculation of the beginning-of-life detector sensitivity,

they must be included in burn-up calculations. It is not

simply a case of integrating the output current of the self-

powered detector to determine the depletion of the emitter

material.

The 10 possible processes whereby an electron is

transferred from the emitter to the sheath and the 9 processes

in which the electron comes to rest in the emitter having been

produced in the sheath are amenable to standard nuclear physics

calculations that include neutron cross section, neutron self-

shielding, flux depression, transmission of electrons through

the insulator, and so on. Some of these have been discussed

by Warren [1].

The remaining 34 processes that have an effect on

the output current have to do with electronic processes in the

insulator. This is an area that is poorly understood and yet,

just from phe statistics presented here, it would appear to

play an important role in detector response.
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STATISTICS OF POSSIBLE INTERACTIONS

Number of Contribution Description
Interactions to Current

Transfer of an electron from enutter *.o collector

Insulator Process

Must be considered in "burn-up"

Insulator Process
»--
o

Transfer of an electron from collector to emitter ^
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9

5
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0
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- 1
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3. PRESENT THEORIES

Now that the problem has been presented, the models

that have appeared in the literature will be discussed to

determine how far they have progressed along the road to

producing a comprehensive theoretical treatment of self-

powered detector response. The original interactions to be

considered were naturally those which appeared to have the

highest probability and thus were the doriiimant mechanism for

producing an output signal.

The first breakthrough occurred in 1972 when Warren [1]

published his paper on delayed-response self-powered detectors.

The scope of this paper is indicated by reference [1] on Table 1.

He calculated sensitivities to thermal neutrons as a function

of emitter diameter and insulator thickness for vanadium and

rhodium detectors and obtained relatively good agreement with

experimental results. The calculations included the electron

production rate inside the emitter, the loss of electron

energy inside the emitter, and the effect of the insulator on

detector sensitivity. Apart from the big step forward in terms

of the nuclear interactions, a significant achievement was the

introduction of the concept of a minimum energy required by an

electron for transmission through the insulator to the collector.

Electron trapping in the insulator produces a space charge

electric field with a potential peak between the emitter and

the collector. This field returns to the emitter low-energy

electrons which do not have sufficient energy to penetrate the

insulation beyond the position of the potential peak. Only

those electrons that have energies such that their ranges in the

insulator take them beyond the potential peak actually reach

the collector. This first approach to the problem, however,

only included 4 of the 76 possible interactions.

The next step came in 1973 when Goldstein [2] re-

ported on the results of a Monte-Carlo calculation of the

neutron sensitivity of self-powered detectors. He initially
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applied the technique to delayed-response detectors and, having

mastered the computer program, extended it to the more complex

problem of prompt-response detectors. The interactions con-

sidered are indicated in Tables 1 and 2 by reference [2]. Those

listed at ([21) indicate that the interaction was mentioned but

not included in the calculation. The agreement with experi-

mental results was very good for the delayed-response detectors,

considering some of the approximations and omissions that were

made. Mo consideration was given to the effect of external

gamma-rays, even though this should have an important effect in

prompt-response detectors. This resulted in the insulator

having a positive space charge due to the net effect of various

interactions in the insulator whereas, if external gamma-ray

effects had been included, the net space charge would have

been negative.

The latest work to be published in this field was

that of Jaschik and Seifritz [3]. They extended Warren's

original analytical model to prompt-response detectors and the

interactions they considered are indicated as reference [3] on

Table 2. This is a sophisticated model and it certainly gives

good agreement with experimental sensitivities for the four

different types of prompt-response self-powered detectors con-

sidered. However, the effects of external gamma-rays have

still been neglected and the insulator problem is not discussed

to the same extent as by Goldstein [2].

One other paper that deserves some comment is that of

Sovka [4], on the response of cobalt prompt-response detectors.

The purpose of this paper was to discuss the reduction of the

prompt signal-to-background ratio due to the buildup of 60Co and
61Co in a high neutron flux. However, this work did include

some external gamma-ray effects. It was reported that external

gamma-rays contribute almost 20* of the prompt signal for the

particular detector geometry used. Sovka's work did not pur-

port to be a comprehensive treatment of self-powered detectors
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but it did include the interactions indicated as reference [4]

on Tables 2 and 3.

4. CONCLUSIONS

Prom the above it can be seen that there are two

general areas where a considerable amount of work still has to

be done before a precise model is available for predicting

self-powered detector responses.

The first of these is the role of the insulator in

determining detector response. Electrons entering and leaving

the insulator and even moving from one part of the insulator

to another still have to be described in a precise foriri.

This is one aspect of the problem that requires more experimental

as well as theoretical work.

The second area is the effect of external gamma-rays.

This effect is particularly important for prompt-response

detectors where it has been shown that it can account for

possibly as much as 20% of the prompt output current of the

device.

Once these problems are better understood, the re-

maining interactions in Tables 1, 2 and 3 should be easier to

formulate into an analytical model.
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ABSTRACT

A calculational method for determining the sensi-

tivity characteristics and their burnup dependence of beta-

current self-powered neutron detectors is described.

The method takes into account the spatial distribu-

tion of neutron captures in the emitter wire separately for

thermal and epithermal neutrons in determining the electron

escape efficiency from the emitter wire.

Caiculational results obtained for a typical Rhodium

self-powered detector, by using a computer program to imple-

ment the method developed, are presented and compared with

data published in the literature.

Conclusions are drawn about the range of applicability

of measured initial sensitivities and their burnup behaviour.
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1. INTRODUCTION

Due to their rugged construction, simple operation,

small size, s.nd relatively weak irradiation depletion, self-

powered detectors (SPD's) are used in increasing extent as

in-core detectors in the flux mapping and protection systems

of power reactors.

The most common emitter materials used in present day

commercial self-powered detectors are Rhodium, Vanadium,

Cobalt and Platinum. Due to their high signal level Rhodium

self-powered neutron detectors (SPND's) are especially suited

for local flux measurements in the flux mapping systems and

as a rule they are presently specified for pressurized water

reactor (PWR) flux mapping systems based on the utilization

of SPD's.

The high signal level results from the high absorp-

tion cross section (a (2200) = 150 b) of the naturally occur-
a

ring Rhodium isotope Rh 1 0 3. High initial sensitivity, however,

implies that the sensitivity decay rate due to emitter burnup

is bound to be relatively high. Therefore, an accurate sensi-

tivity correction for emitter burnup is more important for

Rhodium SPND's than for the other common SPND's.

RH 1 0 3 exhibits a strong resonance peak at 1.25 eV in

the absorption eross section. In a well-thermalized neutron

spectrum, like that prevailing in a typical heavy water reactor

(HWR), the portion of the Rhodium SPND signal current attri-

butable to the epithermal neutrons, i.e. neutrons with a kinetic

energy above 0.4...0.6 eV, amounts to a few per cent. In a

typical PWR the corresponding portion is tens of per cents.

Therefore, it can be considered that in an HWR the signal cur-

rent of a Rhodium SPND, as a good approximation, is proportional

to the thermal neutron flux whereas in a PWR the signal also

depends on the epithermal-to-thermal flux ratio which varies

with, e.g., fuel enrichment, fuel burnup and concentration of

dissolved boron.
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Because the absorption density distribution of the

enxtherroal neutrons, due to the strong resonance, is concen-

trated more towards the edge of the emitter wire than the

corresponding distribution of the thermal neutrons, a beta

particle originating from a captured epithermal neutron has a

higher average probability to emerge from the emitter wire and

thus to contribute to the detector current than a beta particle

originating from a captured thermal neutron. This causes the

number of electrons emerging from the emitter wire after a

certain atom burnup to depend on the ratio of epithermal to

thermal neutron captures.

The common procedure to correct SPD sensitivities for

emitter burnup is to correlate the relative sensitivity with

respect to the initial sensitivity with the integrated electric

current delivered by the detector. The integrated current can

be easily determined e.g. by means of the on-line computer

systems commonly used to scan the detectors of the flux mapping

systems. Usually a linear or near linear correlation is applied.

The other possibility to account for emitter burnup is

to recalibrate the detectors during their irradiation. This

implies that the flux mapping system includes calibration facili-

ties which can be, e.g., movable detectors, activation wires

and foil insertion facilities, etc.

Recently, different opinions have been expressed as

to the need of the recalibration facilities, for Rhodium SPND's,

of a flux mapping system for a PWR. This need depends on how

well one can predict the sensitivity of a Rhodium SPND during

the whole time period the detector is in the reactor.

The correlations usually used in this prediction

are based on detector irradiation tests made in conditions which

may or may not be near to those prevailing in the reactor under

consideration. Sometimes/ also, the detector used in the tests

may differ somewhat in construction from the detector under con-

sideration. The open question is how well applicable a
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correlation measured in certain conditions is for some other

conditions.

The main aim of the work to be reported below was to

find out to what extent the burnup behaviour of a Rhodiuip SPND

depends on the neutron energy spectrum, in which the detector

is irradiated.

A computer program called SP-BU was developed to

simulate irradiations of beta-current SPND's. SP-BU was

applied for the calculation of sensitivity characteristics of

a Rhodium SPND in different neutron spectra.

In the following, first the methods used in SP-BU

are described and then some results obtained with it are pre-

sented and compared with data from other sources.

2. CALCULATION METHOD

Warren [1] has presented a calculational model for

SPND's which takes into account the effects of neutron flux

self-shielding in the emitter wire, and the electric field in

the insulator which leads to the requirement that the electrons

emerging from the emitter wire must have a certain minimum

kinetic energy in order to reach the peak of the electric

potential and thus contribute to the detector signal. The

model has given reasonable agreement between the calculated and

measured detector sensitivities.

However, several simplifying assumptions were made in

the model which, in the case of a Rhodium SPND in a relatively

hard neutron spectrum might be too rough. For example, it was

assumed that the electron source in the emitter wire is spatially

flat, and only 22-J m/s neutrons were considered.

In the model to be described below (and built in the

computer program SP-BU) the above deficiencies were removed and

the model was extended to treat also the burnup of SPND's.

Thus SP"-BU can be used to calculate the initial neutron sensi-

tivity of a beta-current SPND in a given neutron energy spectrum

and to simulate its burnup behaviour.
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The electron source distribution in the emitter wire

is calculated by a multi-group method, assuming the energy

spectrum of the incoming neutron current to be known at the

surface of the wire. The cosine angle distribution is assumed

for the current. The emitter wire is divided into angular

cylindrical regions. The multi-group neutron flux is calculated

for the boundary surfaces of the regions, and the neutron absorp-

tion rate in a region is determined by means of these fluxes.

A modification of the method presented in [2] based on the ap-

plication of the so-called self-shielding kernels, was used

to describe neutron transport in the emitter wire.

The electron escape efficiencies are calculated for

the angular regions assuming that an electron has to penetrate

from its source to the peak of the electric field in the

insulator in order to contribute to the detector signal. The

location of the peak is determined as presented in [1] assuming

that a spatially flat charge distribution exists in the insulator

and that the emitter wire and the collector of the SPND are at

the same electric potential.

The escape efficiency for a region and for an electron

kinetic energy is determined as that space angle relative to 4 TT

in which a source electron reaches the emitter outer surface

with enough energy to penetrate the insulator layer between the

emitter wire and the potential peak, in the flight direction

of the electron. Electrons are assumed to move along straight

lines. The extrapolated range vs electron kinetic energy, and

remaining electron kinetic energy vs range relationships pre-

sented in [3] are utilized to find the limiting space angle,

for a certain spatial region and source electron kinetic energy.

The total escape efficiency for a spatial region is calculated

by weighting the energy dependent efficiencies with an assumed

beta energy spectrum.

In an SPND burnup calculation the escape efficiencies

are assumed to remain unchanged. Therefore they are calculated
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separately for a certain SPND construction and transferred to

SP-BU as a constant data file.

In the burnup calculation the spatial electron

source distribution is assumed to remain constant during a

given neutron fluence step after which the new emitter atom

density distribution and the corresponding neutron absorption

rate distribution, i.e. electron source distribution, are

determined. That distribution is assumed to prevail during the

next fluence step etc.

The resulting detector current is divided into two

components, i.e. those originating from the captures of

thermal and epithermal neutrons, respectively.

As the output of SP-BU can be obtained e.g., the

total, thermal, and epithermal sensitivities.

The energy spectrum of the incoming neutrGn current

either can be given as group-wise input data or is calculated

by the program, when the epithermal to thermal flux ratio and

the effective temperature of the thermal spectrum are given as

input data, assuming the spectrum to be composed of a Maxwellian

thermal part and a Ji./E epithermal part.

3. RESULTS

Some results obtained by means of SP-BU are presented

below for a typical Rhodium SPND with the following construction:

- emitter diameter 0.018 in.

- insulator thickness 0.012 in.

- insulator material AI2O3

The emitter wire was divided into 100 angular

cylindrical regions. 18 energy groups below 2,5 eV (chosen so

as to describe accurately neutron absorption at the Rh 1 0 3

resonance energy region) are used with 0.6 eV as the boundary

energy between the thermal and the epithermal ranges.
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The beta energy spectrum was assumed to be of the

form

lfi ( ) 7 / 2 *

when normalized so that fQ B(E)dE=l. The cut-off energy, E &,

was taken to be 2.44 MeV.

The Rh 1 0 3 activation cross section which was assumed

to be the same as the absorption cross section was taken from

[4].

The incoming neutron spectrum was varied by changing

the effective temperature, E_,, of the Maxwellian spectrum and

the ratio <j> •/<*>._ where <j> . is the epithermal flux per

lethargy unit and <j>., is the integrated thermal flux.

3.1 Electron Escape Efficiency

To check the accuracy of the method applied to de-

termine the electron escape efficiencies against related

published data the average electron escape efficiency was

calculated for the bare undepleted 0.018 inch diameter Rhodium

emitter wire. The average escape efficiency depends on the

spatial distribution of the electron source, i.e. on the neutron

absorption distribution which in turn depends on the incoming

neutron energy spectrum. The harder the spectrum is the higher

the escape efficiency will be. Two cases, with spectral

parameters as follows, were calculated

Case E T <fr -/$4.u

1 0.080 eV 0.20

2 0.080 eV 6.00

As results the following values were obtained

Case Escape efficiency
(without A12O3)

1 0.46
2 0.44
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Baldwin and Rogers [5] have reported experimental re-

sults for the average escape efficiency for three different

Rhodium wire diameters. By using a quadratic interpolation,

between the three values, a value of 0.424 is obtained for

Rhodium wire of a 0.018 inch diameter.

Debair et al [6] have reported a calculated electron

escape efficiency for a 0.5 mm thick Rhodium wire assuming

that the electron source distribution is spatially flat in the

wire. Extrapolating that value on the basis of the results

in [5] for 0.018 inch diameter wire, a value of 0.46 is obtained.

On the basis of the above comparison our calculated

results seem to be in a relatively good agreement with the

other results. However, they largely disagree with the values

reported by Warren [1] which seem to be too high.

To see the effect of the A12O3 insulator, on the

average escape efficiency, its value is given below as calcu-

lated by SP-BU for the two cases presented before

Case Escape efficiency
(with AI2O3)

1 0.37

2 0.35

The relative reduction in the average escape efficiency

caused by the AI2O3 insulator is in good agreement with the

results given by Warren [1].

In Figure 1 the effect of detector burnup on the

average escape efficiency is presented for the above two cases

as calculated by SP-BU. The behaviour of the curves results

from the moving of the neutron absorption distribution towards

the center of the wire with increasing detector burnup.

The initial SPD sensitivity is usually given as

electric current per unit 2200 m/s flux. The reason for this

kind of specification lies in the way the sensitivity is

usually measured; i.e. first the electric current generated is

measured and then the 2200 m/s flux is determined by

activation of a 1/v absorber. This method of sensitivity
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Fig. 'i. Electron escape efficiency as a function of integrated
electric current for two different epithernal to
thsrmal flux ratios.
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specification is also convenient from the point of view that,

in the case of an SPND with a 1/v absorber as the emitter

material, in the first approximation the sensitivity is in-

dependent of the neutron energy spectrum.

If the thermal component of the sensitivity is

desired to be separated it is usually given ar. an electric

current due to thermal neutrons per unit thermal 2200 m/s

flux. In measurements this separation is achieved by the

Cadmium ratio method.

Usually only the thermal sensitivity or the total

sensitivity per unit 2200 m/s flux is specified for SPND.

However, it would be highly desirable, especially in PWR

applications, to know also the epithermal sensitivity. It can

be conveniently given as an electric current due to epi-

thermal flux per lethargy unit.

To determine the effect of the hardness of the

thermal part of the neutron spectrtun on the thermal sensi-

tivity per unit thermal 2200 m/s flux, SP-BU calculations

were performed for different values of E when <J> -/<t>th was

equal to zero. Figure 2 presents the results of these calcu-

lations. It is seen that the effective temperature of the

Maxwellian spectrum has a remarkable effect on the thermal

sensitivity. This phenomenon is caused by the non-1/v-behaviour

of the Rh 1 D 3 activation cross section in the thermal energy

range and becomes more pronounced with higher values of E .

It is obvious that the assumption of the independence of the

thermal sensitivity per thermal 2200 m/s. flux on the shape

of the flux spectrum is too rough to be generally applicable.

Baldwin and Rogers [5] have reported an experimental

thermal sensitivity value of 0.96xl0~21 A/nv°cm for a similar

Rhodium SPND (with a small difference of using MgO instead of

Al2Oa as the insulator material) measured in a PWR mock-up

critical assembly.
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In references [7] and [8] a thermal sensitivity value

of 1.2xlO~21 A/nV'Cm is given for a Rhodium SPND with 0.020 inch

diameter emitter wire. The thickness of the insulator has not

been given but probably it does not significantly differ from

the 0.012 in. assumed in the SP-BU calculations. We estimate

that a reduction of the emitter wire diameter from 0.020 in.

to 0.018 in. decreases the thermal sensitivity by about 15 per

cent. Thus the above thermal sensitivity value would correspond

to a value of 1.02x10 21 A/nvcm for a 0.018 inch diameter

emitter wire.

From the measured total sensitivity value and the

portion of the epithermal component given in [6] a thermal

sensitivity of 1,01x10 21 A/nv.cm can be derived for a Rhodium

SPND with a 0.5 mm diameter emitter wire. Assuming that the

sensitivity would decrease by 13 per cent if the diameter of

the emitter wire were 0.018 in. a value of 0.88xl0~21 A/nv«cm

is obtained.

The thermal sensitivities calculated by SP-BU are

in rather good agreement with the other data given above con-

sidering the uncertainty as to the thermal spectra in which

the given values have been measured. It, however, seems as

if our method would yield somewhat too small values.

It is to be noted that our calculated values refer

to a thermal energy range below 0.6 eV whereas in the measure-

ments the effective Cadmium cut-nff energy is usually smaller,

i.e. about 0.5 eV. Due to this difference our results are

somewhat higher. However, this effect is rather small, being

a few per cent at most.

Our results disagree with the calculated value

given in [9] which seems to be too high.

From the SP-BU calculations results an epithermal

sensitivity per unit lethargy of 1.76xlO~21 A/cm"2 .s'Vcm is

derived.
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The only value, known to us, which is reported in

the literature for the epithermal sensitivity is that of

(3.3 t Q.6)xlO~21 A/cm"2 .s'Vcm given by Rozenblum et al [10].

That value refers to a Rhodium SPND with a 0,5 mm diameter

emitter wire and a 0.15 mm thick quartz insulator.

We estimate that the use of a 0.012 inch thick

Al;Oj insulator instead of a 0.15 mm thick quartz insulator

would decrease the sensitivity by 13.5 per cent. If we further

assume that the epithermal sensitivity is proportional to the

emitter diameter and that the change of the cut-off energy from

0.50 eV (corresponding to the measured value) to 0,6 eV would

decrease the epithermal sensitivity by about 9 per cent, we

find that the value of 3.3xlO~21 A/cm~z.s~l/cm should be re-

duced to about 2.2x10 2l A/cm"2•s~1/cm, in the case for which

the calculated value applies*

A reason for the difference between the above value

and the calculated value may be in the Rh103 resonance cross

section. In our calculations we used as the Rh103 activation

cross section the curve given in [4] which is baaed exclusively

on the parameters of the 1.26 eV resonance which give for the

reduced resonance integral a value of 978 b, whereas in [11]

measured value of 1175 b is given.

Another factor which has to be taken into account is

the deviation of the flux energy spectrum above the cut-off

energy from the 1/E-behaviour assumed in the calculations.

Especially in PWR conditions this effect has to be taken into

account due to the thermalization effects extending in a typical

hard PWR spectrum above the cut-off energy.

3.3 Detector Burnup

The usual way to specify the effect of detector

burnup on sensitivity is to give the relative sensitivity de-

crease rate in a given flux. Often the decay rate is given

as percentage decrease per month in a 2200 m/s flux of

1013 cm"2.a"1.
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On the other hand the experimental results of de-

tector irradiations are usually given as a curve presenting

detector sensitivity as a function of integrated current, i.e.

electric charge, taken from the detector.

The connection between the two methods used above

to describe the effect of detector burnup is as follows

Ik $i\ • ( i <y> i
\S dty""1' \S dQ/

where S is detector sensitivity

t is time

Q is integrated electric current

i is electric current from the detector in a

2200 m/s flux of 1013 on"2.s"'

SP-BU burnup calculations were performed for various

values of 4> •/§t.y. with the constant Ê , = 0.080 eV. In
@]3 X tli X

Figure 3, results for the relative sensitivity with respect to

the initial sensitivity as a function of integrated current

are presented for two values of $_ ./d>^. Figure 4 presents

the corresponding sensitivity decay rates as a function of

integrated current. Figure 5 presents the relative portion of

the epithermal component of detector current as a function of

integrated current for two values of <j> •/$+.>,•

It is seen that the effect of the neutron spectrum

on the S(Q)/S(O) vs Q curves is large enough in order to have

to be taken into account. The curves are seen to turn down-

wards with increasing integrated current the more, the higher

the <{> •/$*-h rati° is. This is caused mainly by the stronger

variation of the average electron escape efficiency, the larger

the (J) ./fJ'i.v ratio is (cf. Figure 1).epi tn

Worsham [12] has reported experimental data on the

effect of detector burnup from irradiation, in a PWR, of a

Rhodium SPND similar to that used in our calculations (with

the exception of MgO as the insulator material instead of AI2O3)

This difference has probably a very small effect on the results.
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Fig. 3. Relative sensitivity as a -Function of integrated
electric current for two different epitffermal to
thermal flux ratios.
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fig, 4, Sensitivity decay rat? as a function of integrated
electric current at a 2200 m/s- flux of 1013 cm"z.s"1

for two different epithermal to thermal flux ratios.
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On the basis of his results extending to a sensitivity

burnup of about 55 per cent Worsham has given parameters for a

linear fit to the S(Q) dependence. According to our calculated

results, deviations from linearity become apparent after a

sensitivity burnup of about 25 per cent. The nonlinear behaviour

becomes more pronounced with increasing epithermal to thermal

flux ratio.

Below, our calculational results for the initial

sensitivity decay rate are compared with the result of

Worsham.

Case

1. Our calculations

ET=0.080 ev, <!> i

2. Our calculations

ET=0.080 eV,

3. Irradiation test result

• by Worsham [12]

Sensitivity decay rate
(%/AS'Cm)

12.0

11.2

11,1

Our results are seen to be in a relatively good

agreement with that of Worsham

In our calculations we have neglected the effect

of the Rhodium SPND on the incoming neutron current at the

surface of the emitter wire. This effect, which depends on

the environment of the detector, will be evaluated by us in

continuing the present work. We expect the effect to amount

at most to a few per cent.

Other experimental data [7,13], reported in the

literature, refer to different detector constructions and are

therefore not directly comparable to our calculational

results. Dubovsky et al [12] give a value of 7.8 ± 0.96

%/As»cm for a Rhodium SPND with a 0.5 mm emitter wire and an

unspecified insulator. In a brochure of Reuter-Stokes Canada
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Ltd. [7] a value of 0.23%/month at a 2200 m/s flux of

1013 cm~2.s~' is given. This, together with a given value

of 1.2xlQ~2i A/nv.cm for the sensitivity, leads to a value

of 7.4%/As-cm for a Rhodium SPND, with a 0.0*0 inch diameter

emitter wire, 0.062 inch detector diameter and an AI2O3

insulator. It is apparent that the sensitivity decay rate,

measured in %/AS'Cm, decreases with increasing emitter

diameter but it is difficult to estimate the effect without

detailed calculations. We intend to perform such calculations

in continuing the present work.

4, SUMMARY AND CONCLUSIONS

A calculation method has been developed for de-

termining the sensitivity characteristics, and therr burnup

behaviour, for beta-current SPND's. In order to give reliable

results for SPND's whose emitter material, such as e.g. Rh 1 0 3,

exhibits strong absorption resonances, the method takes into

account the effect of the detailed neutron absorption distribu-

tion, in the emitter wire, on the electron escape efficiency.

The method has been implemented in the computer program SP-BU

which has been applied for the studying of the sensitivity

characteristics of a typical Rhodium SPND.

The calculated results are in a relatively good

agreement with published experimental data. The method could

be improved by using a more accurate way to calculate the

electron escape efficiencies for the two-material, i.e. emitter-

insulator, region.

The results obtained emphasize the need of exact

specification of Rhodium SPND sensitivities with respect to

the applicable neutron energy spectrum. The results show that,

for a given detector construction, there does not exist a

unique thermal sensitivity referred to the 2200 m/s flux,

* which is-applicable to all neutron spectra appearing in reactors.

Also the variation of the epithermal sensitivity Witil neutron

-spectrum is not entirely negligible because of the
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non-1/E-behaviour of the neutron flux.

From the results of the burnup calculations it is

evident that the variation of the shape of the sensitivity

vs the integrated current curve for a Rhodium SPND cannot be

omitted, at least when different types of reactors are

considered, Therefore the burnup sensitivity correction

cannot be performed by only making use of results from irradia-

tion tests/ which were made for the detector in a reactor of

another type than that for which the correction is needed.

Whether a movable detector system is needed or not in a power

reactor for calibrating of a flux mapping system using fixed

in-core Rhodium SPND's is however another question. Its

answer depends on the structure of the fixed detector system

and the accuracy of theoretical means available for predicting

the burnup dependence of detector sensitivity.
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DISCUSSION ON PAPER BY LAAKSONEN

JOSLIN: The epithermal response of the detector as a per-

centage of the total grows with burn out. Is this because the

surface effect of absorption in the resonance makes the

absorption penetrate less into the emitter?

LAAKSONEN: The increase is due to the epithermal to thermal

neutron absorption ratio increasing with increasing detector

burn up.
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PREFACE

Self-powered flux detectors have found extensive use

as monitoring devices in light water PWR-cores and CANDU type

power reactors.

The detectors measure fuel power distributions and

indicate trip parameters for reactor control and safety

requirements. Both applications demanu accurate absolute

initial calibration factors. This paper presents experimental

results obtained in calibrating some neutron sensitive self-

powered detectors.
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SECTION I

ABSOLUTE INITIAL SENSITIVITY FACTORS FOR RHODIUM SELF-POWERED
DETECTORS

1. INTRODUCTION

Rhodium detectors are frequently used for mapping the

spatial power distribution. One of the nuclear properties of

rhodium to be considered is the resonance at 1,25 ev super-

imposed on the 1/v variation of the rhodium cross section and

its effect on the total response of a rhodium detector.

Since neutron spectral effects differ among reactor

typesf it is of some value to express the neutron sensitivity

of a rhodium detector relative to a Maxwellian neutron energy

spectrum. Any deviation from the Maxwellian neutron spectrum

can then subsequently be taken into account for the reactor

lattice spectrum in question, determined for example from a

cadmium ratio measurement. In this way a meaningful relation-

ship can be established between detector signal and fission

density.

The calculation of the equilibrium output current of

a Rh detector presented here uses the convention proposed by

Westcott et al1, in order to derive the epithermal activation

component. The results of rhodium detector irradiations in

the Pool Test Reactor at Chalk River are corrected for thermal

flux accordingly. Verification of the calculation is ob-

tained using the Cadmium ratio method.

2. METHOD OF CALCULATION

The equilibrium output current I g, for rhodium is

given by

Inp - N * e R aQ ( G^ B ^ g + GR 3R r -\/f SQ ) amps [1]np - N * e R aQ ^ ^ R R /f
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where

No M = no* of Rh atoms,

N ~ A

<$> = Surface flux

e = Electronic charge

R = Isotopic abundance

a = Thermal neutron capture cross section

Gth = Thermal self-shielding factor

GR = Resonance self-shielding factor

S.. = Thermal beta-escape probability

B = Resonance beta-escape probability

g = Westcott parameter for thermal activation

S = Westcott parameter for epithermal activation

r = Westcott parameter for epithermal flux

Also

+ GR r V roaef f " °o I Gth * + GR r V ro SQ )

and

= S V T

o v o where T = temperature characteriz-

ing the Maxwellian

component (=300 K)
T = 293.6 K
o
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2.1 Epithermal Contribution for 0.018 Inch Rh -Wire

To calculate percentage epithermal contribution,

only consider the part of equation [1] in brackets.

The following quantities are known:

S - 7.38

g • 1.025

r - 0.0238

Gth " °*7775

3 t h = 0.395

GR = 0.302

BR = 0.9

Note that S and g have been obtained from ref. 1, r from fef. 2,

and G.. , 3 t h and G_ from fig. 1 - 3 respectively, as reported

in ref. 3 and 4.

Therefore

(Gth Bth g + GR 3R r S ] = -31479 + .04774 = .3625

% Epithermal = 1 3 . 1 7 %

% Thermal = 86.83%

2.2 % Epithermal Contribution for 0.020 Inch Rh -Wire

Gth " 0 < 7 5 7 1

3 t h = 0.36

GR =0.28

3R -0.9
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RSCL-KD-l Figure 2
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(.279 + .04426 ) = .3232

% Epithermal = 13.69%

% Thermal = 86.31%

2.3 % Epithermal Contribution for 0.022 Inch Rh.-Wire

Gth =

e t h •

G =

.739

. 33

.2625

8,5 = . 9

(.2499 + .04149 ) = .29146

% Epithermal = 14.24%

% Thermal = 85.76%

3. RESULTS FROM RHODIUM DETECTOR IRRADIATIONS

Rhodium detectors of 0.018 inch, 0.020 inch and 0.022

inch diameter were irradiated on a lucite sample carrier of

the Pool Test Reactor at Chalk River. The currents generated

in the detector were measured using a Keithley electrometer.

The absolute thermal flux at the surface of the detector was

measured using a 0.005 inch Co -wire positioned over the

rhodium length. The absolute activation of the cobalt wire

was determined by comparison with a 6"Co standard whose

absolute disintegration rate was known. The results of this

irradiation are tabulated in column 2 of Table 1.
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TABLE I

Initial Calibration Factors for Rhodium

Emitter* P.T.R. Cal. Factor in Thermal Final Factor

O.D. 10~21[amps/(nv cm)] Fraction 1Q~21 [amps/(nv cm)]

0.018" 1.05 86.83% .91

0.020" 1.14 86.31% .99

0.022" 1.34 85.76% 1.15

* Overall detector O.D. is 0.062 in.

4. CADMIUM RATIO RESULTS

In order to verify the results obtained in Table I,

the cadmium ratio method was used to determine the epithermal

contribution for a 0.022 inch rhodium detector. The cadmium

cover consisted of a cylinder, of wall thickness 0.020 inch,

positioned over the entire emitter length.

An additional precaution was observed since capture

Y-rays from the cadmium sleeve around the rhodium detector

will increase the current in the detector. External Y'S

incident on the rhodium detector generate a positive signal.

In order to estimate the magnitude of the current induced by

the capture y's, a detector using palladium as the emitter

material was used.

The results are reported in Table II. The bare and

cadmium covered runs were normalized using a reference

detector, also rhodium.
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TABLE I I

Cadmium Ra t io R e s u l t s

Thermal Epi-
R_, Fraction thermal

Detector Bare With Cd Fraction

Rhodium (0.022") 2.490xlO"10A 0.26xlO~10A 9.54 89.5% 10.5%

Palladium (0.022") 0.455xlO~nA O.322xl0"11A

5. COMPARISON WITH OTHER DATA

Baldwin and Rogers [5] reported a thermal sensi t ivi ty

factor (K) for a 4.75 inch long, 0.018" wire diameter of

K = 1.164 x 10"zo A/nv.

or K1 = 1.164 x 10~20 = .96 x 10~21 A/(nv. cm.)
12.065

From resu l t s reported in Table I , K1 was calculated to be

K1 = .91 x 10~21 A/(nv. cm) for 0.018" Rh -wire

6. DISCUSSION OF RESULTS

The difference between the measured thermal fraction

and the calculated thermal fraction for a 0.022 inch rhodium

detector i s 3.7%. If the current reading for the cadmium

covered rhodium is corrected for induced currents due to the

presence of the cadmium sleeve, as detected by the cadmium

covered palladium detector, then th i s deviation would increase

to 5%.
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The errors involved in the measurement and the calcu-

lation account for this difference. The measurement error in

determining the PTR calibration fa tor in Table I is ± 5%,

Most of this error is associated in calculating the absolute

flux from cobalt wires measured against a cobalt-60 standard

source. The values used for the self-shielding factors and the

beta-escape efficiencies are estimated tp within a few percent

but more importantly, they do not match exactly the actual

detector configuration. It is well known that B and G are

quite geometry dependent.

Furthermore, the measurement under cadmium reduces

the epithermal activation component for the following reasons:

a) Spectral shift due to cadmium sleeve.

b) Attenuation of resonance neutrons by cadmium.

Finally, the correction for induced currents as measured by the

palladium detector is an overestimate since palladium has a

resonance integral which is not negligible.

Taking the foregoing considerations into account,

the agreement between measurement and calculation is satisfactory,

This is further substantiated in the good agreement obtained in

section 1.5 for the 0.018 inch rhodium detector.
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SECTION II

ABSOLUTE INITIAL SENSITIVITY FACTORS FOR VANADIUM AND COBALT
SELF POWERED DETECTORS

1. INTRODUCTION

Vanadium and Cobalt are good =• detectors and there-

fore cori.ections for neutron spectral effects are not required

in order to determine accurate calibration factors. The detec-

tors were irradiated in the ZED-2 reactor at Chalk River.

ZED-2 is a heavy water moderated reactor using natural U02 fuel

assemblies. This type of reactor is characterized as having a

well-thermalized neutron spectrum.

2. EXPERIMENTAL RESULTS

The experimentally determined calibration factors

for various emitter sizes of vanadium and cobalt have been

compiled in Tables III and IV.

TABLE III

Ini t ial Calibration Factors for Vanadium

2ED-2 Cal. Factor in

10~23 [amps/(nv cm)]

3.29

18.3

Emitter

O.D.

0.013"

0.036"

Collector

O.D.

0.040"

0.083"

Emitter

Length

300cm

322cm



Emitter

O.D.

0.020"

0.032"

Q.075"

Collector

o.n.

0.062"

0.083"

0.138"

Emitter

Length

300cm

321cm

23cm
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TABLE IV

Initial Calibration Factors for Cobalt

ZED-2 Cal. Factor in

10~23 [amps/(nv cm)]

1,29

4.46

29.0

It is to be noted that the reported calibration values have

not been corrected for f-response.

3. CONCLUSIONS

Experimental initial calibration factors have been

determined for several neutron-sensitive self-powered

detectors of various emitter sizes. For rhodium detectors

appropriate corrections for neutron spectral effects were

applied. These calibration factors should be useful,

a) for intercomparison with data from other reactor

facilities

b) to check results from calculational models
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I do not wish to read Dr. Kroon's paper, which will

be published in full in the proceedings. Instead, I'll sum-

marize the results, and discuss detector calibration in more

general terms.

The paper describes the in-core calibration of three

rhodium detectors of emitter diameters 0.018, 0.020, and 0.022

inches. The calibration results are corrected for epithermal

contribution, and compared with cadmium-covered detector re-

sponse. Several calibration factors for Cobalt and Vanadium

self-powered detectors are also reported.

As manufacturers we are obliged to provide a neutron

sensitivity estimate for every detector we sell. For standard

designs, a prototype may be calibrated, and the sensitivity of

subsequent production models inferred with an accuracy of a

few percent. The production detectors require achievable dia-

meter and weight control to maintain this accuracy.

There are two situations where sensitivity estimates

are unsatisfactory:

1) Detector styles where emitter diameter and weight

cannot be controlled sufficiently.

2) Applications where individual calibration is a re-

quired Quality Assurance step.

Detectors whose emitters are fabricated from cable,

(usually very long emitters, 2 meters and more) are examples

of the first type, although our estimating ability on these

is now about ± 2% relative accuracy.

Detectors for nuclear power station use are frequently

calibrated, either pureiy as assurance tl^t they work, or as

assurance that assumptions used in the computer processing

codes are valid. Most important is the assumption that all

detectors have the same sensitivity, and we are required to

keep large quantities of detectors within narrow limits

(i.e. 200 detectors with sensitivity within 2%).
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Consequently, we have developed calibration procedures,

using both light-and heavy-water test reactors, and have cali-

brated over a thousand detectors.

Relative sensitivities, that is without reference to

the absolute flux level, are measured with an accuracy ap-

proaching 0.5%. Absolute sensitivities have the added un-

certainty of knowing the flux, as measured by an alternative

means. We use cobalt wire irradiation and computer comparison

with calibrated cobalt sources, in a Chalk River developed

standard system. The assigned accuracy is approximately 4%.

Of particular concern for rhodium detectors is the

characterization of the flux used .in the calibration. Reuter-

Stokes has used the Westcott convention which divides the

flux into two groups, a Maxwellian thermal group and a I/E

slowing-down group. The reaction rates for the two are calcu-

lated using the 2200 m/s cross section and a "resonance in-

tegral" respectively. Dr. Kroon's paper discusses the use in

more detail. Calculation and experiment are in agreement to

5%, when the non-thermal contribution is about 15% of the

total signal.

We've tried to compare our calibration results with

those of other manufacturers and laboratories. Unfortunately,

several factors tend to obscure the comparison. First, in-

sulator thickness1) variations between manufacturers can produce

sensitivity changes of about 1% per 0.001 inch. Second,

sensitivities are usually related to length for a constant

emitter diameter, but small variations in diameter can produce

significant weight, and therefore sensitivity, changes. There

are discrepancies in published numbers beyond these factors.

Reuter-Stokes and another manufacturer are currently

cross-calibrating each other's detectors. Preliminary results

show agreement between us to approximately 4%.

It seems, th&refore, that it is possible to measure

relative sensitivity on a production basis to better than 1%,
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and that reference to absolute fluxf including epithermal

correction where applicable, can be made to approximately 5%.

The occasional divergences in the literature are

unexplained.
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DISCUSSION ON PAPER BY JOSLIN

LOVING: Can you give more detail on how you get relative

sensitivity values?

JOSLIN; We have a thermal column which is about 4" in

diameter located at the centre of an MTR style core. We use

a lucite carrier which very closely resembles water so that

hopefully the effects that Gerry Lynch mentioned about the

impact of the surroundings are minimized. It should look very

much like infinite water. Ten rhodium detectors for PWR use

are placed on the carrier that has been flux calibrated. It is

about 1" in diameter so that there is a gradient in the flux

of a few percent depending on the position. We use one de-

tector as the standard and nine unknowns. We have a National

Bureau of Standards current source calibration of our measuring

equipment. We operate the reactor long enough to get within

H^ of equilibrium and take current measurements which are then

adjusted, by the small correction, for position. A correction

for the non-thermal portion of the spectrum is then applied

and the results expressed as a ratio to the standard.

LOVING: Is this position correction a theoretical one?

JOSLIN: No. It is measured periodically with copper foils.

We do both an absolute calibration of the standard detector

and foil calibration of the others on maybe the basis of one

in a hundred detectors. There is a high degree of repeat-

ability.

JONSSON: You mentioned that you might expect some variation

along the emitter wire. Does that mean that you also perform

individual calibration of sensitivity along the length of a
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very long detector like the 3m one you mentioned?

JOSLIN; No, I am aware of the work you did on rhodium

detectors a few years ago', however this was probably atypical.

We do not normally make detectors in that form from rhodium

which is very sensitive to diameter changes. Vanadium,

platinum, and cobalt are less sensitive and we have some evi-

dence to suggest that the cobalt emitter is uniform to within

about 3% along its length. From an applications point of view

we don't think such variations matter. When the detectors are

coiled on a rod the averaging effect would completely eliminate

any worry about local variations. In some American PWR's, we

are supplying full core length detectors, which approach 4m in

length. They have vanadium.emitters and their output is an

integral of the total channel power. Any minor variations along

the length should not present any problems.

JONSSON: Yes. I agree if there is no systematic variation.

But if you measure the distribution through the whole core

some percentage variation of sensitivity along the wire will

affect the result.

JOSLIN: This is true. However, we made some measurements

when we were qualifying those detectors for the.PWR service to

find out about possible systematic variations. We found that

near the end of a cable production run systematic errors do

occur, so we clip them off and are comfortable with the remainder.

Every long detector that we make is sampled for about 2 inches

on either end as a matter of course, so we pick up any systematic

variation.

LYNCH: With regard to the puzzling result when the cadmium

shield was used, have you considered a possible enhancement of

the electron flux into the detector as well as the Y~ray flux?
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JCSLIN: John Krr>on and I had some quick words about this

before I came here, I'm not even sure that it is in the right

direction. There is certainly something unexplained and this

is very current work which is still on-going.
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ABSTRACT

Methods Used to Compensate the Delay Component of Platinum
Self-Powered Detector

The platinum self-powered detector was recently

developed to provide the following characteristics:

1 - prompt response to power change,

2 - good sensitivity (current/flux),

3 - low burnup (change of sensitivity).

However, the platinum detector has a mixed neutron

gamma response that introduces new problems in relating its

signal to power.

The major drawback to the detector response is the

delay component, which is about 20% of the detector signal.

This is caused mostly by delayed gammas from fission products.

Two methods can be used to compensate for this delay:

1. feedforward compensation, in which the signal of

detector is passed through a filter (digital or

analog) which has the inverse transfer function

of the platinum detector.

2. feedback compensation, in which the detector

signal is made to agree, in long term, with a more

accurate power measurement, e.g., thermal

measurements.

An example of each type of method is presented and

their characteristics are discussed.
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Resume

Compensation de la partie retardée du signal
d'un détecteur "auto-courant" type platine

Les laboratoires de Chalk River ont mis récemment

au point le détecteur platine. Le signal de ce détecteur possède

Ise caractéristiques suivantes:

1 - réponse rapide au changement de puissance,

2 - sensititité (courant/flux) élevée,

3 - variation tolerable de la sensibilité avec

1'irradiation.

Cependant les neutrons et les gammas contribuent au signal,

ce qui entraine certaines difficultés quant a 1'interprétation

du signal.

Une importante de ces difficultés consiste en un

retard de 20% dans la réponse du détecteur. Ceci est en

grande partie dû aux gammas rétardés émis par les produits

de fission. Ce retart peut être éliminé de deux façon.

1 - Compensation directe. On passe le signal du

détecteur par un filtre qui simule l'inverse de

la fonction de transfert du détecteur.

(Compensation en boucle ouverte.)

2 - Comparasion avec d'autres signaux. Lorsque le

réacteur a atteint l'état stable on impose que

le signal du détecteur soit identique à une

autre mesure plus précise de la puissance.

(Compensation en boucle fermée.)

Un exemple de chacune de ces méthodes est présente

et discuté.
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1. INTRODUCTION

The platinum self-powered detector was developed at

Chalk River Lab. In 1971 some were installed in the Gentilly-1

reactor. Detector data was recorded at Gentilly in an attempt

to analyse the detector response. The analysis of this data

showed that the detectors are sensitive to both neutrons and

gammas, that 80% of the signal is prompt or instantaneous

with fission, and that 20% forms a delayed component caused

mostly by gammas from fission products.

With information available from Chalk River and

Gentilly-1, it has been possible to derive a platinum detector

transfer function. This transfer function was an important

tool in designing different ways to compensate the detector

signal. Compensation means to eliminate part or all of the

delay component in order to make the detector signal propor-

tional to power in the fuel or to neutron thermal flux.

2. DETECTOR RESPONSE CHARACTERISTICS

To understand how the transfer function was developed

it is important to describe the different current producing

mechanisms that lead to the prompt and delayed components.

In Figure 1 we can see the amplitude of the different components

of the detectors signal.

2.1 Reaction with Gamma

80% of the detector signal is generated by photo-

electrons produced in the platinum emitter by gamma flux.

63% of the total signal is caused by gammas instan-

taneous with fission. 17% of the total signal is a measurement

of delayed gammas from fission products. Since reactions with

gammas do not damage the emitter, the amplitude of these

components does not change with irradiation.
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FIGURE 1: COMPONENTS OF OETECTQR SIGNAL AND THEIR
VARIATION vs. IRRADIATION (3 x 10 1 4 n.cm,2/sj
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2,2 Reacticm with Thermal Neutrons

The thermal neutron flux produces about 20% of the

signal of a new detector.

Most of this 20% comes from the (ny) reaction with

Pt 1 9 S. The amplitude of this portion is 17% of the signal and

the reaction is prompt. Unfortunately Pt 1 9 5 has the highest

cross section (27 barns) of the platinum isotopes and therefore

burns out in 10 years in a 3 x 1Q1" moderator flux. The net

effect is an appreciable decrease in overall sensitivity of

detector and the loss of an important contribution to the prompt

component.

Reaction with neutrons gives rise to two delayed

components. The current from the (n$-) reaction with Pt 1 9 8

represents 4.5% of total. This delayed portion has the 31

minutes half-life of B- emitted by Pt 1 9 9. This portion burns

out slowly because the absorption cross section is only 8 barns.

A 1.5% negative current flowing from collector to emitter is

caused by (nB-) reaction with Mn5S. This component is delayed

with a half-life of 2.6 hours and burns out in 20 years.

The combined effect of all these components has two

major consequences. Figure 2 shows how total sensitivity

changes with irradiation. The 20% decrease will have to be

offset by recalibrating of amplifier gains. The second

consequence is the change in the ratio of prompt component to

total signal. This ratio has a minimum of .75 and maximum of

.80. This range is small enough to allow the use of a

single compensating circuit or algorithm over the life of the

detector. It is interesting to note that the platinum detector

has a very stable sensitivity and fractional prompt component

when all neutron sensitive components are burned out.
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FIGURE 2: SENSITIVITY AND PROMPT/SIGNAL RATIO OF
Pt DETECTOR VS. IRRADIATION
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3. TRANSFER FUNCTION

The detector transfer function is defined as the Laplace

transform of th<? signal of detector (PKIDEL) to either Laplace

transform of POWER in fuel or thermal neutron flux (PHI).

Pts) =

P(s) =

PHIDEL
PHI

PHIDEL

POWER

Two transfer functions are used since POWER and PHI

are important parameters in reactor control. F(s) and P(s) can

be quickly established from data recorded when the reactor is

shut down quickly. This data is presented in Figure 3. PHIDEL

in this Figure is typical and accurate data collected at

Chalk River and Gentilly-1. The curve POWER is an approxima-

tion of the decay power in fuel. Curve C is the difference

(PHIDEL - POWER). We have to compensate by that much if we

want a power signal from the detector signal. These three

curves can be reproduced easily if F(s) and P(s) are approxi-

mated by sums of first order transfer functions:

F(s) =

P(s) -

where a = .816, ai and T^ are given in Figure 3

3 = .877, b i and p.̂  are given in Figure 3,

a +

B +

5

3

1

1

ai
+ xiS^

b ± "

+Pis
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FIGURE 3: DELAYED POWER AND DELAYED Pt
DETECTOR SIGNAL AFTER SHUTDOWN

A: Pt detector signal «

B: fuel power

„* C: A - B
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4. ANALOG COMPENSATION

First order transfer functions in F(s) and P(s)

can be simulated by simple RC circuits. Different arrangements

of capacitors and resistors can lead to different circuits

with the same compensation. Figure 4 shows an example of

a compensating circuit. The difficulty associated with these

circuits is the very large values for R and C needed to

simulate time constants of 1 to 3Q00 seconds. However this

is not a major problem and these circuits can be simplw,

reliable and give accurate compensation.

5. DIGITAL COMPENSATION

A digital computer can also calculate first order

transfer functions and do the same compensation as the analog

circuit. Another type of compensation can be obtained from

other signals available in the computer. If the measurement

of total reactor thermal power in the heat transport system

(PTHM) is accurate and reliable, it can be combined with

PHIDEL to calculate a new signal PHICAL, proportional at any

time to fuel power. This type of compensation could be:

PHICAL = C*PHIDEL + JPTHM - C* P H I D E L

where C = optimized empirical parameter (1.06 for example)

T 1 = delay between PHIDEL and PTHM (18 seconds).

T 2 = a large value used to keep calibration in fast

transient (180 seconds).
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TRANSFER FUNCTION
AND BLOCK DIAGRAM
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FIGURE 4: EXAMPLE OF AN ANALOG COMPENSATOR TO
CALCULATE Pt DETECTOR DELAYED COMPONENT
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This compensation has the col lowing characteristics.

At steady state, PHICAL = PTHM = power in fuel. During a fast

transient. :. (PHICAL) = A(C*PKIDEL) -• A (POWER). The performance

of this compensation is shown on Figure 5. The error between PHICAL

and POWER is small (a few percent), However, a temporary nega-

tive value of PHICAL will appear following a very fa$t reactor

power reduction (100 to 1% in few seconds) if we use this com-

pensation method to find PHI. This appears in Figure 6. How-

ever it is interesting to note that PHICAL will not be negative

if we want PHICAL = POWER. In that very rapid transient PHICAL

undershoots POWER by a few percent, but it is never below zero.

6. CONCLUSION

Even though the platinum detector signal has a delay

component, there are methods to compensate and transform the

detector into a good flux or power detector. Since control and

safety both depend basically on power in fuel it is interest-

ing to note that the most suitable transforraation is the power

one. In fact both the delayed component and delayed power are

from fission products radiation. This can be visualized in

Figure 3 where there is a fraction between curve A and B of

roughly 2.2.

To accomplish this compensation two types of means

were studied. If one wants exact compensation he should be

using the analog. However the change in detector prompt

component will reduce the initial precision and generate errors

as large as the digital compensation.

The ideal power detector would be one with 100% gamma

response which means no recalibrdtion, and with a 6-8% delay

component.
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DISCUSSION ON PAPER BY MERCIER

JONSSON: You indicated that the •y-ray signal was 63% prompt

and 17% delayed. How do you define the delayed signal?

MERCIER: The platinum detector delayed component is 18-20%

when extrapolated back to time zero. This is taken as anything

longer than 0.1 s.

JONSSON: I understand that the relationship between power

and detector signal varies by 10% over a long period of time.

This is mainly due to the neutron induced component in the signal,

Thus the neutron signal is more or less a parasitic signal in

this case. Why don't you look for a material with a lower

neutron cross section than platinum, say, for example,

paladium? This might be the ideal "Y-ray detector with no

neutron component.

MERCIER: You may be right, but I'm sorry I don't know. My

involvement is due to the fact that we have the platinum de-

tectors installed in Gentilly 1 and they are to be installed in

Bruce and other reactors and we have to find a way to compensate

for this delayed component.

I have had some experience with a Y-ray sensitive

detector that was installed in Gentilly 1. This detector had

a Zircaloy emitter and the overall sensitivity was so low that

the negative component from the activation of the sheath made

the signal very large and negative on shutdown. And so the

problem with a 'y-ray sensitive detector is to find one with a

large output signal.

JONSSON: The relationship between the signal and the atomic

number of the emitter material goes at Z3 and therefore
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Zircaloy should not be used but instead you should have very

heavy elements in the emitter.

GREEN; I'm not sure exactly of the details of the decay

scheme of paladium but I should think we are searching for that

material that you mentioned and platinum was the closest one

we could find to it. Paladium has been suggested before but

I'm not sure if we have performed any irradiation tests on it.

But what usually occurs is that under long high flux irradiations

all sorts of other components creep in from the complex decay

schemes that are created. Thus, on the surface, it might look

good but when you start digging deeper into the decay schemes

and the higher products then you can get delayed components.

JONSSON: Yes, but if the neutron cross section is actually

zero then you have no decay schemes.
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DISCUSSION ON PAPER 1.12 BY PATTERSON

57'. MARTIN: Would you rather install these detectors your-

self and what kind of feedback do you want from customers?

PATTERSON: I'll get the feedback from the customers if

there are any problems. There is no worry about that. I do

not have the prerogative of installing these myself. I must

build them so that other people can install them. Because the

plant has to use them and work with them they have to be built

so that they can do it, otherwise I haven't done my job. The

problem is conveying to them the information they need to know

so that they don't do something out of ignorance.

Anderson: Is there any redundancy built into the assemblies

that you install?

PATTERSON: Of the approximately 450 detectors all we really

vneed to accomplish our mission is to give good and well defined,

fuel management. In the United States we are constrained by

the Atomic Energy Commission to have an amount of information

about flux tilt and radial tilt. We can develop that informa-

tion from 24, we'll-distributed, detectors. Thus from the

standpoint of operations,24 detectors are sufficient but the

reactor operator may be restricted in his fuel management

ability.

ANDERSON: If one of these goes bad during a running period

you can continue until the next shutdown - or even longer?

PATTERSON: If a couple go bad then there is probably no

effect at all. It is only if 5u-60 start going bad that you

might become concerned and then again in the degree of accuracy



- 176 -

of the fuel management. By the way, we have delivered some

10,000 of these detectors, that are in the field and had better

work. We axe heavily committed in this area.

5FANO: Can I ask what kind of experience you've had with these

detectors?

PATTERSON: It has been very good. At this point in \ime, as

far as on-line operation is concerned, we have encountered no

failures in detectors and we have about 1200 actually in opera-

tion.

ANDERSON: Are these located in a high temperature environ-

ment or are they cooled?

PATTERSON: These detectors have rhodium emitters and they are

at the same temperature as the reactor coolant.

LYNCH: Are you implying that most of the failures occur

during installation?

PATTERSON: They were either manufacturing problems that were

discovered before installation or they were problems in in-

stallation, such as broken assemblies, that were corrected.

L^NCH: Does this not suggest that a movable systeiu such as

you have suggested would have a higher occurrence of failures

than a fixed system?

PATTERSON: I'm glad you mentioned that because about a year

ago, with the fuel problem we were faced with, it was expedient

for us to have a movable system.. Within six months we were

able to design and deliver a fast responding movable system

which we could install in any of these plants on any or all of

the 48 detector locations. This enabled us to be able to scan
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the whole core in a few seconds. We did this only on the

reactor that required it and we do not think it is a continual

requirement. Nor do we think thi.c it has any greater advantage

than the fixed system, I believe that the information we have

obtained from the movable detectors proves that the fixed

system is more than sufficient.

JONSSCN: Did you make measurements during movement of the

assembly or did you stop movement during measurement?

PATTERSON: The assembly has a central tube which is hollow

and about 2mm in diameter. We put the movable detector through

that.
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1. INTRODUCTION

The development of concrete pressure vessel gas cooled

reactors and of high power fast reactors led to a demand in the

United Kingdom for a generation of neutron radiation detectors

which could, between them, cover the neutron flux range from

about 102cm"2sec**1 to perhaps 1011cm~2sec~l near core in the

hostile environments normally expected in such a position. The

work which has been done to develop such detectors and cables

for them has been reported elsewhere (References 1-5) and this

note will not repeat those descriptions. The present purpose is

to set out data from long-term irradiation tests which have

only been obtained in the relatively recent past and to indi-

cate the likely lives of detectors.

Three chambers are of interest, namely, a pulse fis-

sion chamber (Type P7A), a wide-range gamma compensated chamber

(Type DC12A) and a narrow-range d.c. fission chamber for shut-

down safety applications (Type DC14A). All three were designed

for a maximum operational and survival temperature of 550°C in

an ambient external pressure of 650 p.s.i.a. They are equipped

with integral mineral insulated cables complete with 'cold end1

terminations and have triaxial outer electrical screening which,

in the proper configuration ensures good rejection of external

electrical interference (Ref. 6). The design work included

many tests on, for example, the ability of the devices to

withstand time at temperature, mechanical shock and short-term

irradiation but such tests cannot replace long-term proving and

it was therefore decided to load a number of models into the

Windscale Advanced Gas-cobled feactor.

2. TEST WORK AND RESULTS

The W.A.G.R. core comprises of order 200 single

stringers of fuel pins each with its own gas flow gag and

neutron shield plug. Reactor coolant (CO2) flows upwards over:

the fuel and through a shield section before being discharged
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into a plenum chamber ("hot box") and it proved possible to

build a modified shield in which test chambers could be sited.

By design of the shield and by selection of the loading posi-

tion in the reactor one could obtain the required flux. Ir-

radiation temperature could then be selected within limits

by setting the coolant gag.

Apparatus of this type was used to obtain the

following results.

2.1 P7A Pulse Fission Chambers

Four chambers were irradiated at 525°C for 3 years

and 2 months. Two of them were immersed in a neutron flux of

2 x 106cm 2 sec 1 and two in a flux of at least 6 x lO^cm 2sec l

This fltx is undoubtedly a lower limit since radio chemical

analysis of samples after the irradiation suggest that it

could be as high as 4 x 1012cm 2sec *and it is clear that the

high flux pair received a total dose exceeding 6 x 1019cm~2

plus an estimated 2 x 10 1 0 Rad of gamma radiation.

Some difficulty was experienced with the low flux

chambers due to faulty but inaccessible plugs and sockets in

the top of the stringer latching mechanism but the high flux

ones performed very well, the conclusion of the experiment

being dictated by reactor rather than chamber considerations.

A large number of tests were, of course, carried out, Figs. 1

and 2 being typical of the results obtained. Fig. 1 compares

the integral pulse height distributions from one of the low

flux chambers at the beginning and after 14 months of irradia-

tion whilst Fig. 2 is an analogous plot for the high flux in-

struments. Variations due to amplifier noise effects can be

seen but it is clear from the right-hand sides of the character-

istics that irradiation and time at temperature had little

effect.
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2.2 DC12A Wide Range d.c. Chambers

2 chambers were loaded into fluxes of 3 x lO'cm"* sec l

and 4 x 109cii~2sec"x respectively both at temperature close to

525°C, This took place in 1968, One chamber (Model 5) ran

until October 1973 when it was withdrawn and the other

(Model 6} is still in the reactor after nearly 6 years.

Once again a large number of tests were carried out.

In essence they have shown that the insulation performance

of both chambers deteriorated slowly with time and, if this had

been the only effect, both chambers would still have been

operational. In fact, the deterioration of the neutron polaris-

ing electrode on Model 5 was faster than that of the other

electrodes involved in the experiment and lead to breakdown at

about 100V after 15 months. In an operational situation this

would have meant chamber replacement but we carried on for

another 4 years without observing analogous failures on the

corresponding gamma polarising electrode or collector. It was

noted with somewhat warped satisfaction that Model 5 neutron

cable had given cause for concern during construction and, with

hindsight, ought to have been rejected. Figs. 3 and 4 show

data from Model 6. Fig. 3 is the.neutron polarising charac-

teristic obtained in May 1968 (that from Number 5 was similar)

and may be compared to those of Fig. 4 dated April/May 1974.

The comparison shows the deterioration noted above but demon-

strates clearly that the chamber is still operational. The

onset of breakdown is indicated by V. (the voltage at which

the collector current is 10% higher than the plateau value)

and the most recent experiment gives a figure of 315 (± 10)V

independent of reactor power and temperature. Hence, if one

demands an operational V, , to Vn Q ratio of 3 it can be shown

that the chamber is still satisfactory at currents up to 1mA

(3.5 x 10 1 0 neutrons cm~2sec~1).

it will also be noted from Pig. 4 that the chamber

plateau current still follows the nominal reactor power. This
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property is more clearly demonstrated by Fig. 5 which shows data

from the same chamber following a reactor shutdown on 23.10.71.

2.3 DC14A d,c. Fission Chambers

This design has not been irradiated in the same way as

the other two because it was based on similar technology and

because it was carefully designed to follow a similar inpile

chamber which had already been tested to high doses (Ref. 7).

An analogy was also drawn to devices based on the Loosemore

and Dennis design which were used for experimental physics in

the W.A.G.R. 4 such devices were loaded in November 1965 and

irradiated at about 5 x 1012cm"2sec~1 and 450°C. Two of them

were tested in November 1967. They showed insulation resistances

greater than 109ft on all electrodes and polarising voltage

breakdown potentials greater than 700V. It was concluded that

the DC14A, designed and built to virtually identical standards

would have little difficulty in achieving its requirements.

3. CONCLUSIONS

Near core irradiations have been carried out on a

number of chambers and it has been shown that lives exceeding

3 years at greater than 500°C in fluxes between 5 x 109cm~2sec~1

and 5 x 10l2cm~2sec~1 are possible. Test irradiations of this

type are, of course, expensive and prolonged. They cannot be

repeated very often and the problem now is to control produc-

tion quality to ensure that future devices meet similar

standards.
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DISCUSSION ON PAPER BY GQODINGS

PEARSON: When you indicated reactor power in Figure 5, was

that an ion chamber current measuring system?

JOODINJS: That was an ion chamber current measuring system

in the thermal column of the reactor coupled with a BF* system.

What I showed was doctored data and I'm not sure where the

changeover actually took place.

PATTERSON: With regard to breakdown of the insulation, what

is causing the biggest problem, temperature effects or neutron

damage?

G00DINGS: In my opinion, at the doses at which we operate,

around 10 1 9 and not more than 1021 nvt, the problem is time at

temperature. I don't think that neutrons are important. I have

no experimental evidence to support this, but from consideration

of cross sections and possible damage it is very difficult to

conceive a mechanism whereby the neutrons can cause the sort of

breakdown we are seeing. It is much more likely to be diffusion

of impurities or the like.

PATTERSON: Then it might be possible to improve this situa-

tion by a materials search with emphasis on high temperature

stability.

GOOD INGS: Indeed, it should be possible to do that. In

developing devices you have to bear the customer's requirements

in mind. We did do time at temperature tests in the laboratory

with models of these chambers and pursued this for 24 months.

This consumes time and it is far more important to put a device

into a representative situation since someone can always present
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an argument based on the lack of a neutron flux. Therefore,

our main test was time at temperature with neutrons and this

is our result. No doubt one can go back and work in the labora-

tory if one has six years available. I think it is very diffi-

cult to set up accelerated tests at higher temperatures, it

has to be time at the right temperature.

KELLX; Did you take samples of the materials before they

were irradiated for archives and for later examination or did

you make an examination of the materials to find out what the

composition was before starting irradiations?

GOODINGS: No, we did not take comprehensive samples of the

material from these chambers. The analysis which was performed

was done after the event. We took samples from the irradiated

chambers and analysed them both chemically and radiochemically.

Things like insulation resistance, deterioration of breakdown

potentials, and the like, may well be dependent on very low

levels of impurity and it would be difficult to know what to

look for. I personeilly don't think that archiving materials or

chemical analysis prior to the event is worthwhile. And after

the event the wretched things are so active you can't get near

them.
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1. INTRODUCTION

The Plessey Co Ltd manufacture miniature d.c. fission

chambers and in the course of experiments with certain units

on the DIDO materials testing reactor they noted that the

chambers1 sensitivity decreased initially at a much faster

rate than could be explained by burnup of the fissile material

(Ref. 1). The rate slowed with time, approaching the predicted

figure asymptotically and, in addition, some of the sensitivity

loss reappeared during a reactor shutdown only to reproduce the

fast, initial effect when irradiation was resumed. These

phenomena came to the attention of the present author who had

observed similar effects during the irradiation of completely

different miniature d.c. fission chambers in the Dounreay Fast

Reactor. It was clear that some, probably reproducible, physical

process was at work and attempts were made to find an explana-

tion.

Various false starts were made until an acceptable

mechanism was produced and it is the purpose of this note to

record the conclusion reached. Detailed arguments will not be

set out since they are involved and inappropriate to a specialist

meeting but it is thought that the principles may be of interest

to other workers with analogous problems.

2. THE "ION-PUMPING" MECHANISM

It was argued that the fission fragments from the

coating of a d.c. fission chamber can collide with filling gas

molecules and transfer kinetic energy to them. If this energy

is large enough the molecule or atom of interest may be driven

deeply into an electrode and retained for long periods. Loss

of gas and hence of nuclear sensitivity could occur and it

would be easy to explain recovery on shutdown in terms of out-

gassing effects. The terms "hard" and "soft" pumping were

invoked to distinguish between molecules to which were imparted

high and low energies respectively and which would therefore be
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difficult or easy to outgas as the case may be. The difference

between these terms is, of course, arbitrary but it is known

from vacuum physics data (Ref. 2) that atoms which strike a

surface with an energy of a few hundred eV will withstand

heating to perhaps 1000 C without desorption, whereas those

which collide at only tens of eV will outgas close to room

temperature.

3. THE METHOD OF CALCULATION

If I is the output current from a chamber one can

write

Kt)

where Nu(t) is the number of effective uranium atoms/

unit area

N (t) is the number of gas molecules/unit area

of gap

A is the chamber area

4> is the flux

and Ki is a constant

Hence,

u4> Ki A (Nu — - +
9 t

9N
N"

9 t

One can thence show that

I(t) = I e
N
U O [1]

where o is the uranium depletion cross section

N is the initial value of N (t)
uo u

and K2 is another constant
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This equation has the correct form and may be compared with

experiment if Kz can be ascertained. It is given approximately

by the product

where «— is the range of the knock on molecules as a

fraction of the chamber gap

o, is the knock on cross section

P is the correction factor for stray volumes

a is the fission cross section

Consider each factor in turn:-

a) o. The process involved is classical Rutherford

scattering between the charged fission fragment and

a gas nucleus. One can allow for coulomb screening

by accepting all impact parameters up to the Bohr

limit and hence obtain a range of scattering angles

within which the basic equation holds. The dif-

ferential cross section can be written down in terms

of scattering angle and an integration between the

permitted limits of scattering angle prepared.

d1

b) =r d1 represents the range of a knocked-on particle

such that it arrives at the relevant wall with suf-

ficient energy to bury itself. One must first deduce

the energy transferred by the collision (expressed

in terms of the scattering angle) and then use

radiation damage arguments (Ref. 3) to ascertain

the rate of energy loss by relatively slow singly

charged and uncharged atoms. The situation will de-

pend in detail on the filling gas under consideration

but one can, with reasonable assumptions, arrive at a

set of relationships for g— in terms of collision

scattering angle.
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°f
c) P and — are straightforward since they deal with

a

the efficiency with which a neutron removes a gas

molecule from the actual chamber working volume.

Factors (a), (b) and (c) above can be combined and

the integration over all possible scattering angles performed.

As has been stated the results depend on the details of

the model but as an example it may be noted that the assump-

tion of an Argon filled chamber in the DIDO spectrum leads to

a value for K2 of 3.3 x 10~19 cm2. Hence for a 1 rug/cm coat-

ing K2 N U Q = 0.85. It will be appreciated that 0 $ t

(equation [11} varies from zero to perhaps unity in a typical

irradiation and it is therefore clear that the gas effects

contained in the second term of the exponent of equation [1]

can be important.

4. CONCLUSION

Arguments of the above type were applied to the DIDO

chambers and it was gratifying to find good agreement between

prediction and the previously unexplained experimental data.

It should, perhaps/ be said that this agreement, whilst honest,

was somewhat surprising since the energy loss arguments on

which -=r- is based tend to be somewhat arbitrary and since

the low angle cutoff of the Rutherford integral is both arbi-

trary and important in view of a (cosec)** term. Nevertheless

agreement was obtained and, more significantly, other chambers

whose fillings were changed in the light of the hypothesis did

not display the anomaly.
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1. INTRODUCTION

During the development of miniature fission ion

chambers for applications as in-core flux monitors for B'WR's

a loss of detector neutron sensitivity greater than that

accountable by fissile coating burn-up was discovered, Fig# 1.

A joint assessment of the phenomenon was undertaken

between the United Kingdom Atomic Energy Authority at A.E.E.

Winfrith and this Company, which resulted in the Theory of Gas

Pumping outlined earlier by Goodings [1].

This note describes the results of reappraising the

experimental data in the light of this theory and attempts to

demonstrate that, within the limited accuracy, this

theory is substantiated.

2. EXPERIMENTAL RESULTS

Since post-irradiation measurements of the gas pres-

sure within the detector are not practicable, a parameter

which is sensitive to gas pressure, but independent of neutron

sensitivity, and which could be measured throughout the

irradiation was required.

It has been shown that the current multiplication in

a parallel plate chamber is given by [2]

where i = saturation current
5

a = Townsend First Coefficient

d = Electrode Spacing

Thus if the field, X, across the detector for a

known degree of current multiplication is measured, a value

for the pressure, p, of gas in the detector can be derived

from the published data on a/X as a function of X/p.



- 2Q1 ..

10 -:-

&
*•

I

j
"5

0.3 -

1

• • *

. . • I

-1
. . i

• • • i

• -A

• •*•

• t - -

ti"

. .

....

I|U

"HI

Ti

' • ;

• • t

j

. .1

.11

J

'!'
• ! •

si

u .
T j T]

•

...L...

•

I 
1

"7

. 1

—

. . .

•

T

i

1

—t
•

::::

,11-

—

. . . .

• ; '

" r

N

T " IT , ""

" •

. - !

It1-

-;••

:—

a..

...

"1

..,

:

~*

i

..

i

1 •

1

—

-

....

.Oi

M | t

..4-. .

. . ) . „

- I -

_

i

i,

T* ™

"Tt"
• • !

- : r ; :;

• • - -

!'

• _ ! . . . i — . . . .

^» T

/ :

. . . [ \

-1

. .i

" . : :

ri .U-

v ^ '

T ,,

1
•I —

" ! "

v

J

T

r'r

T '

.1-

'T'..

r

- • t - - •

• • < > •

. j . . . .

T l

....».
life

. - ,+' u

• i i ' '

• '

• !

T

i

-j
1 :

I ! • ' :
•j |S t

! •

-1 -

Tj....

n "

men

• i-
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Thus the voltage, Vi.i, corresponding to 10% current

multiplication provides the required parameter.

From the current saturation characteristics measured

on the detector during irradiation the change in gas pressure

as a function of fluence was derived and is plotted in Pig. 2,

The results so obtained are compared with the

theoretical variation in gas pressure according to the pumping

theory where;

P. (t) = K le
/ po

Where Ki = empirically found constant to account for

initial fast recoverable "soft" pumping process. A value of

0.8 has been found to be the best fit to the experimental data

based on initial changes in detector sensitivity.

P , (t) = Fraction of initial gas remaining in detector

° after time, t.

K2# N , a, $ are as defined in Goodings paper.

3. ACCURACY OF FIT TO THEORY

Although error bars associated with each measured

point are shown on Fig. 2, these do not include what is/

perhaps, the main source of error in this retrospective

analysis.

As these detectors were development prototypes other

phenomenon, mainly deterioration of detector or cable insula-

tion resistance, also affected the current saturation curve.

Corrections have been applied to the measured values

of V n to allow for the estimated resistive slope of the

saturation curve. However P . is very sensitive to errors in
/ po

Vi.j as a 1% error in voltage gives a 3% error in P,
/ po
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Subsequent to these irradiations an improved experi-

mental technique to determine Vi.i in the presence of poor

insulation resistance has been developed using the Campbelling

technique rather than D.C, measurements; Fig. 3 shows the

saturation characteristic of a detector with a normal insulation

resistance of 10*" ohms and with a 3.3 megohm resistor across

the electrodes. From this curve it can be seen that V^.i can

be readily assessed, even in the presence of an extraordinarily

bad insulation resistance.

4. CONCLUSION

It has been demonstrated that within the limited

accuracy obtainable from an analysis of data not intended to

prove this theory, that agreement is substantially obtained

between the experimentally observed phenomenon of filling gas

pressure loss and the ion pumping theory.

The application of the theory to the observed changes

in detector sensitivity as shown in Fig. 1, also shows sub-

stantial agreement.
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DISCUSSION ON PAPER 1*14 BY GOODINGS AND 1.15 BY BARTLETT

LOVING: When you want to shut down and regain the sensi-

tivity how long doas it take?

3APTLETT: It takes something of the order of 1-2 days in a

neutron flux of 1.4 x 101" nv.

LOVING: You mean after it has been irradiated at 1.4 x 10l" nv

for 1021 nvt, then you shut down and it will recover in two

days?

BARTLETT: The operating program of the reactor in which

these tests were carried out, was to operate at full power for

28 days and then to shut down for 3-4 days, and to obtain

1.4 x 10 2 1 nvt requires 2-3 of these sequences. At each shutdown

we saw this recovery of approximately 20% of the initial sensi-

tivity. In the first one or two days of the reactor period after

a shutdown, this sensitivity drops quite dramatically to pick up

the line it was following just prior to the shutdown.

PATTERSON: I have heard of certain types of chambers which

lose sensitivity and, after being taken out of the reactor,

recover. This has been attributed in some cases to y-ray

damage. Is there any evidence that y-rays are a factor in the

phenomenon you are seeing?

GOODINGS: We considered as many mechanisms as possible and

that included this kind of thing. There are arguments that can be

produced against every theory that I know except the one I

presented here.
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CASH: It appears that the recovery that you are observing

after the reactor was shut down could be a diffusion problem in

which the gases are diffusing back out of the walls and wire.

GOODINGS: I don't like the word "diffusion" because that

implies the atoms have hidden someplace and they are diffusing

back through a hole or something. The mechanism which we are

suggesting is that they are in the surface of the material and

it is an outgassing process. It may be diffusion controlled

but it is a classical vacuum type outgassing process.

CASH: What is the pressure inside the chamber?

G00DINGS: Approximately atmospheric.

J0NSSON; It seems reasonable to assume that this soft pump-

ing process is temperature dependent and, therefore, you should

expect the equilibrium value, after some irradiation, to be

dependent on the temperature of the chamber. This would mean

that the sensitivity of the detector at equilibrium is tempera-

ture dependent. Has this been seen experimentally?

BARTLETT: We have not had the opportunity to do tests with

chambers at different temperatures. In the two environments

where we have experienced this phenomenon the detector tempera-

ture has been pretty constant because of the amount of fission

and y-ray heating occurring within the detector. This resulted

in very little difference in the detector temperature.

G00DINGS: Basically, however, Mr. Jonsson is right, it will

be temperature sensitive. For the soft pumping mechanism, the

amount of removal will decrease with increasing temperature

because it is an equilibrium process. Thus the sensitivity

loss due to soft pumping alone will decrease with increasing

temperature because the outgassing is faster.
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JONSSJN: What can you do about it?

GOOD INGS: Look at the equations and adjust the variables

open to you. For example, use a gas reservoir and decrease P;

change the pressure to change dx; these are the sort of things

that can be done. By these means it can be made small but I

don't think it is possible to remove it entirely,

JRAHAM: Have you noticed a difference in the case of argon

and helium filled chambers?

SOODINGS: Yes, there is a difference in both theory and

practice with argon being the better of the two gases.

POPPER: At what temperature was your data recorded:

BARTLETT: The electrode temperature was about 425°C.
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ABSTRACT

Many "slow" collectrons, self-powered neutron detectors

with rhodium, silver or vanadium emitters, had been tested by

the "Commissariat a l'Energie Atomique" (C.E.A.). Thus 120

vanadium collectrons are correctly operating on EL 4 heavy water

reactor.

Besides, "fast" collectron with cobalt emitters were

tested at Saclay by Electronic Services. About 50 cobalt

collectrons are still standing in reactors, in 60 or 300°C water.

Sensitivity is dependent on emitter diameter, respec-

tively 0.2 and 2 x 10~ 2 2 A/n.cm~2s-1 per cm for 0.5 and 2 mm.

During irradiation six cobalt collectrons have integrated

3 x 10 2 I neutrons cm 2 and three others 1022 neutrons cm 2.

Other studies concern 6 mm diameter miniature fission

chambers. They had been tested in pulsed operation up to

600°C with 1019 neutrons cm 2. A slow response chamber had

been correctly operated up to 600°C. Two fast response chambers

filled with argon-nitrogen mixture, b ?ame slow during irradia-

tion, but operated up to 600 C.

Another chamber of 4.7 mm diameter, filled with argon,

for traversing in core system in pressurised water reactor, had

been studied by FRAMATOME, liA RADIOTECHNIQUE and C.E.A. Results

for tests at 320°C and 1011 to 101" n.cm~2s~1 are very satis-

factory .
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Les études récentes concernant l'instrumentation en

coeur des réacteurs à eau légère et des réacteurs à neutrons

rapides, ont porté principalement sur les essais de

collectrons et de chambres à fission miniatures. Les deux

classes de détecteurs vont être examinées successivement.

De nombreux essais concernant la mise au point de

collectrons ont été* faits par le CE.A. Ils ont porté

d'abord sur les détecteurs à réponse lente rhodium, argent,

vanadium, dont la technologie a progressée favorablement. Des

collectrons ont été installés systématiquement pour faire des

cartes de debit de fluence de réacteurs. On peut signaler en

particulier le cas de l'installation de 120 collectrons au

vanadium sur le réacteur à eau lourde EL 4, pour lequel le

fonctionnement est satisfaisant.

Les Services d'Electronique de Saclay ont participé à

ces études, mais plus récemment ils ont entrepris une étude

spéciale concernant des collectrons à réponse rapide, à

base d'émetteurs en cobalt. Plusieurs dispositifs sur OSIRIS,

TRITON et le PAT, ont permis des essais à 60°C ou 300°C.

L'expérimentation d'une cinquantaine de collectrons se

poursuit.

Les points particuliers étudiés ont été la sensibilité,

la fiabilité, l'analyse du bruit de fond du collectron et de

son câble. Avant de passer à la présentation des résultats,

le principe de fonctionnement va être rappelé sommairement.

Un collectron fonctionne sans alimentation électrique.

Ici l'émetteur en cobalt capture des neutrons et émet des

photons gamma de capture. Ces photons absorbés dans l'émetteur

forment principalement des électrons Compton. Une partie de

ces électrons s'échappe de l'émetteur, traverse l'isolant,

alumine ou magnésie et est collectée par la gaine du collectron

(acier inoxydable ou inconel). Lorsque une liaison extérieure

est établie entre la gaine du câble de liaison et l'âme du

câble, un courant circule de l'émetteur vers le collecteur. A
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ce courant instantané se superpose un courant d'établissement

lent, dû à l'émission des rayonnements du cobalt 60.

La sensibilité "instantanée" depend de la section efficace

de capture de l'émetteur, du volume et de la forme de l'émetteur,

de l'épaisseur de l'isolant, du spectre gamma de capture et de

1!autoabsorption des électrons dans l'émetteur. La sensibilité

"lente" dépend du temps d'irradiation.

Les sensibilités "totales" suivantes, en fonction du

diamètre du collecteur, ont été mesurées:

Diamètre Volume relatif Sensibilités Sensibilités
mm A/n.cm s"1/cm relatives

0 , 5

1

1,5

2

1

4

9

16

0

0

1

2

,18

.75

,25

X

X

X

X

10

10

10

10

- 2 2

- 2 2

- 2 2

- 2 2

1

4

6

11

,2

,9

, 1

La sensibilité n'est pas proportionnelle au volume de

l'émetteur à cause de 1'autoabsorption des électrons Compton

dans l'émetteur. La sensibilité du cobalt est faible, de

l'ordre du centième de celle d'un émetteur de rhodium, de

mêmes dimensions.

En revanche, le taux d'usure est plus faible. Dans un

débit de fluence de 5 x 1013 neutrons cm"zs"1 la baisse de

sensibilité n'est que de 0,45% par mois, au lieu de 1,2% par

mois pour le rhodium. La fiabilité est remarquable: un

fonctionnement sans défaillance a été obtenu avec 6 prototypes

jusqu'à 5 x 1021 neutrons cnTz et avec 3 autres jusqu'à

environ 1022 neutrons cm"2.
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Les sensibilités étant faibles, il faut exiger des

résistances d'isolement élevées, meilleures que 5 x 10 1 2 Q à

la mise en pile. Il faut disposer d'appareils de mesure pour

courants faibles. Il faut aussi limiter les courants para-

sites. Dans ce but une étude des composantes du bruit de fond

a été faite, pour déterminer l'ordre de grandeur des courants

parasites qui apparaissent dans le collectron et dans son

câble de liaison. Le traitement des informations obtenues

soit à l'arrêt brusque du réacteur, soit dans des "pseudo-

collectrons" sans émetteur, permet de regrouper les composantes

du bruit de fond:

- activation des composants et du milieu, ainsi que des produits

de fission. Ceci entraine une baisse de sensibilité au

démarrage du réacteur. Ce courant est négatif, d'amplitude

environ 8% de la valeur du signal pour un collectron de 20 cm

avec émetteur de 1 mm de diamètre. Ce courant peut être

réduit par l'emploi d'un fourreau en zircalloy,

- formation de cobalt 60 dans l'émetteur. Ce courant est

positif, il suit la période radioactive de 5 ans. Une

correction est nécessaire pour de longues irradiations,

- influence du cable de liaison. Ce courant est positif ; le

câble se comporte comme un prolongement de la partie

sensible du détecteur. Les mesures suivantes ont été faites

dans ISIS:

Diamètre
mm

2

1,5

1

1

1

Gaine et conducteur

Inconel

Inox

Inox

Inox

Inconel

Isolant

magnésie

alumine

alumine

magnésie

magnésie

Sensibilité
A/n.cm"2 s"1/cm

4,2 x 10~2"

3,2 x ÎO"2"

2,4 x 10"2"

1,4 x 10~2"

1,3 x 10~2-
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La correction pourra être faite si l'on connaît la

longueur de câble sous flux.

Dans l1ensemble les résultats obtenus pour les

collectrons sont comparables à ceux cités par les autres

auteurs. Les problèmes qui demeurent concernent la tenue de

l'isolement SQUS irradiation, la définition des essais de

qualification (autres que radiographie, test à l'hélium,

etc...). Les prochains essais de détecteurs porteront sur

l'application des collectrons d'une part aux réacteurs à eau

pressurisée, d'autre part aux réacteurs à haute température.

En ce qui concerne les mesures un système de scrutation, sans

ouverture des circuits, est en cours d'étude.

Parallèlement des essais ont porté sur la tenue sous

irradiation et en température de chambres à fission miniatures.

Ces chambres peuvent être essayées dans des fours MIRETTE

par groupe de 4, les réglages de température de chaque chambre

étant indépendants. Les essais concernent le bon fonctionnement

des chambres en impulsions jusqu'à 600°C, dans le cas où les

chambres utilisées en impulsions au cours d'une montée en

puissance sont laissées dans le réacteur et utilisées après

un fonctionnement prolongé en puissance.

Les chambres essayées sont en acier inoxydable de 8 mm

de diamètre extérieur* Les isolants sont en alumine frittée.

Le câble de diamètre extérieur 8 mm est isolé à la magnésie.

Sa structure est triaxiale, l'âme et les 2 gaines étant

constituées de cuivre recouvert extérieurement et intérieure-

ment d'acier inoxydable pour éviter la diffusion du cuivre dans

l'isolant. Le dépôt d'uranium enrichi à 90% est de 0,1 mg/cm2

pour une sensibilité de 10~3 c/s par n.cnf^s"1 ou de 1 mg/cm2

pour une sensibilité de 10~2.

Deux types de remplissage sont utilisés suivant la

température limite d'emploi:
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- chambre CFUE 32 pour 600 C, remplissage avec argon, a la

pression absolue de 4,5 bars, temps de montee et duree des

impulsions respectivement 70 et 250 nanosecondes, a la tension

aominale de 400 volts,

- chambre CFUE 34 pour 400 C, remplissage avec melange argon-

azote, It temps de montee et la dur6e des impulsions sont

alors plus brefs, respectivement 15 et 50 nanosecondes a la

tension nominale de 400 volts. Le melange ne permet pas de

depasser 400 C, car au-dela sous ra^o-^nements tout se passe

comme si 1'azote disparaissait.

Le but des essais est de montrer le bon fonctionnement des

chambres en impulsions jusqu'a 600°C. Le four est place alterna-

tivement en un emplacement a bas flux (3.106n.cm~2s l ) , ou les

mesures sont faites en impulsions, puis en un emplacement a

haut flux (3 x 10 1 1 a 8 x 10 1 1n.cm~ zs~ 1, ou le controle est

fait par des mesures en courant ou en fluctuations.

Le fonctionnement de courte dure'e a 600 C a bas flux est

identique a celui a temperature ambiante. Les courbes de

discrimination sont superposables.

Les essais complets portant sur qu<_tre chambres

miniatures place'es dans un m§me four, ont conduit a un flux

integre de 10 1 9n.cm z s ~ 1 . Les conditions et les resultats sont

les suivants:

1) une chambre lente servant de reference a fonctionne a

temperature ambiante pendant 17 000 heures, sans anomalies,

2) une seconde chambre lente, a fonctionne' correctement a.

diff^rentes temperatures, en particulier plus de 3000 heures

a 600°C,

3) deux chambres rapides sont devenues lentes, tout en

poursuivant leur carriere sans pertubation.

Ces essais ont montre" la parfaite tenue des chambres,

a I1exception de I5azote utilise pour obtenir des chambres

rapides. Les chambres lentes type CFUE 32 fonctionnenent

correctement sous irradiation et en temperature jusqu'a 600 C.
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Par ailleurs, une chambre à fission pour mesure en

coeur des centrales à eau légère pressurisée, avec système

mobile, a été développée en France dans le cadre de la

coopération FRAMATQME, R.T.C. et CE,A.

Cette chambre de diamètre 4,7 mm, à structure coaxiaie

avec câble coaxial intégré, est réalisée en acier inoxydable,

avec isolant en alumine frittée. Elle contient un dépôt

d'uranium 235 enrichi à 93% et elle est remplie d'argon N 55

à la pression de 1,1 bar.

Le câble de 1 mm de diamètre est composé d'une âme,

d'une gaine en acier inoxydable et d'un isolant en poudre

d'alumine compactée.

La chambre a une sensibilité de 10~17 A par n.cm~2s~1.

Sa gamme de fonctionnement va de 10 1 1 à 10l*n.cm""zs""1.

Ses constituants ont présenté un bon comportement aux

rayonnements et à la température de 320°C. La tenue aux

cyclages mécaniques et thermiques est bonne. Les caractéristiques

de linéarité et de collection sont satisfaisantes.
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DISCUSSION ON PAPER BY LE MEUR

GOODINGS: With the pulse durations and rise times that you

quote I assume you are operating with a current-sensitive

amplifier. I cannot understand why the pulse rise time is so

slow in relation to its length.

LE MEUR: The pulse rise time is 70 ns and the pulse

duration 250 ns. It is strange, but it is an experimental

fact.

KOLB: It is a spray type of deposit but this was done by one

of our colleagues, M. Duchene, from whom you could obtain more

details.

LYNCH: There seems to be some confusion at this meeting

about 61Co build-up in cobalt detectors. Have you detected

any signals attributable to 61Co?

LE MEUR: It has not been detected.

NOTE: The questions and M. Le Meur's answers were translated

by S. St. Martin.
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INTRODUCTION

All CANDU reactors are equipped with systems for

failed-fuel detection and location. Selection of the particular

technique has been based on measurements of fission-product

concentrations in the coolant circuit that result from both

fuel failures and uranium contamination of the fuel-sheath and

pressure-tube surfaces. Our experiments have shown that the

gaseous fission products (GFP) and radio-iodines are abundantly

released from fuel failures and that the recirculating

concentrations increase significantly above the background

contribution from uranium surface contamination. Thus these

fission-product concentrations are monitored to detect the

presence and extent of fuel failures.

The gaseous fission products are released from our

UO2 fuel failures at rates that vary with half life, and we

find that the long-lived isotopes listed in Table 1 are the

most suitable. Measurements are made of the concentrations of

two GFP isotopes with significantly different half lives

(e.g. 9.2 h l3sXe and 2.8 h a9Kr) and failures are indicated

by changes in both the magnitude of the individual concentra-

tions and the 135Xe/88Kr ratio.

TABLE 1

FISSION PRODUCTS OF INTEREST

ISOTOPE
133Xe

13 5Xe

•sniKr

8flKr

1 3 1 J

HALF

5.65

9.2

4.4

2.8

8.05

LIFE

Day

Hour

Hour

Hour

Day

Y-RAY

80 KeV

249 keV

151 keV

196 keV

364 keV
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The 131I concentration is also monitored because it

is an important operating parameter.

A.s a general rule, simple hydraulic circuits are

preferred to minimize the potent-5 al for D2O losses. Therefore,

gas stripping and electrostatic precipitation have been

abandoned in favour of the resolving power of germanium gamrna-

ray spectroscopy to isolate and measure the individual fission-

product isotopes.

This commitment to germanium spectroscopy has led to

a new set of problems and this paper briefly examines three

aspects of our experience with this technique.

CRYOSTATS AND LIQUID-NITROGEN HANDLING

We have operated liquid-nitrogen systems for almost

10 years in reactor environments, principally at the NRX, NPD

and Pickering reactors, and over that period the design of

cryostats and liquid-nitrogen vessels has changed greatly. The

early "portable" spectrometers incorporated vacuum diffusion

pumps and consumed 25 litres N2/day. Large vacuum seals were

common and often damaged during handling. Today the commercial

liquid-nitrogen containers have low loss rates, ion or zeolite

vacuum pumping is standard practice, and cryostats are compact,

with small seal faces that are virtually immune to damage from

rough handling.

Of course there are still some problems. For example,

careful design is needed to protect thermocouples or cable

feedthroughs, but operation has been free of cryostat problems

for several years and liquid nitrogen consumption rates are

currently 3 to 4 litres/day.

The operating problems have now been reduced to

guaranteeing liquid-nitrogen supply. Over the year^,

procedures have cycled between filling by predetermined manual

routines and automated filling. Usually, after an improvement

in consumption rate, manual filling becomes preferred, but then
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operating problems, such as access, cause some form of automatic

filling to be reinstituted.

The application that forced the design of a complete

automatic filling system was an experiment in the NPD reactor

where the spectrometer was installed in an inaccessible area

and required a 25 m delivery line. The filling system used is

shown in Figure 1.

The liquid level in the cryostat container was

sensed by heated copper coils which were used to initiate and

stop a batch-filling operation from the main supply station.

For this application the main supply container was pressurized

with nitrogen gas to provide the pumping force. (In a later

application at Pickering, self-pressurizing containers were

used for bulk storage, also shown in Figure 1.) The sensors

dissipated about 1 watt each, not large compared to the total

cryostat heat losses. After learning how to properly vent the

large quantities of gas evolved by cooling the delivery line

(equivalent to 7 litres of liquid nitrogen) and how to shroud

the sei.sors from the incoming jet of liquid nitrogen, there

were no problems with this system during the three months of

the experiment.

This experience generated considerable confidence in

the design so it was applied twice in permanent installations;

once more at NPD and at the Pickering Generating Station. At

NPD, this confidence was tested by an early series of instru-

ment faults. The cause was eventually traced to inadequate

regulation of power supplies for the controller (this was our

first lesson that, in a power station, the quality of the

mains power can sometimes be poor). Simultaneously, it was

learned that maintenance personnel were having difficulty

setting up the controller. This was corrected by revising and

improving procedures but, as well, the circuit was redesigned

using logic elements that gave a larger margin for error.

This debugging took place several years ago and there have

been no further difficulties.
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At Pickering, the story was completely different.

After some early difficulties setting up the controllers, the

systems should have settled into a routine operation. Un-

fortunately there was a continuing series of supply failures.

The design flaw was the location of the main supply

station. Because it was placed inside the reactor building

airlocks, access was difficult, both physically and administra-

tively, and more time-consuming than anticipated. Added to

this were the station priorities in work assignment and failure

to replenish main-supply containers became a recurring problem.

It is now clear that access to the liquid-nitrogen supply

point must be uninhibited.

Moreover, it is now considered better to exploit the

low consumption rates of the latest cryostats (refill periods

often exceed a week) and revert back to manual filling on pre-

determined routines. Under these conditions, the now wasteful

sensors of the automatic filling system can be eliminated,

although the low-level alarm will be retained to monitor the

filling routine, but using a better sensor.

A firm commitment to high-purity germanium de-

tectors removes most of the concern about accidental warmup.

Regardless of that, liquid-nitrogen cooling is at best a

nuisance so the advent of commercially available mechanical

refrigerators will be welcome.

INSTRUMENT RANGE

In the CANDU (PHW) reactors the full-power equilibrium

concentration of a GFP isotope can vary from the clean reactor

case of ^ 2 mCi/m3 through to the licensed limit of 7 Ci/m3.

This gives the range (about 3500) that the monitors should be

capable of covering. The concentrations of the radio-iodiues

can be suppressed by ion-exchange columns (a factor of 50 for
1 3 1 I ) , but the range remains essentially the same.
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It is important to note, however, that changes cl

this magnitude are unlikely to occur quickly. Rapid changes

in concentration only result when fuel failures are subjected

to power changes and occur as step changes, with maximum values

^ 100 times the steady-state values, and subside over many

hours. Therefore, the monitoring system must have a basic range

of 3 to 4 decades and be tolerant of step changes of potentially

2 decades. There appears to be little need for extremely fast

response.

Germanium spectrometers do not normally have such a

wide range. Therefore, there is a requirement for controlling

the counting rate of the spectrometer in the face of the

changing source strenyfch. Further, since speed is not critical,

a slow technique, such as moving the spectrometer away from the

source, is acceptable.

When designing the count-rate control, an allowable

systematic error of t 10% is usually specified. Parts of this

total error are allocated to different aspects of the control

method. For example, the dynamic range of the counting system

contributes in the following way.

For the mixed spectrum of gamma rays from the source,

a lower count-rate limit of about 2 kHz is required to obtain

a good measurement of an individual peak in a reasonable time

(e.g. 1000 s). The rate is then allowed to rise above this

value which introduces a systematic error due to pulse pileup,

as shown in Figure 2. The upper count rate limit appears to

be about 15 kHz, where the error can be 5 + 74. This gives a

range of approximately seven for the counting system.

To compensate for larger changes in source strength

it is proposed to move the spectrometer away from the source.

Figure 3 shows the calculated effect of varying the detector-to-

source distance x,for one of our designs.

When x is greater than 10 cm the source approximates
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FIG. 2 ERROR IN PULSER PEAK AREA vs
INCREASING COUNT RATE
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a point so that count rate variations due to geometric effects

approximate the inverse square law. As x decreases from 10 cm

the source begins to look like a line so the geometric effect

changes gradually from a 1/x2 towards a 1/x function.

The required accuracy of positioning the spectrometer

to avoid systematic errors in calibration becomes more stringent

as x decreases. However, by using a short cylindrical source,

the requirements tend to relax at small values of x and in this

arrangement the calibration error tends toward a constant for

a fixed positioning tolerance as x goes from 10 cm to 3 cm.

Since the specification for allowable systematic error

was 10%, of which 7% is utilized by the counting-rate range,

this leaves 3% for the detector error. This translates into

an allowable position error of 1.5 mm, which is a reasonable

target.

It is therefore proposed to move the spectrometer between

3 cm and 1 meter to compensate for source strength changes up to

a factor of 500. This, together with the factor of 7 within

the counting system,gives a total dynamic range of 3500, the

specified range of source activity.

If additional range is required, provision can be

made for inserting collimator blocks into the counting arrange-

ment, to reduce the effective source volume.

DATA PROCESSING

The requirements of the utility can be satisfied by

monitoring only a few selected isotopes. They prefer analog

outputs and place considerable emphasis on simple field main-

tenance. Consequently, general-purpose multi-channel analysis

with computer spectrum-stripping looks expensive and complex

for this application so other techniques have been attempted,

using discrete modules.
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Figure 4 shows an example of the spectrum region of

interest and some typical y-ray peaks. The shaded sections

show the windows that would be required to extract the peaks

from the spectrum. A representative background region is also

shown that can be used as a reference provided the spectrun

shape remains constant as the total count-rate varies.

Although it was recognized that the application was

close to the useful limit, analog single-channel analysers (SCA)

were selected to set the spectrum windows (digital devices were

not commercially available at the time). Circuit A of Figure 5

was used, where the SCAs feed commercial units called digital

ratemeters (DRM) that are essentially sealers individually

corrected for accumulation time. These are capable of handling

a wide range of count-rates and have an analog output. There

was one set per peak and one for the reference background. The

DRM outputs were fed to differential operational amplifiers

where a suitable correction was applied to the background signal

and it was subtracted from the peak signals.

This curcuit demonstrated several problems:

- The SCA windows proved to be too wide and prevented

us from taking advantage of improvements in spectro-

meter resolution. This was further aggravated by

drift in the modules, which necessitated further

widening of the windows, and because of the circuit

arrangement, all windows had to be equal and set

for the worst case. This illustrated the basic

problem that the extra background counts accumu-

lated in each window seriously degraded the

statistical accuracy of measurements.

- The analog output ranges of the DRMs had to be

selected on the basis of the total count in the

windows. This resulted, for a weak peak, in a

small signal from the operational amplifier after

the background subtraction step. No further range

adjustment had been provided.
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- By using a single reference background, all range

and timing switch settings had to be identical,

thus leaving no room for individual peak charac-

teristics. This resulted in poor statistical

results for weak peaks.

- Experience showed that the spectrum shape was not

constant during transients so the use of a. single

reference background was invalid.

The circuit was rearranged into Circuit B of Figure 5.

This reduced the nvanber of measured isotopes from three to two

but allowed a reference background for each peak. This overcame

ail of the problems except the fundamental one of the SCA

window width, and gave usable but less-than-satisfactory

results.

To resolve these basic problems, digital techniques

have been adopted as shown by Circuit C on Figure 6. This

scheme is now being used for experiments and will be installed

in the NPD reactor. It provides the precision and fine control

of the digital window and avoids the range problem by rejecting

the background contribution during the accumulation time.

Further, a- statistical accuracy can be obtained consistent with

the specific peak-to-Compton ratio because each unit is

individually timed.

These units provide consistently good results for

peaks that are relatively strong in the spectrum. Because the

output is in logarithmic form, subsequent analog computational

steps are easily applied to convert to engineering units.

A problem remains to extract a very weak peak from

the spectrum, for example the 365 keV peak of l31I when the

coolant concentration hat> been strongly suppressed by ion ex-

change cleanup. It is intended to change the circuit logic

to accumulate to a preset count (and thereby to a preset

measure of statistical accuracy) and allow the counting time

to vary with peak intensity.
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in conclusion, although room for improvement remains,

the techniques described have been shown to be viable and a

Canadian manufacturer has been working on a commercial design

for our power stations.
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DISCUSSION ON PAPER 2.1 BY GRAHAM AND 2.2 BY LIPPL'

KRYTER; I have questions for K.F. Graham, when you were

talking about what you called "gross-failures", you showed a

plot that indicated a 50% increase in DN counting level.

Could you quantify the failure as to the magnitude of fuel

release or exposure? Secondly, against what background level

must this increase be observed, i.e. what are the limits of

the sensitivity of DN monitoring system?

GRAHAM: For the second half of your question - what is the

initial background? When you build fuel, there is a certain

amount of uranium contamination on the outer surface of fuel

rods which will give you very low level background of DN

corresponding to a very minor failure. This particular failure

was probably a single rod developing a relatively small leak.

This comes from observations made about one year later that

showed that a number of rods had developed fairly small leaks.

It is hard to say exactly what the particular failure was,

because over a period of time a number of rods developed leaks.

This happened to have been the first one. The first half of

your question - to quantify the failure. You can quantify the

failure in terms of an area of exposed fuel. However, for an

activity as short-lived as DN activity, the signal depends

strongly upon how open the failure is, i.e. small pin-hole

leak with no expulsion of material will give almost no DN

counts. This follows from the fact that it takes a very long

time for DN activity to get out compared to the half-lives,

whereas if you have one fuel pellet of a whole rod that sud-

denly disintegrated and came out, you would have quite a large

DN counting rate. You can quantify the failure only if you

know the type of leak that developed. The answer to your

question is, in a practical sense, that one cannot really.
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It depends too strongly upon the type of failure involved, i.e.

you can do it for particular instances.

By looking at the long-and short*»lived activity

ratios you can tell whether it is an open leak or a fairly

small leak. The purpose of DN monitoring is to provide a

rapid indication of failure and really it is not "-.oo good on a

quantification basis.

.V..?.*.- Do you normally get a DN signal from every failure in

a water-cooled reactor, i.e. some indication of slight increase

in background counting rate?

GRAHAM: This particular case is the first known leak that

caused both the yactivity and DN activity to increase.

Actually we do not have that much experience with leaks develop-

ing that have been instrumented,

CASH: Maybe some of the Canadians can answer that question?

LIPSETT: We do not use DN monitoring techniques for the

indication of failure. The main reason is that the surface

area of the core is much larger than that of a PVJR, so that the

signal has to be proportionately bigger because of the tramp

uranium. We tend to use DN monitoring techniques for location

in our reactors. I can give some indication to Mr. Kryter, for

instance, in CANDU fuel, a crack about 1" long, with a slight

flaring on it, will give a signal equivalent to about 4 cm2

exposure or 20 mg of uranium fissioning.

CASH: Can you see that with adequate signal to background

ratio?

LIPSETT: Only on an individual channel basis. If we look a t the
blended reactor, we cannot see that.
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L,/'///.";.• I would like to ask a question about the tilt

method. What do you do - put one ro.d in at a time and wait to

see what happens?

GRAHAM: For a pressurized water reactor where you use boric

acid for primary shim control of reactivity and normally

operate the plant with all control rods out or nearly out, then

you insert rods. Usually the scheme is to do regions first,

i.e. insert several rods towards the center of the core and

cycle to several rods towards the outside of the core to try to

localize a gross region first. Then, depending on what you see,

let's say it turns out to be towards the outside, you start doing

several rods in groups around the periphery to localize on the

x, y axes. Following that would then come single rod insertions

in the region of primary interest.

LOVING: Do you keep the reactor power constant all the time?

GRAHAM: This is the desirable way to do it but the power

level must of necessity be below full power. If you insert

single rods you might be able to do it at full power. Anyway it

is done at a reduced power, perhaps 50-7 0% of full power, depend-

ing on the severity of mal-distribution. You go through a planned

program to try to locate the approximate region, then do it on

a finer basis depending on the outcome of previous results.

This assumes that you have a localized leak. In the cases

that we have seen, leaks are generally more regionalized than

localized.

GOODINGS: How long does this procedure take?

GRAHAM: In order to get reasonable results you generally

work with medium-lived activities, ones in the order of several
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hours. We have discovered that the DN activity (which allows

a very rapid tilt test because of the.short-lived activities)

does not general-y give very good results. Usually, for a

period of time after a fuel leak, you get uranium coining out or

eroding from it and depositing on the core. Therefore you

tend to get a distributed background once the leak has taken

place, especially if the plant has been operated for some

period of time after the leak is developed. This means that

you have to go to longer-lived activities for the tilt test

because the shorter-lived activities coming from the tramp

uranium predominate over those coming out of the leaks. Typi-

cally something like 3-4 hours is desirable. In a PWR it

takes about one half hour to an hour to insert the rods (longer

if a large number are inserted, especially when they are in

different groups), another half hour or so to withdraw them and

finally several more hours are required in the "all rods out"

condition. If there is a lot of tramp uranium in the core,

still longer-lived activities must be used and the tilt test

may last for several days.

EISS: Using the gamma scan technique that you described in

your paper, can you detect a single element failure after the

reactor has geen running for sometime and some fuel rods have

already failed?

GRAHAM: Yes, if the additional failure has significantly

increased the total amount of failed fuel. If you have 20

rods failed and then one more fails, it would be difficult to

see it unless it suddenly failed very spectacularly. If there

is a failure in the gap region (i.e. one that happened quite

suddenly and released the gap activity) or in the cladding of

old fuel where there is a pressure build up in the gap, you

probably will see the spike. But once the reactivity settles

down to an equilibrium condition, the level would be not much

higher than before the failure.
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EIOC: I ask the question because in US reactors we normally

allow operation with a fair number of failed fuel elements

and I am curious about the failed fuel detection system as

distinct from a coolant activity monitor, I don't think it

really is a very good fuel failure detection system.

GRAHAM: You probably cannot see an individual rod failure

after several failures. What we have seen is individual rods

developing leaks that were totally unrelated to each other,

one will happen now, one will happen tomorrow, and after a few

you would not see them. The purpose of the gross monitor is to

detect something like the Enrico Fermi conditions where they

had flow blockage. Or you can postulate other mechanisms where

there is suddenly a rather massive failure and you really want

to alert the operator rapidly.

SOUGE: Do you have a model of fuel failure propagation for

an individual pin which gives you confidence that you can

take a long time to study the location of it, i.e. if you do

get a step change can you be confident that you have adequate

time, like several days, to do the investigatior., or do your

failure models to some extent give you a limitation on time

available?

GRAHAM; I am not sure I know the answer to that. Most of

the models say that a propagating failure will not occur (and

we really haven't seen a propagating type of failure) except

(and you couldn't postulate this type of model) caused by flow

blockage. However for the type of core we are involved with,

where there are no baffles around individual assembly sheaths,

there is a cross flow and it is very difficult to block the

flow. If you block an individual assembly you are going to

reduce the flow to that assembly.
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_v;\\V: I am considering more the metallurgical or chemical

type of reaction within the pin which has gone defective. Do

you have models for the rate of propagation of that type of

incident?

iPAk'AM: What we have seen are ones that have slowly developed

over periods of weeks or months. This particular problem has

been cured and we have not seen other types of problems. You

could get, for some reasons, a departure from nucleate boiling

in a region of the core, somehow, by either excessive power or

flow blockage. But this generally would be confined to a

fairly small region,

FOUCH: In a single pin you have not seen a failure that in-

creased rapidly within a comparatively short time?

V: Not to any great extent. I am not sure we are really

worried about one pin of 25 or 30 thousand in a reactor. One

pin failure is not a severe condition.

SOUCB: Do you have the evidence that this thing can develop

rapidly so that your system would not react?

IRAHA'4: Ho, w« definitely have not seen pins suddenly come

totally unglued.

CASH: To help answer the question, there have been a number

of experiments run in the US. This question of small pins

deteriorating after a failure appears to be a very slow process.

As far as the propagation to adjacent pins, this is very hard

to assess. Most of the models from the experiments we have

done to date show that it is not a problem.

Now I have a question for K.F. Graham. On the graph

you showed only a slight increase, like a signal-noise

increase of maybe 2 or 3.
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GRAHA'': This is one pin developing a small failure.

CASH: Is this typical for water-cooled reactors?

GRAHAM: This is not what the system was designed to monitor.

We have never seen the condition for which the system was

designed. This is the type of leaks we have seen, the develop-

ment of a small individual pin leak, in this case a hydriding

type of failure. I believe that after the plant was refuelled

there was a number of pins that had this type of failure. I

assume that this particular one was of that type but I can't

be certain.

CASH: Is that basically true, Mr. Lipsett?

LIPSETT: The signals are, of course, from individual fission

products. We get the biggest release from the longest-lived

ones and they fit our models very well. If we look at the work

that Allison and Rae did on the pin-hole defect, they found

that the relationship was . Our experience in power
/ X

stations where we have seen cracks instead of pinholes indicates
that this relationship is more like — — or . The sensi-

x ° - 7 5 x
tivity decreases sharply for isotopes having half lives less

than 15 minutes. We seldom see a diffusing isotope of less

than 15 minutes half life which sets the limit at 138Xe .
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Gentlemen, I thought that I would outline the back-

ground of the discussion that is going on regarding the

engineering of failed fuel detection systems and monitoring

systems for the CANDU reactors at this time. It is a significant

advantage of the pressure tube reactor that every channel can be

raoniH'.r;' ;or the detection and location of failed fuel and we

have & .t *c? at the Douglas Point N.P.S. a delayed neutron

monitoring system which has the demonstrated capability of

locating a defect in a single pin in one of twelve bundles in

the channel at power, which can be immediately removed by the

on-power fuelling system. However, just because the capability

of doing something exists, is not always sufficient reason to

do it. (A parallel here may be that it is like owning a

Ferrari sports car; just because it can go at 150 miles per hour,

it may not be desirable to drive it at that speed,,)

The discussion, therefore, is whether such systems

should be included on future power plants. The first cost of

these systems is large on power reactors (very high), and the

follow-on operating costs are even higher. This is primarily

because the sampling systems contain high pressure P2O. We

have to sample every channel and, of course, on the reactors we

ar'-i now working on, there are 700 channels. The off-setting

cost savings to justify these expenditures are hard to find in

the light of the following engineering facts:

1. the stability of defected oxide fuel is demon-

strably good in our cooling channels

2. the provision of high flow purification systems

is now standard for corrosion product control

and isf therefore, available for control of

fission product levels

3. the on-power fuelling results in every channel in

the reactor laeing visited and changed every year

4. the demonstrated defect rate in the four

Pickering reactors (after ten reactor-years) is

less than 0.15%
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5. the fuel ratings, on even the large reactors,

remains constant; that is, bigger units are

built by adding more channels rather than in-

creasing the core power density, something that

is almost inevitable in, for example, pressure

vessel design.

The other feature available to achieve this maximum

limit on fuel rating (which is the usual criteria for defining

the capability of the fuel to withstand defects) is the fact

that the fuel can be subdivided. I can list in going from

NPD which had 7 pin bundles

to Douglas Point with 19 pin bundles

to Pickering with 28 pin bundles

to Bruce and the 1200 MW reactors with 37 element fuel.

You can see that ratings have remained low by in-

creasing the subdivision. Now we are just about at the limit

with 37 elements because pressure drop considerations start to

come to view.

At the same time in those reactors the number of

channels has gone from

132 at NPD

to 308 at Douglas Point

to 390'at Pickering

to 480 at Bruce

to 704 on our 1200 MW reactor.

So Ontario Hydro, therefore, regards only the following

as mandatory on power reactors. The first item being coolant

bulk monitoring for detection purposes (which Mr. Graham

outlined). At the moment on Pickering, in fact, there are two

methods of achieving this; a DFP system which is a gamma

spectrometer and chemical sampling of the heat transport system.

A very coarse failed fuel detection system is needed which may

only have the capability of locating small failures on shutdown
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but which has sufficient resolution to locate serious failures

which, during normal operating situation, might result in *

I131 concentration of about 500 Ci in the heat transport,

system (this is approaching the operating limit that our

licensing authorities allow) and which does not break into the

heat transport high pressure system.

Pickering reactors were not provided with any channel

sampling and the Pickering reactors were the next generation

after Douglas Point. There was, unfortunately, a rash of fuel

failures on one unit due to a sequence of operating errors and

inadequate design rules for refuelling. They say that

"adversity is the mother of invention" and a fairly simple

system, called the feeder scanner system was developed and

will be discussed by other speakers, later oh. So there are

two locating systems now for the CANDU, one cheaper and quite a

bit less sensitive, but having the capability of finding the

really bad ones and the other expensive and very sensitive, the

delayed neutron monitoring system.

It is interesting that a fully proven system which, to

the experimenter and specialist in this area, is the complete

answer is not regarded as the right answer by the power station

designers and operators, most probably because it is not needed

99% of the time.
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DISCUSSION ON PAPER BY ANDERSON

HILBORN: I would like to raise the question of fission product

levels in areas that have to be maintained and inspected. You

mentioned an iodine level that is limited by the safety

authoritiesi but what levels should be achieved that enable

the operators to service and maintain areas where coolant nust

be?

ANDERSON: That is a very fair question and I will try to

answer on the basis of the only one bad experience to date; the

Pickering unit that I mentioned where a rash of failures occurred

during a short time period. The heat transport components were

much more active than normal and the man-Rem dose accumulated

during that period was quite high. However, maintenance could

be deferred until the fuel problems are solved. Subsequent

to that event, the activity in the system subsided to acceptable

levels within four months following the removal of the defective

fuel and has now (after two years) disappeared. Regarding the

setting of absolute limits - this is not possible until the

value of a man-Rem is firmly established. We believe that the

best approach is to avoid accumulating the radiation dose until

a fuel problem has been solved.

GRAHAM: I have a question on the details of the type of

plant. Did you say that the moderator is kept at relatively low

temperature and that you have a second heavy water system for

coolant that will be in contact with the fuel?

ANDERSON: Yes, the moderator is separated from the fuel by

pressure tubes, annular gaps and calandria tubes.

GRAHAM: So you are talking about monitoring activity of the

coolant heavy water?
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ANi'LRSQN; Ves,

SOUCHt nay I ask a question about the ability to avoid having

to do things on an active plant. This would suggest to me that

you can simply start the plant running again and therefore

incur no economic penalties. This would certainly not be true

in our country where maintenance would have to be done and

certainly, statutory inspection would have to be done at a

certain time for licencing purpose. Are you saying that there

is no economic penalty involved in this ability to defer

maintenance activities?

ANDERSON: I think what is important here is the time span,

and our experience is that the residual activity from this

problem disappears fairly quickly. In the case of boiler head

inspections, as long as they are done within a year it will meet

our inspection requirements. The particular fuel problem we ran

into was, I believe, in early March. The problem was pretty

well cleaned up by July or August and the major inspection work

around the heat transport system took place after that,

SOUCH; But does that mean in your system you will be able to

keep the plant running to meet this type of requirement, i.e.

you are not scheduled to shut down at a certain time?

ANDERSON: I think Mr. Turcotte could probably answer this

question in the next paper.

CASH: I was wondering if you have any problem of plate out

or deposition of, say, iodine, cesium or some other fission

products.

LIPSETT: The iodine deposits below 180°C. As long as we keep

the coolant temperature higher than this, the ion exchange
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system will clean it up and it does not deposit. The cesiums

are also cleaned up by the cation exchange column. They tend

to stay in solution in any case, but we see many of the ones

on the list that Graham had, plus some more - Zr, Mo, Ba,

etc.

CASH: Can you go in with an acid wash and get rid of these?

LIP SETT: We do not use an acid wash. We have never reached

the point where it was required.

CASH: But the proportion of metallic release is much less

than the iodines, cesium, etc.

LIPSETT: It is relatively high, in the cracked fuel situation.

This is what D.E. Anderson is specifically referring to when

he talks about the man-Rem problem. These deposited activities

took three to four months to clean up.
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1. FUEL DEFECTS

This term is loosely used here to describe any occur-

rence in which fission product release or visible signs of

sheath defect are noted. Operational practice is such that a

threshold defect size exists below which defects could not be

detected - neither the threshold of detection nor the failure

experience at Pickering (with one exception) has proved to be

a problem operationally. It should be emphasized, however, that

great attention is being paid to defect studies in an effort to

further reduce defect rates.

1.1 General Situation

After irradiating >3Q,QQ0 bundles the number of con-

firmed defects is approximately 80. As explained below, the

majority of these were related to one particular problem on

Unit 1. Experience since May 1972 indicates that the Unit 3

reactor typically contained 3 moderate defective bundles out

of the first charge of 4680. These defects were removed just

before they were due on the basis of irradiation. There was no

pressing requirement to identify and remove these defects. The

defects on Unit 3 were useful in demonstrating the ability of the

feeder scanner techniques when used for fuel failure identification.

There appears to be no defective fuel in the reactor at present.

1.2 Fuel Defect Mechanism

The defect mode at Pickering is believed to be due to

stress corrosion in the zircalloy sheath, associated with rapid

bundle power increases to levels significantly above previous

steady-state operating powers. This should not be confused with

fast start-ups or recoveries from trips to normal power levels.

Start-ups and even short-term power increases above normal

levels, for example, the transients experienced by fuel moving

through the core centre during fuel shuffling or the effect of

flux tilts, do not result in defects. The degree of power

increase necessary to produce a fuel defect is a function
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of fuel burn-up and starting power at the time of power increase,

(see figure 1,2,3) and also in the rate of power increase and

the duration of exposure to higher than normal powers. Thus

relatively fresh fuel can be shuffled into new bundle positions

with equivalent power increases of 300% without defecting

and fuel can be raised well above normal defect levels if the

power change is spread over a few days. One feature of

particular interest, which has been well established at Picker-

ing has been the repeatability of defect results. When the

defect situation described below was recognized it was possible

to locate defects simply by using computer simulations of

reactor history, with a high degree of success. Two early

operational procedures at Pickering have been shown to generate

fuel defects under certain conditions. Both have subsequently

been modified.

1.3 First Fuel Defects

Heat transport activity and chemical analysis in late

1971 showed that fuel defects were occurring on Unit 1. The

eventual location of channels containing defects showed con-

clusively that they were due to adjuster rod withdrawal by

incorrect sequencing. Deratings are mandatory when rods are

withdrawn to power limits that are dependent upon the correct

sequence being followed. Sequencing faults have since been

corrected.

1.4 Eight Bundle Shifting Problems

The localized fuelling which was necessary to replace

the defected fuel led to long-term local flux peaking and raised

channel powers above normal. (Wo depleted fuel was available

at this time to depress flux peaks} Fuelling at this time

was accomplished by 8 bundle shifting, and a consequence of

the high channel powers was a larger than normal power step

seen by bundles #1 and 2 when moved downstream to positions 9

and 10 (a channel contains a total of 12 bundles). This
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generated more defects and required further local fuelling.

Once recognized, the problem was overcome by the use of

depleted fuel (.only 28 bundles which depressed reactivity by

roughly 3 mk were required in total) and 10 bundle shifting

was substituted for 8 bundle shifting in high power core

regions. No fuel defects have subsequently been attributed to

fuel shifting procedures but this incident led to more than

50 defects.

1.5 CANLUB Fuel

A modified fuel design, incorporating a graphite

interlayer between the oxide pellet and Zircaloy sheath

(CANLUB) has been introduced in Pickering where several

hundred bundles have now been irradiated. Recent experimental

shifting tests (4 bundle shifting) indicate that the fuel is

capable of withstanding severe power increments which would

undoubtedly cause the regular fuel to defect (confirming develop-

ment tests). Future shifting sequences can therefore be chosen

to suit other requirements without concern for fuel integrity.

2. FUEL DEFECT LOCATIONS

The original equipment provided at Pickering proved

unsatisfactory. A deposited fission product scheme employing

traps which samples groups of channels proved complex, un-

reliable and the results were hard to interpret.

A late modification to the fuelling machines which

permitted individual channels to be visited and samples for

delayed neutrons proved more sensitive. Unfortunately extensive

channel sampling prevented fuelling and only a small fraction

of the total channels could be monitored per day. The system

was not really practical.

A procedure was then developed in which the exit

channel feeders were hand scanned for y signal during reactor

shutdowns. This showed good signal discrimination and is
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quick to complete, providing outages occur at the desired time,

A prototype automatic system has now been installed and proven

by clearly identifying channels containing moderate defects.

Work is continuing to provide a similar system with adequate

sensitivity for on-power use.

The original "deposited fission product" system was

at a disadvantage when fuel defects occurred due to operational

problems. The OFF system might have been able to function with

a single individual defect. Multiple defects due to a common

cause such as adjuster rods could not be resolved by the DFP

system.

The present feeder scanner system used at Pickering

is actually a deposited fission product scanning system.

Instead of monitoring a diluted sample in a small sample tube

for activity, the large individual feeder pipes are scanned.
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DISCUSSION ON PAPER BY TURCOTTE

CASH: How did you clean up the reactor when it got active?

TURCOTTE: The problems occurred in early 1972. Unit #1

(Pickering G.S.) had reached full power around May 1971. So

from May to the end of that year we had had our first operating

experience and we had discovered a couple of things on the main

cooling system that we wanted to modify to improve operation.

Specifically we put in high-flow purification for the heat

transport system. At the same time we had a fuel problem and

the system became active so the cost in man-Rem of these

changes was high. Other changes we deferred. Vie had some up-

take of radiation but we accepted it. A year later we had

another shutdown for the turbine and we went into the boiler

room which had not been entered during that year. All the

activity had disappeared. I do not know if it had decayed or

if the purification system had removed it.

CASH: It sounds like that the metallies were really not

causing the problem because they have fairly long half lives.

TUECOTTE: If it were deposition, then the system must have

been going through a cycle of deposition and then back into

the solution so that sooner or later the purification system

caught it.

LIPSETT: The chemical CRUD process eventually moved them,

and as Mr. Turcotte said, they were filtered out and removed.

CASH: Do you ever monitor your filters to see what the

activity is?

LIPSETT: We monitor the CRUD bursts in the chemistry lab.
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JASH: Did you find any significant quality of metallic on

the rasin?

LTt^ETT: On the CRUD, yes.

A\'DEFSON: I think we can add something more to this. One

of our biggest problems when we went into Pickering was the

cobalt problem, a very long half-lived activated corrosion

product coming from the stainless steel components, the boiler

tubes, etc. We are very concerned about this problem because

Douglas Point experience was giving us a message. However,

the metal activity and activated corrosion products activity

in Pickering are very low. I presume this is due to the much

better chemistry control in Pickering and the high flow puri-

fication system we provided. There happens to be a very

beneficial spin-off if you have a fission products burden as

well. My presumption is that all the the fission products

burden within the heat transport system is on the ion-exchange

resin and is buried in the disposal center.

LIPSETT: On the other hand, if you wait for a year, you have

two or three half-lives of even the longest-lived major

fission products of which the major one was 65 day Zr-95.

TUECOTTE: We can handle the fuel failure problem in Pickering

now. Unit #3 is a good example. The detecting system or

feeder scanning system (a system used for locating during reactor

shutdown) indicated that two channels might have been defected.

We scanned just before the reactor shutdown and we could see

one of them. The other one did not have a good enough signal

to be positively identified until the reactor was shut down.

There was another occurrence when we detected high activity in
the coolant.
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In this case we had been doing some refuelling

and had the fuel half in and half out of a channel for about

three or four days because of a fuelling machine problem.

One bundle was adjacent to the coolant entry and the inlet

flow was directed onto the bundle causing abnormal vibration

to occur. After the channel was loaded the activity increase

was noted.

There was no need to scan the channels. We

decided that the failure must certainly be in the channel with

which we had had trouble. The channel was changed and did

indeed contain a faulty bundle. Fuel does not fail without

a reason so that any history associated with fuel handling can

be an important failure-location clue.

CASH; Mr. Anderson, you mentioned that you have a failure

rate less than 0.15%. What is the time period on this?

ANDERSON: About 10 reactor years.

CASH: Hew does that convert into the number of pins you have

actually run through the reactors?

TURC0T1E: We do not have the exact number. If we did the

calculation for units 2, 3 or 4 in Pickering G.S. the results

would be extremely good.

BOUCHER; I can add something to that. The current rate over

the past few months (neglecting the period of difficulty with

Unit #1) was quoted a few weeks ago as being less than 0.05%.

This is an extremely low rate.

ANDERSON; This .is on "per bundles removed" basis. The

failure rate keeps going down.
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;,; ?'.T•• / W; I think that Mr. Turcotte's statements now raise

a question about the flux tilt scheme. We go to great lengths

to avoid flux tilting, both by control systems and by adminis-

trative controls and yet you spoke of flux peaks as being one

of the causes of failure. Is it not possible that in trying

to execute a flux tilt scheme, we not only violate all our

text specifications but perhaps create some licencing problems?

It raises new problems of perhaps failing the fuel in the process

of trying to locate the failed fuel.

JF.AHAM: To do a flux tilt test you have to go in, look at

the safety implications and calculate the power distribution

that you are going to do, and do this at a reduced power. Also,

during the flux tilt test you have to monitor the power distri-

butions that you are obtaining to compare with those calculated

to make sure that you are not operating improperly. Generally

the ground rule is not to operate the fuel at higher rating

during the flux tilt than it has experienced during normal

operation. Actually it is a little more conservative than it

needs to be. These are the grouno rules that we have been

working with. Therefore you do a flux tilt test at somewhat

less than full power. By designing it so that you do not

subject any fuel to a higher power than it has seen, there

will be no violations of any specifications.

ANDERSON: Do you ever find the utilities somewhat reluctant

to reduce power and tilt the flux?

GRAHAM: Yes. There have been some interesting cases from

the developmental standpoint where the activities are so far

below the textbook limits the utility really does not care

about locating the failed fuel, but it might be very locatable.

In other words, we would like to do the test but the utility

asks "Why, we have no problems?". Yes, there is a reluctance
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to drop power for a period of a few days to do a test like

this, especially when they do not really need to.

GREEN: I think one of the problems with the flux tilting

technique in our reactors is that the failures have been

caused by changing the power level not necessarily by over

pov/ering. The flux gradients can give problems too, sc

that even though you do not overrate the fuel you might still

have failure incited by changes in power levels.

GRAHAM: This is again the ground rule I was mentioning

before. You do not subject fuel to a higher level than it

normally sees during normal operation.

PATTERSON: You may create some very unanticipated gradients?

GRAHAM: Generally in a PWR you are going to depress power

in regions rather than raise it by any signficant amount. One

of the most severe fuel transients is a trip; 99.99% of trips

probably do more harm to the fuel rather than prevent harm to

other components. In other words, it is a trip that is far

more severe on the fuel than a normal controlled insertion of

rods.

ANDERSON: That is not our experience at all. Douglas Point

is an interesting point in question. In the early operation

at Douglas Point we had what can only be described as a signi-

ficant number of trips in a short period of time, in fact, up

to hundreds over a couple of years. We have not been able to

identify one defective bundle that occurred due to the reactor

tripping such a large number of times. Whereas later, Douglas

Point ended up with a lot of fuel failures as a result of what

we call "incremental power increases", that is. a bundle

normally running around 35 W/cra which for some reason,due to
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tilt or refuelling, jumps to 40-41 W/cm but still within the

absolute bundle rating limit as defined for the plant, defected.

JHAHAM: This is one of the mechanisms in our type of reactor.

If vou operate a reactor fuel bundle in a low power region

the cladding will creep down around the fuel and then become

brittle. What you have to do is go from a low power region

to a higher power region slowly to allow it to creep back out.

In a flux tilt test you are not subjecting fuel to an increase

in power above what it normally experiences. During the time

of depressing power for a few hoifts the fuel bundle is not

going to creep down in that few hours. That happened over many

days, weeks, or months. In other words, fuel is getting used to

a certain power. There are operational type problems you get

into with reactors with part length rods. If you operate

with part length rods for a long period of time in one location

and then you move them rapidly, you can get yourself into a bad

situation. These are different than the type of test I am

talking about.

KELLY: Mr. Turcotte, what was done to improve the situation

with the new fuel you were talking about?

TUECOTTE: Undoubtedly there are some people here who have

more knowledge about this fuel than I have. What the fuel people

have done is to put a lubricating layer between the sheath and

the pellet. This is what they called CANLUB fuel. Certainly

the tests show that this fuel can be cycled from a high power

region to a low power region and vice versa. We have done

4-bundle shifts which are more extreme than 8-bundle shifts

and the fuel takes it.

KELLY: Is that a lubricating layer or an absorbing layer?
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TURCOTTE: It is a lubricating layer.
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SUMMARY

EBR-II has been operating at substantial power for

approximately ten years. During that time, a number of

techniques have been used for the detection and identification

of leaking fuel elements. Both discrete and continuous

sampling techniques are employed for monitoring the sodium in

the primary system and the argon cover gas in the primary

tank.

Operations and experimental approaches currently in-

clude gammar beta, and neutron counting, as well as mass

spectrometry for non-radioactive xenon tags. The most recent

developments include better methods of sodium sampling, proof-

testing of the xenon-tagging technique, and high-resolution

gamma spectrometry of the cover gas.

Gamma spectrometry has given an increased understand-

ing of the dynamics of the primary system under "clean" condi-

tions. In addition, it provides a basis for evaluating the

difficulty that 23Ne is expected to cause in the Fast Flux Test

Facility (FFTF) in the Clinch River Fast Breeder Reactor

(CRFBR). in these reactors-, 2 3Ne may well reach concentra-

tions 1000 times greater than would be reached in EBR-II,

thereby causing substantial interference with the detection of

fission products. Studies are underway which are aimed at

mitigating the problem.

In the last two years, there have been eight leaking

fuel elements in EBR-II, all as the result of experimental

irradiations. Five of these elements were mixed-uranium-

plutonium-oxide elements; two were normal uranium driver fuel

being irradiated far beyond normal burnup; and one was a mixed-

uranium- plutonium-carbide element. In two cases, the leaking

element was immediately identified by the xenon tag and re-

moved. In other cases the tagging technique saved much effort

by restricting the number of suspects to three or four.
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Although eight cases represent a very small sample,

gamma spectrometry has made it possible to get the approximate

"fingerprints" of the various types of leakers. We are confi-

dent that carbide leakers can be readily identified and it

seems probable that recent analysis provides a method of

distinguishing oxide from metal leakers at high burnups. This

is a valuable step forward since, even in the absence or

failure of a xenon tag, it reduces the number of suspects

which have to be tested by trial-and-error.
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DISCUSSION ON PAPER BY G,S. BRUNSON

(Presented by T.D. Claar)

LTPSSTT: The continued gas release after shutdown is-some-

thing we do not normally observe. Could you explain to us

your model which gives this result?

CLAAF: In this particular instance the element was 18 (atom) %

burnup. The stored gas is in the plenum. We have essentially

100% gas release from fuel to the plenum. The pin operates at

power with about 1600 psi plenum pressure. The crack, as in

all the defects that we have seen at EBR I to date, was extremely

small. We have great difficulty in locating the defect on the

element by visual examination, but the slow depressurization

of the element that takes place results in a gas release. When

the element is in the reactor we have a very sensitive leak

detector system. We shut down the reactor very early in the

game and there is still much driving force for the release of

gas after shutdown.

LIFSETT: The reservoir is the plenum?

CLAAR: Yes.

CARTWRIGHT: In the last element did you say that you lost

3.5 g of fuel?

CLAAR: No, we lost 3.5 g of sodium. There is no evidence of

any fuel loss.

CARTWRIGHT: Have you had fuel losses?

CLAAR: We have not experienced fuel loss.
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CARTWRIGHT: Has the tramp background stayed constant?

CLAAR: The tramp background is from surface contamination

after refuelling. It remained relatively constant over a

number of years.

PEARSON: Do you have a specification on surface contamina-

tion for the fuel manufacturer?

CLAAR: We are the fuel manufacturer and perhaps D. Cutforth

may have a comment on this. He has been working with a party

on this particular problem in terms of what surface contamina-

tion we are transmitting to the reactor.

CUTFORTH: We do not have a specification right now but we

are working on it* A good share of this fuel was reprocessed

in the fuel cell facility, i.e. there was a lot of uranium

contamination in the hot cell where the fuel has been fabrica-

ted through the years. We have a concern about sending experi-

ments back that have been examined and worked on in a hot cell.

We are working on this part most actively right now and this

is the place that our contamination undoubtedly comes from.

CA3H: This is not the only source of contamination. We have

the contamination from the natural uranium in the sodium itself

and from the various core component constituents, i.e. stainless

steels, etc. At FFTP we do have a surface contamination

criteria of 500 dpm per 100 cm2. You cannot completely eliminate

this contamination on the surface of the fuel pin, and in FFTF

we expect quite a bit of background.

PEARSON! I raise this question because of the problem in

making an instrument for the quality control aspect.
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CASH: The background is not all that bad. It actually helps

because it is a source that can be used continuously for in-

strumentation calibration,

CUTFOFTH: We have checked the uranium and plutonium levels

in the reactor sodium and it does not even closely account for

the observed signal. Therefore it must be the surface contamina-

tion primarily. The tramp uranium in the sodium itself could

not account for the signal we have seen.

CLAAR; The tramp uranium level is less them 0.2 ppb as

analysed in our sodium sample.
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ABSTRACT

Shown are fission products detection devices for the

"Reacteur a Haut Flux" (R.H.F.) in Grenoble (heavy water

reactor) and for a fuel test loop IRENE in OSIRIS (pressurized

light water loop). Results are given on fission products study

on GERMAINE loop in OSIRIS (air loop).

R.H.F. burst can detection includes two devices

measuring delay neutrons (D.N.D.). One is used to detect fuel

melting, the other to observe can defect. A third device

measures ionized fission products activity in nitrogen blanket.

Its purpose is to detect little can cracks.

IRENE loop burst can detection includes a D.N.D. and

a scintillation counter, measuring water gamma activity. Some

complementary inquiries are given by germanium-lithium

detectors.

GERMAINE loop is used for spectrometer calibration

and for study of gaseous fission products transport, but this

study has also shown transport of solid fission products,

without gaseous precursors.

The spectra from the two loops are processed on a

MULTI-8 computer, which allows peak characteristics to be de-

termined (energy, full width at half maximum, area). This

computer is also used to control spectrometer. Thus gamma

spectrometry with semi conductor is very useful and comple-

mentary for fission products detection.
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Deux installations de détection de produits de fission

vont être présentées. La première concerne un réacteur à eau

lourde, le Réacteur à Haut Flux de l'Institut Max Von Laùe -

Paul Langevin, situé à Grenoble. La seconde est relative à une

boucle a eau légère pressurisée placée dans la Pile Osiris à

Saclay.

L'installation de détection de rupture de gaine du

R.H.F. comprend trois sous-ensembles utilisant soit le principe

de la détection des neutrons différés dans l'eau lourde

(DND 1 et DND 2), soit celui de la collection électrique des

produits de fission dans l'azote de pressurisation (DCE).

- Le sous-ensemble DND 1 est prévu pour la détection rapide d'une

fusion éventuelle de l'élément combustible,

- Le sous-ensemble DND 2 sert à la détection des ruptures de

gaine et à l'observation de l'évolution des défauts,

- Le sous-ensemble DCE est destine à déceler de petites

fissures dans les gaines.

Un prélèvement d'eau lourde de 1 litre par seconde,

venant de 3 prises sitûé'és à la base du coeur, passe successi-

vement dans 3 serpentins: DND 1, ligne à retard et DND 2.

Les sous-ensembles DND 1 et 2 sont identiques. La chambre de

mesure y est constituée par un serpentin en acier inoxydable

enrobé de plomb, contenant deux litres d'eau lourde. Trois

compteurs à fluorure de bore sont placés dans un bloc modérateur

en polyethylene, placé dans l'axe du serpentin. La forme de la

chambre et le blindage en plomb permettent de réduire le

nombre de photoneutrons, afin d'obtenir un bon seuil de

détection des produits de fission.

Avec un temps de transit de 14 secondes, le seuil de

détection du DND 1 est d'environ 2 cm2 de combustible. La

caractéristique recherchée dans ce cas est la rapidité de

détection et non le meilleur seuil. Un fonctionnement avec

sécurité 2 sur 3 et chute des barres de sécurité, est obtenu en
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associant 3 chaines de mesure indépendantes aux 3 compteurs à

fluorure de bore.

Un temps de transit de 1 minute pour le sous-ensemble

DND 2 permet d'obtenir un seuil de détection 5 fois meilleur.

Ceci tient en particulier à la reduction du bruit de fond dû à

l'azote 17. Les 3 voies de mesure associées au 3 compteurs

sont reliées à une même voie fournissant la somme des taux de

comptage. Ce sous-ensemble n'a pas d'action sur les barres de

sécurité; il ne fournit qu'un signal d'alerte en cas de

dépassement d'un seuil d'activité.

Le sous-ensemble DCE analyse un prélèvement de 0,1

litre par seconde d'azote de pressurisation. Ce gas est pris

dans le vase d'expansion, où le dégazage est facilité par

aspersion permanente d'eau lourde. Il est séché, filtré, puis

dirigé vers un précipitateur. Les produits de fission ionisés

sont collectés sur des pions métalliques. L'activité béta des

descendants solides des gaz de fission est mesurée par un

détecteur à semiconducteur. Avec un temps de response de

l'ordre de 10 minutes, le seuil de détection de ce sous-ensemble

est 50 fois .meilleur jgue..celui du .sous-ensemble DND 1. En

outre l'appareil DCE est bien adapté pour la mesure des gaz de

fission émis par diffusion.

L'installation de détection de produits de fission de

la boucle à eau légère pressurisée (boucle IRENE à OSIRIS)

comprend aussi un sous-ensemble DND. Les photoneutrons étant

moins abondants avec l'eau légère que l'eau lourde, la chambre

de mesure est plus simple. Elle est constituée par une tuyauterie

en acier inoxydable entourée de calorifuge et de polyethylene.

Deux compteurs à dépôt de bore sont reliés à une voie de mesure.

En complément, une mesure de l'activité gamma de l'eau

est faite avec un détecteur à scintillation, relié à une seconde

voie de mesure, dont le seuil de discrimination est fixé à

800 keV.
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Chaque voie comporte deux seuils supérieurs d'activité.

Un dépassement du second seuil sur les 2 voies simultanément

entraine la chute des barres de sécurité. Un dépassement du

second seuil sur une seule voie provoque une baisse de puissance

de la boucle, par recul automatique. Le dépassement des

premiers seuils s'accompagne seulement d'un signal d'alerte.

Des mesures complémentaires sont possibles, en

particulier pour distinguer les produits de fission des produits

d1activation ou de corrosion. Deux détecteurs germanium-

lithium sont utilisés:

- l'un pour des mesures directement sur l'eau qui circule,

- l'autre pour des mesures sur des prélèvements à 300°C et

150 bars.

En l'absence de rupture de gaine, les activités mesurées

des produits d'activation ou de corrosion sont de l'ordre de

quelques millicuries par metre cube. Un défaut de gaine à la

soudure d'un thermocouple a entraine une activité volumique en

xénon 133 de l'ordre du curie par mètre cube.

Les produits dé' fission observés appartiennent alors

aux chaines de masses 85, 87, 88, 129, 131, 133 et 135. Dans ce

cas on n'a pas observé de produits de fission solides. Le

molybdène 99 observé était déjà présent dans la boucle avant la

rupture.

Sur la boucle servant à l'étalonnage du spectrometre

gamma (boucle GERMAINE), contenant de l'air et des produits de

fission, on observe par contre le transport par l'air de

produits de fission solides sans précurseurs gazeux: Mo 99,

Ru 103, Te 132, Nd 147. Toutefois l'efficacité de transport ne

représente qu'un dixième de celle du baryum 140 formé par

décroissance du xénon 140.

Le traitement des informations gamma en provenance des

deux boucles est assuré par un même ensemble. Celui-ci comprend

principalement un bloc mémoire à 4096 canaux, un enregistreur à
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bande magnétique et un calculateur MOLTI-8 de 24 k mots de

8 bits. Le programme fournit, après un choix de 50 fenêtres

d'analyse, l'énergie, la résolution et la surface de chaque

pic. Il permet la conduite automatique du spectromètre gamma,

avec mémorisation des informations sur bande magnétique en vue

d'un traitement plus détaillé par ordinateur.

Ansi la spectrométrie gamma avec détecteur semiconducteur

apparait comme un complément très utile aux installations de

détection de rupture de gaine, utilisant le principe de la

détection des neutrons différés et celui de la mesure d'activité

béta des produits de fission collectés.
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DISCUSSION ON PAPER 2.7 PRESENTED BY Le flEUR

LIPSETT: I was rather impressed with the sensitivity of the

DN System - did I get the correct number 2 cm2?

LeMEUR: Yes. It is 2 cm2 area of fuel element. This is

for the fast detector. For slower detection it is even better.

LIPSETT: And this is looking at bulk coolant?

LeMEUR; Yes, it is bulk coolant because on this high flux

reactor there is only one fuel element, one single block.

There is no need for location.

KHYTER: How do you obtain the sensitivity?

LeMEUR: it has been done from calculation and from calibration

on the loop. Usually the calibration is done by using a known

surface of uranium. But* in this case it was not. It was done

by checking the theoretical calculation by the information on

one loop.

BARTLETT; What type of semi-conductor detector are you using

in the electrostatic precipitator?

LeMEUR: The apparatus are made by Inter-Technique. The

detector itself is made of a base plate on which there are

small metallic chips. After the fission products collect on

these metallic chips, they are detected using a surface barrier

silicon detector.

PEARSON: Did you say that you have a choice of 50 analyses

windows?
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ieUZUR; Yes.

PEARSON; Is a CAMAC interface a standard interface from

Inter-Technique?

It is a standard interface.
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SUMMARY

Tu« failed fuel detection systems have been in-

corporated into PFR as part of the reactor safety instru-

mentation to protect against accidents arising from

coolant channel blockages, to assist reactor operation and

to provide data for fuel performance studies.

These systems are based on the detection of de-

layed neutron and rare gas fission products leaking from

failed fuel.

A brief description of the systems is given in

this paper together with a summary of development work in

aid of design.

The performance of the system is to be determined

during reactor commissioning; however, an assessment of the

expected performance suggests that the requirements of the

system will be met provided the contamination of the system

is kept low.
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1. INTRODUCTION

The PFR, which is at present being commissioned at

Dounreay, is provided with instrumentation to detect and locate

failed fuel pins. Delayed neutron detection is provided for

the rapid reliable detection of large failures and for their

subsequent location, and the detection of fission gases is to

be used to detect and locate smaller failures on a larger

timescale.

In this paper these systems are briefly described

and discussed, with particular reference to the development

work carried out to aid design and to establish system perform-

ance.

2. REQUIREMENTS OF THE SYSTEM

The main function of the failed fuel detection system

is to protect the reactor from serious damage which could occur

following failure of fuel pins. Fuel failures in themselves

are not hazardous as fast reactors are low pressure systems

with gas activity circuits capable of handling a large number

of pin failures. However, fuel pin failure can lead to or be

caused by restriction of coolant flow over fuel pins. Such

restrictions of flow if not corrected could lead to a serious

accident. The likely sequence of events has been discussed

by Teague (1970). In PFR the design of the reactor is such

that restriction of coolant flow in sub-assemblies can only be

caused by debris arising in the sub-assembly itself. Further,

as a significant fraction of the flow must be restricted before

serious conditions can develop it is inconceivable that such a

blockage can occur without being accompanied by fuel failure.

The performance of the system, however, is, as yet,

difficult to define quantitatively from such considerations.

Obviously/ in the event of a large fuel failure the reactor

should be tripped as quickly as possible," on the other hand it

is probably hot necessary or desirable to trip the reactor for
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a small fuel defect. For the PFR bulk delayed neutron system

a sensitivity in the core equivalent to the recoils from about

10 cm2 of exposed fuel was considered adequate, This was

based on the thermal stability of fuel particles escaping from

a defect, and the possibility of these particles breaking up

causing further restriction which might lead to extensive

blockage.

The time available for detection is determined by the

speed of events following a failure. Although it was accepted

by the designers (Frame et al (1966)) that events could happen

in a few seconds it was considered unlikely that an incident

involving more than one-sub-assembly would happen in such a

short time.

Such considerations in conjunction with the engineer-

ing design of the reactor led to the specification that the system

should detect the equivalent of about 10 cm* of exposed fuel in

about 20 seconds with high reliability.

Location of failed fuel is important so that it can

be removed if necessary. To avoid lengthy search procedures

such as 'sipping1 and trial discharges, an installed location

system was considered necessary. Such a system was incorporated

so that following a large failure requiring a reactor shut down,

the reactor could be operated at low power, say 10% full power,

to enable location to be achieved. For this purpose, a

relatively slow response location system is adequate, but with

a sensitivity at least an order of magnitude greater than the

bulk system. ;.

In addition, to enable operators to be able to assess

the state of fuel pins in the core at any time, continuous

monitoring of the reactor.cover gas for fission product gases

escaping from defect pins is required, supported by a sampling

system* Again it is desirable to have a system which enables

the location of defected pins to be known. Such a location

system is required to enable the progression of a defect to be
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studied and is also valuable to assist fuel evaluation studies.

For these requirements it is desirable that the sensitivity of

the location system should be such as to enable defects which

emit fission gas to the coolant to be located.

2. ?HE DELAYED NEUTRON SYSTEM

The engineering of neutron detection scheme on PFR

has been described in detail by Hackney and Wood (1970) and

only an outline of the system is given here. Two independent

delayed neutron detection systems are provided to sample the

bulk reactor coolant; each system can be coupled to the

reactor trip system.

2.1 The IHX Bulk System

The first system, the Intermediate Heat Exchanger,

IHX, bulk system, receives samples from each of the 6 heat

exchanger outlets. A 6-channel EM pump is used to carry the

sodium flow to the monitor where the flows mix in a 6.5 litre

counting volume.

Neutrons are detected by boron tri.fluoride counters

embedded in a polythene annulus surrounding the counting

volume and separated from it by a lead annulus. The latter

reduces the dose-rate from gamma radiation to about 100 mr/h,

a value which reduces gamma pile-up, counter irradiation

damage and gamma-neutron reactions in the polythene to a

negligible amount.

Counters are arranged in 3 groups each with 12 counters,

so that they can be connected to a 2 out of 3 trip system.

2.2 Sub-Assembly Bulk and Location System

Samples are taken continuously from the outlet of

each sub-assembly to a sample valve which acts as a mixing

chamber for all but one sample. A pump takes the mixed sample

to a bulk monitor of design basically similar to the IHX bulk

monitor< The remaining sample is taken through a sample pipe
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which can rotate in the sample valve to select each sample

from the reactor in turn* to a second monitor, the location

monitor. This is mounted above the bulk monitor and has a

counting volume of 0.28 litre. Twelve counters are used to

measure the delayed neutron concentration.

As the sample pipe for the location monitor passes

through the detection chamber of the bulk monitor, the bulk

monitor provides continuous detection.. The location monitor

valve can rotate so that the whole reactor is scanned in 1

hour, or more quickly for less sensitive detection,

3. THE GAS MONITORING SYSTEM

Two independent systems of gas monitoring are pro-

vided, A cover gas monitoring system and a location system.

3.1 The Cover Gas System

A continuous sample of cover gas is taken from a

position above the core to a monitoring station. This monitor-

ing station is designed to give maximum flexibility so that

the most useful measurements can be made depending on experience

gained during reactor operation. At present it is planned to

make continuous measurements with an electrostatic precipitator

of the type used on advanced gas cooled reactors. The actual

precipitator is Mark XI manufacturedby The Plessey Go. Ltd.

Arrangements are also available for taking samples

and the measurement of gamma activity including spectrometry

with a Ge=-Li detector.

3.2 The Gas Location Monitor

Sodium effluent from the delayed neutron location

monitor, is stripped of fission gases by bubbling argon con-

tinuously through it. The argon is then passed;through straps

and filters to remowe sodium vapour and monitbrfectj for fission

product activity using a PlesseyiWark XI precipitator as With

the cover gas measurement. Rotation of the sample valve
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enables the fission gas from reactor sub-assemblies to be

monitored in turn.

4. DEVELOPMENT OF WORK TO AID DESIGN

4.1 DH Monitor

Mock-ups of the counting assembly using an Am-Li

source were used to establish a suitable arrangement of shield-

ing and moderating material. The experiments were supported

by calculations using computer codes. This work showed that

with the arrangement chosen the detection sensitivity in the

bulk monitors would be limited by the signal from contamina-

tion and its variation, rather than by counting statistics.

Mock-ups using neutron and gamma sources were used

to determine the life of neutron counters under expected

operating conditions and the effect of gamma pile-up, and gamma-

neutrons in the polythene moderator.

The external shielding required for the monitor was

estimated by calculation.

4.2 Gas Monitor

The cover gas is to be analysed by established tech-

niques and no special developments were required. A Plessey

Mark XI precipitator was operated on the DFR gas blanket system

for a short period to check the performance under fast reactor

conditions.

The gas location monitor relies on the fission gases

being extracted by argon. A device of the design to be used

in PFR was tested in water using 85 Kr as a tracer and found

to have high efficiency. The performance in sodium is expected

to be similar.

4.3 Sampling

Model tests in air and water rigs were used to de-

termine suitable sampling positions so as to ensure that

representative samples of the coolant are obtained.
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A 1/5 scale water rig was used to determine the transit

time and dilution for the IHX monitor.

The mixing in the sampling valve and the monitors

was also measured in water tests by the manufacturerr English

Electric Co, Ltd.

5. PERFORMANCE OF THE DETECTION SYSTEMS

The performance of the various systems will be deter-

mined during commissioning and operation of the reactor.

Exposed specimens of UO2 will be used to measure the

behaviour of the system to known source strengths. This will

enable the sensitivity and response times of the system to be

measured, and it will also enable the selectivity of the

location systems to be determined.

The response of the system to actual fuel failures

will be determined during reactor operation. To provide early

information and to obtain a better understanding of the

mechanisms involved, pins are to be irradiated at an early

stage of reactor operation with artificial defects machined in

the cladding. However, estimates of the performance of the

system have been made based on development work and previous

experience.

Based on the expected contamination of the reactor it

is estimated that the bulk delayed neutron detectors will

enable the equivalent of the recoil fission products from about

10 cm2 of fuel to be detected in. a timescale of about 20•— 40

s. The location monitor is expected to be about 10 times

more sensitive.

It is, however, expected that detection of defect pins

will be possible with smaller actual exposed areas of fuel

because of the release and diffusion of fission fragments

through the pin. Estimates of signals can be made using the

data of Findlay et al (1970) and a diffusion model, see for

example French et al (1966). However, the chemical behaviour
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of the delayed neutron precursor iodines and bromines in the

fuel pin is not fully understood and neither is the part played

by the sodium coolant. Once in the main coolant it is expected

that the precursors will be present as sodium iodide and

sodium bromide and that as these compounds are sufficiently

soluble in sodium, Allan (1973), they will be transported with

coolant.

Similar calculations may be applied with more certainty

to the longer-lived and chemically neutral rare gases. These

show that adequate signal is present to enable a defect to be

detected and located. In fact, it is considered likely that

a defect can be located in the prsesence of many other defects.

However, the precise number will depend on the behaviour of

gases in the circuit.

6. CONCLUSIONS

The performance of the PFR failed pin detection equip-

ment will be determined during the commissioning of PFR currently

taking place.

Estimates of the performance based on development

work suggest that the system will be adequate to detect failures

equivalent to the recoils for about 10 cm2 of fuel in a time-

scale of 20 - 40 s«

Detection and location of these and much smaller

defects is also expected to be possible but on a timescale of

abp.ut one..hour. Contamination of the reactor will, of course,

reduce system performance.

It is considered that for all but the most rapid flow

restrictions in the reactor the failed fuel system will enhance

the safety of the reactor. It will also provide valuable

information on fuel performance.
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1. INTRODUCTION

This paper outlines the delayed neutron burst pin

detection system of the UKAEA's Prototype Fast Reactor (PPR),

and in particular describes the techniques used in the

presentation of BPD data to the Reactor operating staff.

Installation of the equipment is now complete and

the present work is associated with testing and commissioning

of the complete system, including the plant hardware and

computer software.

2. GENERAL DESCRIPTION

a) Bulk Only System (IHX Monitoring System)

Samples of sodium are taken from the base of each

of the heat exchangers and transported by a six way

electro-magnetic pump to a shielded sample chamber

situated above the reactor roof shielding. The sample

chamber is surrounded by 36 BF3 neutron detectors. See

Fig. 1 for general arrangement of sample chamber and

detector assembly.

The detectors are connected in groups of 6 to 6 head

amplifiers which are, in turn, connected in pairs to 3

nucleonic counting channels. Output signals from the

counting channels are arranged to initiate a reactor trip,

via the reactor safety circuits, in the event of any two

from three channels showing high count rate or high rate

of change of count rate.

Digital alarm signals giving the general state of

the equipment, loss of supplies and failure of pumps, etc.

are fed to the Data Reduction Equipment (DRE) for presenta-

tion to the operators and print out on the station reporter.

Analogue values of sodium flowrates and sample count

rates are also fed to the DRE for subsequent processing and

presentation to the operators in alpha/numeric and

graphical forms.
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b) Bulk and Location System (Sub-assembly Monitoring System)

The bulk and location system takes samples of sodium

from each of the fuel assemblies which make up the core;

186 samples in all are taken. The samples are transported

to a sample chamber where they are mixed together and moni-

tored by 3 pulse counting channels in the same way as

the Bulk Only system,

A rotary selector valve, interposed between the fuel

assemblies and the bulk sample chamber, selects each

sample in turn and directs this to a second sample chamber

monitored by a single pulse counting channel, i.e. 12 de-

tectors, 2 head amplifiers and one counting channel.

Fig. 2 shows the general arrangement of the sample chambers

and detector assemblies.

The selector valve is driven at either 1 rev/h or

6 rev /h ,* one revolution corresponds to a complete scan of

186 samples. Switches mounted on the drive mechanism give

signals to the BRE when each revolution is completed and when

the valve is directly over each sample port. The DRE counts

the signals corresponding to each sample port and stores the

result in a channel identification register. The signal

corresponding to the completed revolution is used to maintain

synchronism between the valve position and the channel identi-

fication register within the DRE. The DRE reads the output

from the Location counting channel 12 seconds after receipt

of the sample identification signal and stores the measured

value in an address given by the channel identification register.

The 12 seconds is the transportation delay of the sodium sample

leaving the selector valve and arriving at the sample chamber

and can be varied if the sodium flowrate is varied.



- 295 -

VHLVE DfllVC KOT0f\

Pig. 2



- 296 -

3. DATA REDUCTION EQUIPMENT (DRE)

The Data Reduction Equipment on PFR is a omputer-

based installation accepting data from all plant sections.

This data is processed and presented to the operators using

CRT displays and printers. The CRT displays take the form of

alarm lists, mimic diagrams, graphs and alpha/numeric lists

of plant values and states.

The DRE, and its associated programs, is designed

to be sufficiently comprehensive to reduce the need for

general instrumentation to a bare minimum. Where it is neces-

sary to have local read-out of plant states, e.g. when starting

up a particular plant section, then portable CRT's can be

plugged into outlet sockets local to the plant section. This

enables all the CRT displays, v;hich are normally available to

the control room operator, to be available at some 40 positions

distributed around the plant.

Standard programs within the machine, are available

for all input signals. The main ones that are utilized by

the BPD system are as rollows:

a) Digital alarm scanning

b) Analogue alarm scanning

c) Historical data recording

d) Permanent data recording

e) Output printing

a&b) The digital and analogue alarm scanning routine

present an alpha/numeric message on the CRT screens in the

event of abnormal plant conditions^ detected by the

change of state of digital signals or by analogue values

exceeding pre-set limits.

c) The historical data recording routine allows the

past 80 minutes history of any analogue signal to be

plotted as a graph on the CRT screen.

d) The permanent data recording routine gives a paper

tape output of all signal variations. Information is
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only punched when the signal has varied by more than a

pre-determined,but variable by choice, percentage of

the previously recorded value. This routine can be

applied to any input.

e) One printer is used as a station reporter dedicated

to recording the events which occur, and their sequence,

during the normal day-to-day running of the plant. All

alarm messages and their acceptance and clearance, etc.

are included on the station reporter. The log printer

is used as a routine recorder of selected plant measure-

ments and can be used to print any of the alpha/numeric

displays.

The messages appearing on the CRT screens and printers

are given in an abbreviated form of English using four letters

as a maximum for each word. More than four letters can be

used but the total number of characters appearing on a format,

including data, should be kept below 450. This is to prevent

the re-generation rate for the displays falling below 16

frames/second. Tests, using operators familiar with the

plant but not with the machine, resulted in little or no con-

fusion in interpreting this abbreviated language.

The displays are updated at rates of every 6 seconds

for alpha/numerics, every 2 seconds for graphs and every 1

second for alarm lists.

4. PROGRAMS PARTICULAR TO THE BPD SYSTEMS

4.1 Digital Alarm Signals

All digital alarm signals connected with the general

running of the equipment, e.g. loss of supplies, sodium leak

detection etc., are treated as straightforward alarms by the

digital alarm scanning routine and displayed on the CRT's and

the station reporter.
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4.2 Analogue Alarm Signals

a) Sodium Sample Floy Rates

The DRE raises an alarm if any of the sodium sample

flowrates, six on the Bulk Only and one on the Location,

fall below pre-determined values. These alarms are

designed to detect sample pipe blockages and pump failures.

The single flow signal on the location channel will

detect blockages in any of the 186 sample pipes. The

sample flowrate for the location channel is measured by

the DRE each time the sample identification signal is

received.

b) Temperature Alarms

Thermocouples mounted within the equipment are moni-

tored by the DRE and alarms are raised if the temperatures

exceed or fall below preset Limits. Low temperatures

will indicate loss of sodium flow and the need for trace

heating.

c) High Count Rate Alarm

An alarm is raised if a signal from any bulk sample

pulse counting channel shows a count rate greater than a

pre-determined value for 10 consecutive readings. This

is a margin alarm and gives the operator prior warning

of a possible reactor trip due to high Bl?D count rate.

d) High Rate of Change, of Count Rate Alarm

A running mean is calculated for each bulk sample

count rate by taking the average of ail readings from the

3 channels over the last 1 minute interval. An alarm is

raised if any of the? threer channels diflirs from the

running mean by greater than a predetermined value for 10

consecutive £ea<firtgs. This is alsb a margin aiaritf arid is

combined with the above high count rate alarm" for display

on the Automatic Protective System formats.
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e) Location Channel High Count Rate Alarm

An alarm is raised if the count rate from the Location

channel exceeds a pre-determined value. The alarm message

also indicates the sample channel which gave the high

reading.

5, CRT DATA PRESENTATION

5.1 Alarm Lists

A typical alarm list is shown in Fig. 3. The alarms

always appear in the order in which they are received, the most

recent alarm being at the top of the page. The state of the

alarm, whether accepted, ready for reset, etc. together with the

page number where the actual analogue values are displayed is

shown alongside each alarm.

5.2 Alpha/Numeric Data Lists

The latest aata available from the Bulk sampling

systems is presented in alpha/numeric form as shown on Figs. 4

and 5. These formats'are used whenever a statement of actual

values is required.

The values presented are obtained from voltage signals

generated by the measuring units; the linearisation and appro-

priate print style are determined within the computer.

The alarm and trip settings are obtained from ganged

potentiometers on the nucleonic trip units.

The data from the Location channel is presented as an

alpha/numeric list as shown on Fig. 8. There are 10 pages

involved in this display as only 20 sample positions can be

displayed on a single page. The display gives core reference,

count rate and flowrate for every sample position.

5.3 Graphical Displays

a) Bulk Sample Count Rate

Trend information for bulk sample count rates is given
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13 44 51 04 FEB 74 ALARM LIST 001

X CR2 WT REF LOW
A CR3 PSN FINE 1 LOW
R CR3 PSN FINE 2 LOW

X CR3 WT REF LOW
X CR4 PSN FINE LOW
N CR4 WT HIGH
X CR4 WT REF LOW
X 2OS REAC JCKT INSLTN GROUP 4 A TEMP LOW

X 205 REAC JCKT INSLTN GROUP 7 B TEMP LOW
X 205 REAC JCKT INSLTN GROUP 7 D TEMP LOW

N 205 REAC JCKT INSLTN GROUP 8 C TEMP
A 243 STATR OUT WTR TEMP PSN 2 HIGH

N - Fleeting alarm returned to normal

A - Alarm accepted

R - Accepted alarm ready for reset

X - New alarm

.. - Alarm selected by cursor for accept/reset action

Fig. 3
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in graphical form as shown in Figs. 6 and 7. This is a

record of Bulk sample measurements made during the

previous 42 hours which are plotted on a graph which has

sections with different linear time scales. Points are

plotted at 1 minute intervals for the 0 - 1 hour region

and at 1 hour intervals for the 1 - 4 2 hour region. Ifhe

values plotted are determined by taking the average of

all readings from the 3 counting channels over a 1 minute

period for the Q - 1 hour section, and the average of all

readings over a 1 hour period for the 1 - 4 2 hour section.

The current mean count rate is displayed on the right-

hand side of the display together with the co-ordinateis

of an^ point on the graph which has been selected using a

manually operated cursor.

There are two of the above type displays, one for

each of the Bulk samples.

b) Location Sample Count Rates

A graph is plotted of Location ratemeter count rate

against an axis of time for the past 80 minutes. See

Fig. 9. This is a standard Historical Data Record Graph.

The measurements are taken every £ cond and the points

are plotted every second for the previous 1 minute and

every 12 seconds for period 1 - 8 0 min.

The graph is intended to assist in the rapid location

of a high sample count rate.

6. CONCLUSION

The information presented in the form of alarms, data

lists, graphic displays and print outs should enable the reactor

operators to closely "ifcnitor the behaviour of the burst pin

detection system^ However; the usefulness of these displays

will depend on the performance, in terms of sensitivity, of

the detection system arid to a greater extent on the performance

of the fuel. It is quite probable that, when experience is
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gained from full-power operation of the reactor, some of these

displays will require modification and in some cases may not

be required. The display system is designed to be comprehen-

sive but flexible and can be readily modified in the light

of operator experience at full-power conditions,
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DISCUSSION ON PAPER 2.8 BY CARTWRIGHT AND 2.9 BY HODGSON

ANDERSON: I have a question for Dr. Cartwright. You indicated

a certain number of steps you were going to take during the

commissioning period. Is it a design requirement of the plant

that when 10 cm2 equivalent fuel is exposed you must trip

within 20 seconds? Therefore, is it necessary to insert 10 cm2

of exposed fuel during the commissioning phase to prove that

the system would do its job?

CARTWRIGHT; We put in rather more than 10 cm2 of exposed

fuel. The object of the uranium test is essentially to measure

the performance and sensitivity of the system, not necessarily

to test the tripping circuit alone.

ANDERSON: is this a licencing requirement or just a design

requirement?

CARTWRIGHT: This is a design requirement to check on the

performance of the system to a known area of fuel.

ANDERSON: This was not a requirement to prove out the tripping

aspect of the system but rather that the system met the

performance requirement.

CARTWRIGHT: it was not a licencing requirement. It was

essentially a calibration.

KELLY: Could you give us an idea of the overall cost for

the sampling system?

CARTWRIGHT: I do not have a precise figure. It is quite an

expensive system.
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K'-'lLY: You use the ratio of individual channel activity to

the mean for failed fuel location. What ratio have you de-

termined for alarm setting?

HODGSON; This is a variable that we can set to whatever we

wish. This is something that we can program into the computer

by the keyboard at anytime.

LIFSETT: You are obviously using a short time to your counter

and you have a very large y-field from the Na in the coolant.

Is the annular ring of lead to protect your counter from this

Y-field?

CARTWRIGHT: That is right, and to cut down (y,n) reaction in

the polyethelene as well.

LIPSETT: Do you expect that you will take advantage of

shorter-lived groups of neutrons to improve your sensitivity?

CARTWBIGHT: We expect that the major contribution will be

from the 20 second group of DN and perhaps some from the

6 second group.

CASH: What is the purpose of the gas stripper device and

what are some of its design details?

CARTWRIGHT: The gas stripper is simply a device to remove the

fission gases from the sodium. Argon gas from the blanket is

recirculated after a suitable delay, 20 hours or more, and is

injected 4nto the sodium sample flow from the monitor, goes

through a series of orifices to mix the gas and sodium, and

the mixture is then straightened and separated. The separated

argon gas goes into the thimble and is continuously pumped

around through a Raschig ring column, cold traps, filter and
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then flows to an electrostatic precipitator, i.e. the Plessey

Mk XI, and back into the blanket gas system. We are not too

sure of the performance of this system and this is on^ of the

things that we want to check on. We really need defected pins

before we will know exactly what is happening. We are hoping

that the gas release will be rather higher because of diffusion.

We have made calculations and think that we can use this for

location of defects even when there are a number of defects in

the core. The performance of it depends very much on, first,

what is the spectrum of half-lives that are emerging from de-

fect and secondly, what is the performance of the recircuiation

circuit. If the gases tend to retain themselves in the sodium,

we will be forced to use long-lived activities and we will be

in some trouble because the longer-lived activities tend to

come up to the same concentration in all channels. There is a

pipeline separator on the recirculating sodium which, we hope,

will extract a reasonable fraction of the gases. The other

thing which might worry us in the gas stripper is transit time.

The minimum transit time to the precipitator is something like

90 seconds, but we may not be able to take advantage of it

because, with our design of sampling system, the sodium comes

back down through the core again at a flow rate of about 1

gallon/minute, or 60 cc/s. This means that the sodium spends

a fair time in the core coming back down again so the neon

activity could build up to quite a high level and we might be

using our electrostatic precipitator as a non-saturated ion

chamber in space charge. To get around this we would need to

increase the transit time.

CASH: How much Ne-23 activity do you have in the cover gas?

CARTWRIGHT: We have not got any cover gas yet. But at the

outlet of the sub-assembly we calculate that it will be some-

thing like 2 Ci/kg. As the sodium velocity down the sample
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pipe is<5 probably five times what it is in th~ core, and the

gas stripper essentially takes about equal volumes of gas and

sodium, the concentration at the precipitator with 90 seconds

delay is probably about 2 Ci/£.

CASH: Have you estimated what it would be in the vault with

argon cover gas?

CARTWRIGHT: No, we do not have any information on that. It

is not likely to be a problem because the transfer time from

the cover gas to the gas sampling system is a minimum of

3 minutes.

VAN ERP: In the PFR I understand that for every seven

positions, one position is not fuelled, I think this might

not be an acceptable position for CPR, so that for CPR you

would probably have to have a different sampling system.

CARTWRIGHT: Yes, I think we would want a different sampling

system for CFR.

VAN ERP: You would still have an individual sampling system.

CARTWRIGHT: The designs for CPR future reactors are still

under negotiation but I think we would tend to favour an

overhead sampling system to give us a much shorter response

time. Obviously the shorter the response time the better

detection you can provide for the reactor so it would be

better to take overhead samples. Instrumentation only plays a

small part in the design of the reactor. Any instrumentation

system must be firmly controlled by the overall reactor concept

and this is still under negotiation.

PAZIAUD: Do you use fresh argon or cover gas for the gas

stripper?
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CARTWRIGHT; We used cover gas argon after passing it through

a large delay volume. I do not know what they are going to

provide me with but I specified at least 30 hours delay which

should be ample.
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1. OBJECTIVES - MOTIVES

It is considered that a fuel failure occurs as soon

as there is a break in the clad tightness. In fact, in

sodium cooled fast reactors, the fuel failure concept refers to

a large variety of events concerning as well their causes as

their characteristics, therefore their consequences.

These consequences can be classified in two

categories;

- Problems concerning circuits contamination by

fission products and fuel:

The most undesirable effects being complications in

gas leakage and release to stack, accessibility to various

areas of the building, maintenance of the reactor components

and waste material.

- Problems concerning core safety: a defect in

the cooling of the fuel pin which can lead to melting accidents.

Acquired experience in this field is too limited to

predict, in concrete terms, all the possible consequences of

each type of fuel failure. As for our actual knowledge, we

nevertheless think that it is important that we find the means

to:

. first of all, limit the number of fuel failures,

. secondly, remove from the core those fuel failures

whose consequences have been judged dangerous

for reactor operation.

In order to accomplish this, fuel failure equipment

aims at:

- immediate awareness of their appearance; "detection1

- estimation of their extent and evolution:

"characterization"

- pin pointing the subassembli.es containing them:

"location".
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In addition to this, in the case of PHENIX, the

choice of equipment and methods was guided by a double objec-

tive corresponding to the goal of this reactor - on one

hand, to ensure the safe operation of reactor and on the other

hand, to set up a testing stand for all future fast-reactors.

This testing stand has led us to develop two "rival" methods

of fuel failure location.

2, DESCRIPTION

The equipment is described on figure 1.

2.1 Cover Gas Fuel Failure Detection (FFD/Gas)

A continuous sample of argon representative of the

cover gas, is taken through a vapor trap to the room contain-

ing all the necessary failure detection equipment. This room

is in the reactor building (transit time: four minutes).

The gas analysis is done:

- continuously, by a circulation-ionization chamber

(MX 32) and by a combination of an enrichment circuit and a

mass spectrometer (called ENSPECT);

- on request from the operator, by a combination of

a chromatographic column and a gamma spectrometer (called

gammatographic) and by means of sampling for an in labs

spectrometry (sampling from 10 cc to 5 c).

The ionization chamber MX 32 (volume 0,09 1) is

connected after a variable delay volume (of the order of

10 minutes) in order to eliminate neon 23 ( T h = 38 s).

The ENSPECT mass spectrometer is designed for the

isotoprc analysis of stable kryptons and xenons enriched in

light elements (Kr 78 - Xe 124 - Xe 126) used as tags of FFL.

Note: today only experimental Phenix sub-assemblies are

equipped with tags. The tagging of standard Phenix

sub-assemblies is under decision.
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ENSPECT is composed of: (figure 2)

* three active charcoal columns, one after the other,

first cooled (-100°C) in order to trap the xenons and kryptons,

then reheated and swept with helium in order to "desorb" the

kryptons and xenons towards the mass spectrometer.

There is a device for eliminating impurities by the

use of pyrolysis (filament 1800°C) and getter pump at the level

of the introduction capacity of the mass spectrometer.

* a mass spectrometer "quadripolar" type (RIBER -

model QML 151) with a limited resolution (approx. 150)

* a computer T 2000 in charge of the automatic

operation of these devices, treatment of the measurement and

publication of the results (once every hour).

- the gammatogr aph (figure 3) is composed of a chroma-

tographic column linked to a gammaspectrometer (Nal crystal)

and a counting scale with six energy windows.

The argon sample to be analysed is carried by clean

argon. The gammatcgraph allows the cyclic measurement (once

every 10 minutes) of six isotopes among A 41, Ne 23, Xe 133,

Xe 135m, Xe 138, Kr 88, Kr 87, Kr 89.

2.2 Six Vessel DNM Circuits

Six samples of primary sodium are taken, each at the

inlet of one IHX and are piped to one DNM block (transit time

30 seconds).

This DNM (figure 4) is cylindrical in shape (height =

500 cm of lead), detectors (12 He 3 counters-sensitivity

50 c/n.cm~2 S-i) test source (Pu 238-Be).

A graphite "star" is included with the intention of

maintaining the 6 individual samples in front of each pair of

detectors.

The counters are grouped by 2, 6 and 12, for data

processing, recording and safety channels.
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2.3 One FFL Plug

The FFL plug is a mechanical selection device allow-

ing the analysis of either one sample, representative of all

the core sub-assemblies (function FFL/Gn) or simply a group

of three sub-assemblies (FFL/G3) or just one sub-assembly

(FFL/Gl). The sample is analyzed:

- first of all with a DNM (DNM/FFL) (transit time

approximately 10 seconds)

- secondly, by means of a gas stripper and circuit

(FFL/gas) by a circulating ionization chamber MX 32 with possible

switching on the gammatograph, the ENSPECT and sample bottles.

The FFL plug (figure 5) is composed of the following

principal elements:

. Below the free level of sodium

- a base plate where the sample pipes coming from

the sub-assemblies, are connected

- a first selection stage by groups of three

- a mixing chamber (used only in Gn mode)

- a second selection stage by one or three

- an electro-magnetic pump

Above the free level of sodium

- an electro-magnetic flow-meter

- a DNM/FFL

- command mechanisms of the selectors

- a pump power-supply

The entire assembly is contained in a cylindrical

liner (diameter 1200 mm).

DNM/FFL is made of typical components differing only

by its unsymmetrical shape due to the lack of space inside the

plug. It comprises six He 3 counters grouped in two channels

of three and one channel of six.
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The stripper is a plate column where the sodium flows

in the opposite direction of a vector gas (clean argon)

which "strips" the gaseous fission products. This stripping

efficiency is better than 30%.

2.4 The Rod "TASTENA"

The TASTENA is a dip-cup system which takes 10 g

samples of sodium in the hot zone of the primary vessel for

laboratory radio-chemical analysis.

Figure 6 illustrates all the methods and the

equipment used.

3. FIRST OPERATING RESULTS

Before its installation on PHENIX, the equipment was

tested in different laboratories. The FFL plug in particular

underwent endurance tests in sodium equivalent to several

years of reactor operation.

Since the beginning of the operation of Phenix, no

fuel failure being present, the FFD/FFL equipment has been

tested by the following methods:

- measurement of initial clad pollution;

- one test involving the release of active kryptons

and xenons in a dummy pin;

- another test involving the irradiation of a bare

metallic uranium tube.

The operation of all this equipment has baen satis-

factory, especially for the mechanical part of the FFL plug.

We have found the expected specifications.

We have ;;un into several minor difficulties,

essentially concerning the gas measurement of the FFL plug

(plugging of the trap, defect in the shielding). Figures 7 and

8 give the main values of the measurements.
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Figure 9 represents the DNM measurements in FFL/G3

and FFL/G1. They correspond perfectly to the measured pollution

of the clads. This control was carried out by the sub-assembly

manufacturer.

4, CONCLUSION

The Phenix equipment for FFL/FFD is composed of a

means of detection and an identification of fuel failure (DNM

measurement, and gas measurement) and a double means of location

(FFL plug installed and gas tags under decision).

Regarding the efficiency and accuracy of this equip-

ment tha initial results of operation look promising.
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DISCUSSION ON PAPER 2.10 BY PAZIAUD

CARTWRIGHT: Could you explain what sort of a resolution

you obtain from your DN detector assembly. If you get a

signal in one pipe what is the signal on its detector

relative to that from the next pipe?

PAZIAUD: The signal of the He3 counter in front of the pipe

is about two times bigger than the signal from the counter on

the other side, from test results. By this arrangement we

can have good location of failed fuel.

CARTWRIGHT: In what y-flux do you operate your He3 counter?

PAZIAUD: It is less than 1 mR/h.

KELLY: How many sample tubes do you have in PHENIX?

PAZIAUD: 121.

KELLY: How does that divide up the core? Do you just take

it from a segment of the core?

PAZIAUD: We have about 100 core penetrations. There are

more sample pipes than penetrations.

CASH: On your Figures 7 and 8 what are the units on the

signal strength?

PAZIAUD: In Figure 7 it is counts/s. For the ionization

chamber it is in amperes. For the gammatograph it is in

counts/s.
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CASH; Can you relate that to a given volume of gas in case

of the chromatograph?

PAZIAUD: We have a two-sample system for Y~ray spectrometer,

1 cc or 0.1 cc. This one is given for 1 cc.

OASB: Is PHENIX running now?

PAZIAUD: It is already in test operation but we have not

finished all the tests. I think normal operation will not be

ready for 2-3 months.

CASH: Have you reached full power?

PAZIAUD: We reached full power two months ago. The full

power is 250 MW(e).
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SUMMARY

One technique being considered for the location of

failed fuel in an operating reactor is a triangulation method

in which the relative strengths and arrival times of signals

from delayed-neutron monitors positioned on each of the

reactor's coolant outlet pipes are intercompared (and

corrected, if necessary, with experimentally derived cali-

bration data) in such a way as to indicate the location of

a subassembly containing a defective fuel pin. For about

3 years ORNL has carried on a small development study of the

delayed-neutron triangulation (DNT) method in support of both

the Fast Flux Test Facility (FFTF) and the follow-on Clinch

River Breeder Reactor (CRBR).

Two major accomplishments of the ORNL DNT program

are (1) an analysis of anticipated detector counting rates

and sensitivities to unclad fuel and erosion types of pin

failure, and (2) an experimental assessment of the accuracy

with which the position of failed fuel can be determined in

the FFTF Jthis was performed in a quarter-scale water mock-

up of realistic outlet plenum geometry using electrolyte

injections and conductivity cells to simulate delayed-neutron

precursor releases and detections, respectively). The major

results and conclusions from these studies are presented, along

with plans for further DNT development work at ORNL for the

FFTF and CRBR.
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1. INTRODUCTION

For the U.S. LMFBR program the main incentives to

develop a technique that can accurately locate defective fuel

at an early stage of failure are; (1) little experience with

extended postfailure operation of fuel of prototypic design

has been accumulated; (2) none of the reactors being designed

will be equipped for extensive remote servicing of a contamina-

ted primary coolant system; and (3) trial-and-error fuel

shuffling or replacement to verify the condition of suspect

subassemblies is prohibitively expensive and time consuming

(̂  7 days downtime is required to effect fuel substitutions

and resume power operation). Although several locational

techniques have been considered, only two are being developed:

(1) gas tagging, the gas plenum of each fuel pin is

filled with an isotopic mixture of gases selected from combina-

tions of 78Kr, 60Kr, and 82Kr and/or t 2 6Xe, 1 2 8Xe, and 1 2 9Xe,

and (2) delayed-neutron triangulation. Gas tagging has been

designated the reference method for the FFTF and is being

developed by Hanford Engineering Development Laboratory (HEDL);

DNT is considered a backup method for the FFTF, and its develop-

ment is being supported at a much lower level of funding. The

Demonstration Plant (CRBR) has not yet made a firm commitment

to any particular method of failed-fuel location and has not

taken a position on associated operational philosophy.

The most favorable point of the gas tagging method

is its ultrahigh sensitivity for locating minute gas leaks

from the plenum (from pinholes as small as lOy), at least under

"first-failure" conditions and providing that accurate neutron

fluence records are kept. Its principal drawbacks are its slow

response time (hours to days) and its high initial and re-

current cost (̂  $0.5 million per core) for quality control and

recordkeeping during fuel pin fabrication, loading, and plant

operation.
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The response of vhe DNT method is faster (minutes

to hours) and it has a lower initial (and no recurrent) cost.

However, its utility is restricted to comparatively massive

pin cladding failures, and even then its locational accuracy

is likely to be marginal unless in situ calibrations are

performed.

While one can cite other strong and weak points for

both techniques, it is probably more enlightening to emphasize

that a choice between these candidates cannot be made

intelligently until fuel management and overall plant opera-

tional philosophies are clearly fomulated (Will subassemblies

be removed from the core at first indication of gas or fuel

release? Is operation with more than one leaking subassembly

at a time to be allowed?) and specific locational accuracy

requirements are clearly defined (How many ex-core storage

positions are available? How many spare subassemblies are

on hand? What independent means are available for verifying

failures within subassemblies after their extraction from the

core?). still another aspect in the selection of detection

and location methods is the secondary objective of fuel

failure characterization, wherein one attempts to derive

additional information about the nature of the failure and its

degree of progression from the differing threshold sensitivi-

ties and response characteristics of the gas tagging and the

DNT methods. Considering these points, we contend that gas

tagging and DNT should be regarded as complementary rather than

competitive techniques. Therefore, in the remainder of this

paper we shall present a straightforward explanation of the

predicted and experimentally measured performance characteris-

tics of a DNT system for the FFTF or CRBR and will not attempt

to make value judgments by contrasting each performance indica-

tor with a similar number derived for the gas tagging technique.
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2. SENSITIVITY ANALYSIS*

In 1970-71, ORNL and the FFTF designers (W-ARD)

jointly undertook the tasJc of predicting the failed-fuel

detection sensitivity, expected background counting rate, and

detection response time for a hypothetical DNT system for the

three-coolant-loop FFTF (then in the intermediate stages of

design). The study emphasized detection (rather than location)

capabilities, but the results derived are applicable to

triangulation as well. The more important base data and assump-

tions from this FFTF study are the following:

1. All delayed-neutron precursors (background and

signal) released are uniformly dispersed in the total primary

sodium flow (this is a conservative assumption from the stand-

point of anticipated signal and, if it were strictly true,

finding the location of a fuel failure by triangulation would

be impossible).

2. The volume of the total primary sodium coolant

system is 5 x 10B cm3 (of which 3.3 x 10s cm3 is the core volume),

and the coolant flow rate (total for 3 loops) is 2.6 x 106 cm3/s»

3. The average transit time of precursors from a

fuel subassembly to a detector station is 27 s«

4. Background precursor concentration in the coolant

is attributable to three sources: (a) 1 ppb of contaminative

uranium in the purest sodium available, (b) fission fragments

from 1 ppm of natural uranium and thorium in the stainless

steel fuel-pin cladding and subassembly structure, and (c)

fission fragments from fixed surface contamination (primarily

Plutonium, <500 dpm per 100 cm2) in the vicinity of welds that

is introduced during pin fabrication.

*The author wishes to acknowledge the contributions

of R.F. Weise, Westinghouse Electric Corporation, to the

calculational methods and base data in this section.
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2,1 Prediction of Minimum Detectable failures

Under the preceding assumptions, the minimum detec-

table failure was estimated for two surmised modes of

delayed-neutron precursor release from the clad fuel: (1) fis-

sion fragment recoil from an area of fuel left exposed as a

result of cladding abrasion or dissolution; and (2) expulsion

or gross erosion ("washout") of fuel from a breached pin

(as from a fuel-coolant chemical reaction or by a burst

release of molten fuel and contained fission gases).

With a definition of "detectability" as a 33% in-

crease above the normal background counting rate at the detector

station [i.e., (SIG + BKG)/BKG = 1,33], the minimum detectable

failures were calculated to be ̂  0.65 cm2 of fuel exposed

directly to the sodium coolant or ^ 0.5 g of fuel expelled.

These values might seem large in absolute terms until they

are evaluated in context, as follows. First; even with con-

taminative uranium in the sodium held to a 1 ppb level, there

will be ̂  0.41 g of fuel continually circulating in the primary

loop (even with no failed fuel). Second, 0.65 cm2 represents

only ^ 0.4% of the surface area of one fuel pin (there are 217

fuel pins in each of the ̂  73 subassemblies of the FFTF).

As explained in the first assumption, these minimum

detectable failures are almost certainly conservative because

(1) with well-calibrated instrumentation, an increase of < 33%

in the steady-state counting rate could be considered meaning-

ful; (2) depending on the core location from which precursors

are released, some preferential coolant flow channeling to

one of the primary outlets is likely to occur, thereby result-

ing in a smaller dilution factor and hence a larger neutron

signal at the detector monitoring that outlet; and (3) even

if preferential coolant flow channeling were minimal, uniform

dispersion of precursors [assumption (1)] would not be achieved

until several complete loop transits have taken place, again

resulting in a temporarily smaller dilution factor than
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assumed in the analysis. Nonetheless, these figures of

0.65 cm2 and 0.5 g are probably indicative of the general

magnitude of fuel failure in FFTF that would yield a suf-

ficiently large neutron signal to enable detection and loca-

tion of a failure,

To our knowledge, the sensitivity analysis has not

been updated for the CRBR, but the limit of detectability for

the two surmised modes of failure would surely be higher

(i.e., lesser sensitivity) than for the FFTF, owing to the

considerably larger volume of primary coolant in the CRBR and

the correspondingly greater dilution factor.

2.2 Prediction of Counting Rates

The limits of detectability are primarily fixed by

the concentration of background precursors in the coolant and

are essentially independent of the properties of the detec-

tion system. The absolute counting rates, on the other hand,

are dependent on the physical properties of the neutron detec-

tion system (its geometrical configuration relative to the

coolant outlet pipe, the size and composition of moderator/

shield employed, etc.) and on the macroscopic neutron cross

section of the detectors that are its basic component.

Absolute counting rates are important because, along with

measurement time, they limit the achievable statistical preci-

sion and consequently are required input in predicting the

response time of the DNT system to both failure detection

and location.

As a continuation of the sensitivity analysis, ORNL

and W-ARD jointly calculated the anticipated delayed-neutron

background counting rate for the FFTF. It was assumed that

six individual neutron detectors were connected in parallel

electrically and installed in a large (^ 7 ft3) graphite

moderating block that surrounds each 28-in.-diam primary-

coolant outlet pipe. This geometric arrangement was selected

because the fabrication technology would not exceed industrial
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capability, there would be no difficulty in servicing the

detectors, and calculational effort in determining neutron

moderation and transport would be minimized; no attempt was

made to optimize the design neutronically. Nevertheless,

the results from this assumed arrangement are instructive, in

that they predict that a counting rate sufficient for opera-

tional purposes could be readily achieved, QRNL and W-ARD

background counting rate predictions for the FFTF range from

5Q0 to 1500 counts/s for enriched BF3 counters (nominal

sensitivity 28 counts/s per nv.. ), and 90 to 300 counts/s

for enriched fission counters (nominal sensitivity 1.2

count/s per nv . ).

2,3 Prediction of Response Times

For failed-fuel detection (increase in steady-state

counting rate), one can derive frcm Poisson statistics that

the minimum counting period (T) of the scaling circuit must

be chosen in accordance with the relation

I B K G f , . i . I I
-JJ.U I J. + %/i. + vSIG/BKG) I I

to establish with 95% confidence that signal (SIG) is distinguish-

able above background (BKG), It is interesting that T is

dependent upon both the absolute background counting rate and

the signal-to-background counting rate ratio. With median BKG's

of 1000 and 200 counts/s for the FFTF BFa and fission counter

systems, respectively, and the previous criterion of detecta-

bility at SIG/BKG = 0.33, then the calculated minimum counting

periods for the two detected' types are n, 0.17 and 0.85 s.

Either of these counting periods is much shorter than the

anticipated core-to-outlet transit time and is therefore com-

pletely acceptable from an operational standpoint. Were it not

for the desirability of having multiple detectors as protection

against total system failure and the possible need to detect a
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smaller failure than one producing a 33% increase in counting

rate, one might consider a less sensitive neutron detection

system.

Minimum time for failed-fuel location (triangulation

of precursor source) is much more difficult to predict, owing

to the difficulty of constructing a simple mathematical re-

lationship between achievable locational precision and speci-

fiable quantities such as observation time and counting rates.

However, since the failed-pin location will be derived from

amplitude and phase relationships among the signals received

at the three detector stations, a reasonable estimate can be

derived from the well-known noise analysis formula that relates

the fractional error (e) of the cross-power spectral density

to the bandwidth (Af) , observation time (T), and the ratio of

correlated and uncorrelated fluctuating mean-squared signals

(Q):

VI + 2Q l + Q 2

2Aft

so

m v 1 + 2Q"1

2AfE2

If we assume (probably conservatively) that the fluctuating

signal-to-noise ratio is numerically equal to its steady-state

counterpart, then in terms of the previous definitions

Q ~ (SIG/BKG)2. Based on experience, e = 0.1 will give satis-

factory results and available experimental signal coherence

data (Fig. 4, Sect. 3) indicate that Af can be at least 0.^3 Hz,

Solving for T with these insertions and SIG/BKG =0.33 yields

an observation time requirement of 7.5 h.

This time is not unreasonably long from a stand-

point of practical reactor operations, but it is longer than
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desired» However, for a SIG/BKG ratio considerably less than

unity, the noise theory predicts that T varies inversely at

somewhere between the second and fourth powers of that ratio.

For this reason it is almost impossible to state a "representative"

time estimate without batter input information. For instance,

a small failure (SIG/BKG =0.1) might require 56 h of signal

observation timef whereas a large failure (SIG/BKG = 1,0)

could be located to the same precision in < 2 h. Likewise,

if less spatial resolution is acceptable (e.g., e' » 0.2) the

required observation time would be reduced by a factor (e'/e)2.

Owing to our present lack of a complete statistical description

of the delayed-neutron locational procedure and the cited meas-

urement parameter uncertainties (particularly the fluctuating

signal-to-noise ratio), we can only offer an indefinite esti-

mate that ths response time of the DNT system for failure

location will range from minutes to hours for fuel exposures or

releases exceeding the threshold sensitivity values of 0,65 cm2

or 0.5 g.

3. LOCATIONAL ACCURACY EXPERIMENT

In November 1973, we proved experimentally the feasi-

bility of DNT as a failed-fuel location technique and assessed,

in a limited fashion, the achievable locational accuracy by

performing simulated delaypd-netitron reieasei tests. In the

most realistic FFTF coolant outlet pierivim geometry available

[the Hydraulic Cdria Mockup, (HCM) Facility at HE.pL] tye; jdetermined

the manner in which material released at several core*positions

is distributed (quantitatively arid tem|>brally) among the three

coolant-outlet pipes, after undergoing;a considerable amount of

mixing and holdup in the outlet plenum.yV The procedurewas to

inject, one position at a time, NaNO3 electrolyte into deionized

water circulating through the loop at a representative flow rate

and then to msasure with pulsed; conductivity probes the resultant

time-dependent electrolyte concentrations in the outlet pipes.
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3.1 The Test Facility*

The HCM, a 0.285 scale model of the PFTF reactor

vessel and its internal components, was constructed to study

the hydraulic and vibrational characteristics of the FFTF.

Most of the significant internal components were scaled down

from the FFTF dimensions. In the fall of 1973 the HCM was

modified so as to reflect current FFTF design.

The flow loop of the HCM provides a flow of water

through the vessel to simulate the flow of sodium in the FFTF.

The flow can be routed through any combination of inlet or

outlet pipes, thus permitting simulation of one, two, or three-

loop operation of the FFTF (Fig. 1). Orifices measure the

total flow through the vessel and the flow through each inlet

and outlet line. The total flow rate is limited by pressure

drop to ̂  3700 gpm in three-loop operation. The total recircu-

lating volume is ̂  13,000 gal with the storage tank filled to

its maximum operating capacity of 8,000 gal. The system is

pressurized by N2 over the liquid in the storage tank. The

vessel and loop can operate with recirculating water at tem-

peratures up to 250°F and pressures up to 250 psig. The water

is heated by steam coils in the storage tank and cooled by a

by-pass heat exchanger. Injected electrolyte is removed con-

tinuously by adding and removing deionized water at rates up

to 200 gpm.

There are 160 conductivity probes throughout the HCM.

Each probe consists of a small electrode of bare stainless

steel, A/ 3/8 in. diam, insulated from the rest of the metal

structure (which serves as the ground return). The probes used

in the ORNL tests were located in each of the three outlet

*The author wishes to thank D.R. Dickinson, Hanford

Engineering Development Laboratory, for this description of

the HCM facility and his valuable advice and assistance in

the experiments.
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pipes and in the core entrance basket. In use, a pulse of

current from a constant-current source is passed through the

probe for 500 ps, giving it a positive polarity? the probe

is then grounded for 500 us, and the cycle is repeated. All

probes are pulsed simultaneously. The maximum probe voltage

during a pulse, which is a (nonlinear) function of the water

conductivity near the probe, is stored by a peak-following

circuit.

Concentrated electrolyte is injected from a supply

tank, from which the flow is manifolded to several separate

injection lines, each with its own flow control and measure-

ment devices. The flow is started and stopped by fast-acting

solenoid valves in each injection line. The system can inject

electrolyte into as many as 9 channels simultaneously, but in

these tests electrolyte was injected into only one channel at

a time.

Normally an on-line computer controls the duration

of salt injection, the interval between injections, the number

of repeated injections (if more than a single injection

cycle is desired), the conductivity probes and other sensors

to be read, the frequency of readings, and the time interval

(relative to the injection period) over which data are taken.

These parameters can be changed by input to the computer through

a Teletype.

Electrolyte injection can also be initiated by manual

and external relay closure control, and this mode was used by

ORNL to produce pseudorandom binary sequence salt injections.

With regard to the realism of FFTP flow modeling by

the HCM, the Reynolds number at 3400 gpm and 250 F is ^ 30% of

the value expected in the FFTF at normal sodium flow rate.

However, since the flow in the outlet plena of both the FFTF

and the HCM is highly turbulent, only a small error is intro-

duced by failure to match Reynolds numbers (as would be required

for ideal modeling). Time intervals between salt injection and
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conductivity cell detection in the KCM at a flow of 3100 gpm

are ^ 31% of those expected for the FFTF.

3.2 Experimental Results and Discussion

In all, some 45 experimental runs (Table 1 ) , consisting

of pulsed, continuous, and pseudorandom salt injections at a

variety of core locations and at two different water tempera-

tures (100 and 250°F) and flow rates (2100 and 3100 gpm) , were

recorded on FM analog magnetic tape for later analysis at ORNL.

To date, only the pseudorandom binary sequence (PRBS) data

have been analyzed, since their superior signal-to-noise ratio

(10-1000) allows precise, unambiguous results. All tests were

performed with equal flow rates to the three coolant inlet pipes

and an electrolyte background concentration (maintained by in-

jection and removal) of •*< 100 ppm in deionized water. To mini-

mize detection system decalibration as a result of changes in

conductivity with temperature, the bulk coolant was held at

constant temperature (± 1°F) during each run.

Some typical examples of frequency-dependent secondary

quantities (power spectra, coherence function, "dispersion"

function) computed from the conductivity probe signals are shown

in Figs. 2-5. The data from these curves at the first and

third harmonics (f - 0.004762 arid 0;01429 Hz) were combined

with similar data from runs made with electrolyte injected at

different positions and analyzed by a vector cdmbiriatorial

method to yield the plane mappings shown in'Figs. 6-9. Before

discussing the implications of these mappings and attempting

to draw overall conclusions, we shall first make a few comments

on Figs. 2-5. " r

The most important difference between Figs. 2 and 3,

which show the salt concentration power spectra at the injection

point and in one of the three outlet pipes, respectively, is

the difference in their horizontal dimensions (i.e., the

relative pass-bandwidths): the intervening mixing plenum acts
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TAtLE 1

Flow
(gpm)

3100

2100

3100

3100

Injection
Duct
No.

1201
1605
1508
1608
1506
1403
1401
1503
1601
2506
3506

1201
1605

1508 + 1201

1608
1403

Type of Electrolyte
continuous

Ifor 60 min) (for 30 min)

X
X
X

X

X
X
X
X

X
X

X

X
X

Injection
pulse pseudorandom

X
X
X
X
X
X
X
X
X
X
X

X
X

X

X
X
X

X
X

X

X
X

X
X

X

as a low-pass filter, strongly attenuating excitation frequencies

higher than *\» 0.05 Hz. Nevertheless, Fig. 4 shows that the cross-

power spectral density calculational procedure extracts a

reasonable amount of correlated information (i.e., the output

signal is causally relatable to the input signal) at frequencies

up to perhaps 0.15 Hz.

Figure 5f which shows the variation of salt transit

time (inversely related to transport velocity) as a function of

the frequency of excitation, was derived from the phase portion

of the cross-power spectrum. By analogy to the field of optics,

this plot might be termed a "dispersion function"; it shows that,

functionally, the outlet plenum cannot be considered simply as

a holdup (transport lag) device except at the higher frequencies

(> 0.12 Hz) where the transport time is almost independent of
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frequency. If enough signal were available experimentally at

these higher frequencies where channeled transport predeomin-

ates over fluid mixing, triangulation analysis of such select

data would probably yield a superior estimate of the location

of a failure. Unfortunately, as illustrated by Fig. 3, most of

the information contained in the outlet pipe signals is

traceable to mixing effects rather than to preferential

channeled transport, and triangulation at frequencies higher

than the third harmonic (0.01429 Hz) was not possible with the

data from these HCM tests.

Figures 6 and 7 illustrate, in perhaps the most readily

understandable format, the end results of the locational accuracy

experiments. These figures are mappings of the triangulation

data (combined vectorially so as to yield estimated electrolyte

injection positions) suitably scaled and superimposed on the HCM

core map for comparison. The hexagons show the true subassembly

positions, and the dots the positions that would be estimated

from the data, assuming flow symmetry. The position estimates

of Fig. 6 were derived from the relative concentrations of salt

detected at the three coolant outlets, and the position esti-

mates of Fig. 7 were derived from relative salt arrival times;

in both figures the analysis was performed at a single frequency,

0.004762 Hz (the first harmonic of the PRBS). The overall

normalization of both curves was derived by minimizing the

deviation between the indicated and true positions at the three

selected symmetric injection positions (HCM driver positions

1506, 2506, and 3506).

Figures 8 and 9 show the results from an,identical

analysis at a higher frequency (the third harmonic of the PRPS,

0.01429 Hz); these results are quite similar to those in Figs. 6

and 7. From these mappings, we see no clear indication of

superiority of either the amplitude or the arrival-time analysis

methods, since both yield some false indications of position

(locations 1503 and 1605, for example)as well as correct indica-

tions for an assumption of flow symmetry.
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Since the HCM, like the FFTF, has a nominal symmetry

of 120 in the core outlet plenum region, we did not under-

stand these false position inferences (indicative of asymmetric

flow) and queried the HCM staff for their explanations. Their

response was that the only significant departures from 120°

symmetry in the HCM were four closed (zero flow) core ducts at

positions 1202, 1406, 3406, and 3610 and abnormally high flows

(130% of adjacent ducts) at positions 2202 and 2406. Positions

1202 and 1406 are sufficiently close to the core region where

the anomalous indications were noted that this explanation for

the observed localized flow perturbations is plausible, but we

have no further data to indicate whether or not such asymmetry

should be considered typical of FFTF or CRBR outlet plenum

flow patterns.

3.3 Tentative Conclusions

Although these experimental results are subject to

refinement and are the product of applying only one of several

complementary data processing techniques that will eventually

be applied to the recorded raw data, we believe that the high

statistical coherence among the signals confirms the work-

ability of the basic triangulation concept, which was a primary

objective of these tests.

However, the accuracy to which an "unknown" position

of salt injection could be determined in the HCM by the tri-

angulation technique was mildly disappointing, at least in

the absence of point-by-point calibration data that would aid

in correcting for outlet plenum flow asymmetries. Test data

examined thus far indicate that if point-by-point calibration

is judged impractical and consequently ilow symmetry must be

assumed, then there is only an ^ 50% probability that the true

position of the leaking element would be within a ring whose

radius is one subassembly surrounding the element's indicated

position (i.e., there would be an uncertainty of 7 subassemblies)
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Similarly, there is an ^ 90% probability that the position

determination is accurate within a ring whose radius is two

subassemblies (i,e.r an uncertainty of 19 subassemblies).

Owing to the systematic nature of the deviations from symmetry,

we believe it likely that if a reasonably detailed in situ

calibration can be performed then isolation of the failed

element to within three or four suspect subassemblies would be

possible.

At least three questions remain to be explored:

(1) Was the asymmetry observed in this experiment prototypic of

the full-scale FFTF hydraulic design, or was it merely an

idiosyncrasy of the HCM internal configuration made available

to us? (2) Are CRBR outlet plenum hydraulic characteristics

likely to be different from FFTF characteristics, and if so,

in what way? (3) Is point-by-point in situ calibration tech-

nically and economically feasible for FFTF and/or CRBR

implementation?

4. DIRECTIONS OF FUTURE WORK

Since the Demonstration Plant is not yet committed

to any specific failed-fuel location concept, there is both an

incentive and an opportunity to develop a DNT failed-fuel

location system for this plant. The FFTF, although committed

to the gas tagging method (at least for the first 5 cores),

might prove to be an ideal facility for an engineering

demonstration of a prototypic DNT system for the CRBR, owing

to the similarity of their designs and the presently estimated

5-yr difference in target dates for full-power operation.

However, the utility of the FFTF for engineering demonstration

will depend to a great extent on the operating philosophy

ultimately adopted for that plant, since/ as discussed in

Sect. 1, present policy requires immediate removal of all leaking

pins (most likely this would mean that;"-iâ pinho.a,e gas-leaking

stage of failure would never be exceeded, and thus no delayed-

neutron precursors would ever be released to the coolant). Even
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if present FFTF policy is not altered, it may be possible to

introduce (for a short time) a test subassembly containing

one or more fuel pins having controlled cladding defects, and

thereby effect a performance test of the DNT method under

realistic conditions.

Regardless of the role played by the FFTF, our

present plans for development of a DNT system for the CRBR

call for work in two areas: (1) development of a data processing

and decision-maIcing logic system prototype, and (2) execution

of a more ambitious set of flow distribution experiments in the

HCM upon completion of the adaptation of that facility

(already in progress) to Demonstration Plant hydraulic speci-

fications. The main goal of the new HCM experiments will be

to study the problems introduced by multiple (both simultaneous

and sequential) leaking subassemblies and the sensitivity of

flow patterns to changes in coolant flow rate and temperature,

in addition to the similarities and differences between FFTF

and CRBR outlet plenum characteristics.
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DISCUSSION ON PAPER BY KRYTER

K0L3: You were showing the spectrum of input signal; where

was this concentration taken? Was it taken from the place

near injection or from the valve position?

KRYTER: The latter is correct. I wish it could have been

from an actual concentration. It was taken from the valve

position which is certainly less than satisfactory, but I have

no reason to believe that from the very low frequency results

we got here, there will be any fundamental difference. it

would be preferable to measure the actual concentration but

the instrumentation did not exist. We had to take what was

available.

KOLB: Do you think that the actual signal with faulty fuel

would exhibit natural fluctuations for your detection system?

In looking into the accuracy of your method, do you have any

idea of release fluctuation with an actual fuel failure or do

you think that you will go with the normal power fluctuations?

KRYTER: That is a good point and it is not obvious when

you think about it. If you are talking about doing correlation

type of analysis, the completely steady-state type of release

will not work. One can do this same sort of thing with the

actual steady-state levels at the individual detector stations

but we feal that it is less satisfactory because of the cali-

bration c? if faculties. You have to have a very high accuracy

of calibration at each of the detector stations to try to

make anything out of dc levels. But in looking at very low

frequency ac this problem tends to go away. The question becomes

to what degree does the failure fluctuate. This is extremely

difficult to predict. Evidence of a burping sort of behaviour
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from r.BR II and some UK reports show that most releases do not

tend to be steady-state.

ENGLISH: Do you think by going to a larger geometry the FFTF

will be better or worse with the longer delay time? Would that

improve things?

KFYTER: it probably would not mak& any difference in the

sense of getting the decay between the time that the precussors

leave the core and the time that they arrive at the outlet. This

has no effect other than to cut down the total counting rate.

There is a question of larger scale-up of a factor of four which

may make a lot of difference in terms of actual hydraulic

behaviour. But the flows are supposed to be that much higher anyway

so that, except for the factor of three in the transit time, I

don't expect any great differences. I would be very leery,though,

about trying to use a mock-up as small as this for final cali-

brational purposes on such a device. I think that has to be done

in the final situation. I think this test is nothing more than

proof of principle.

GOOVI1VGS: it seems to me that there are two sources of error

in this experiment, namely that caused by handling the data and

that caused by flow fluctuations. Have you tried to sort out

these two sources?

KRYTER; Handling the data in what sense?

GOOD INGS; in the sense, for example, of establishing when the

pulse starts.

KRYTER: Of course that is not available in the final analysis,

but I do not need, it for this analysis.
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CODINGS; But you end up with certain errors in predicting

the position of the injection; is it possible to sort this out

from your data? What contribution is being made by the fluc-

tuations in flow?

•:?YTER: None that I know of. The only way I have of evalua-

ting is to make a plot, as I did here, knowing where i made the

injection and then showing my prediction. Of course, I have

statistical error estimates available for the quantities that I

do calculate, i.e. the correlation function and the cross

spectral density function. By a propagation of error formula

I can extend this to get some kind of position error. But I

have not done it. It is possible but I think it is pretty in-

direct. I do not think that it is fair to say that the data

processing itself introduces any error.

'-/£"•CODINGS: No, I am not saying that the data processing in-

troduces the errors; I mean the data acquisition, the measure-

ment of the data aid the noise on the data for example.

KP.YTER: That is a matter of how much time I wish to spend

taking data. The signal to noise is entirely dependent on that.

For these particular data, the error is about 0.1 % because I

had a very nice signal.

GOODINGS: That is so small that it would not make appreciable

error in the estimation of the position of injection.

KRYTER: No, not in this data but it certainly would for the

real system and hence the need to do a correlation. I think in

the paper I used a time such that my error on the cross spectral

density or the correlation function would be 10% of the value.

That ir what I chosa as being sufficient, but it was strictly a

guess as to what is going to be required. Certainly one has to
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ultimately fold that into the position error. But I do not

think that that problem is in the data that I shov/ed.

TURCOTTE: This system reminds me of some systens we have seen

in Canada. I think that the very first failure you yet, your

system is going to have a decent crack at it. If you do not

shut down right away and pull out that defect, and if you

accumulate a few of them, you are going to lose the system.

When defects begin to happen in four or five places at once

you will get all kinds of combinations between many signals,and

interpretation is going to be very tough.

KRYTER: This is a very good point, one I should have brought

up. Of course it gets you into the question of operating

philosophy but other techniques, such as the gas tagging, also

suffer from the multiple failure problem. You are quite right.

If you cannot locate the position of the first one with a great

degree of accuracy the second one will be much more difficult.

We tried to do a limited test for this but didn't do enough. I

want to do some more if we have another chance. We tried simul-

taneous injections; however we did not choose a good enough

signal-to-noise ratio and found that our data was rather muddled.

The few indications we obtained seemed to show that we got a

kind of geometrical-mean indication which, of course, was wrong.

We expect that the simultaneous failures are probably unlikely

but the sequential failures you are suggesting are quite likely.
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DISCUSSION ON PAPER 2,12 BY CASH

: What type of release do you see? Do you have a

short burst or do you have a persistent release of your tag for

a fairly long time?

CASH: This is something vie really do not know yet. A lot

will depend upon the philosophy under which we operate the

plant. In EBR II they found individual bubbles apparently

being released from the fuel pins. They operate basically

with the same philosophy that we will use, i.e. as soon as we

have a detectable amount of gas released, we will shut down.

We have imposed upon reactor operation the criterion that if

the signal and noise from our Ge detector is below a certain

value the reactor will continue at steady-state operation

until we have taken at least two trap samples with our gas tag

sampling system at a maximum time of five hours. If there is

a failure, for instance at 200 MW, one would continue to

operate at that level until we had gathered our tag samples,

then one could go into the automatic shutdown. We will not

scram the reactor from this gas sample and probably not scram

the reactor if we had a delayed neutron signal. Our DN circuit

is not hooked into the plant protective system* Gas releases

that typically occur in EBR II are, for the smallest failure,

something like 2 +2.5 cc of gas. Basically they shut down

the reactor on this type of signal. We do not expect a burst

where all the gas (i.e. 100 cc) in the fuel pin will come out

in a few seconds.
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1. INTRODUCTION

This paper describes the monitoring equipment used

in detecting and locating fuel failures in the Prototype Fast

Reactor at Dounreay, Scotland. The system operates by de-

tecting delayed neutrons in coolant samples which are taken

<at the core outlet and the primary heat exchangers. A

subsidiary system is used for monitoring fission product gas

release which is accumulated in the reactor gas blanket or

transported in the core outlet coolant samples.

2. GENERAL DESCRIPTION

The core outlet monitoring is termed the "Bulk and

Location" system and samples are taken via a selector valve to

delay chambers situated outside the biological shield. A

sample from a particular fuel channel can be selected at the

valve and monitored separately for the location of fuel failures

while the remaining channels are monitored as a bulk sample.

The "Bulk" system is completely independent of the

Bulk and Location system and takes coolant samples from the

primary heat exchangers.

The two bulk delay volumes are each surrounded by

36 BF3 neutron detectors which are connected in groups of 6 to

a head amplifier with two groups of 6 forming one channel. The .

location delay volume has 12 counters again in groups of 6 per

head amplifier.

The main feature of each system is a thimble which

houses the pumps, sodium loops and instruments. The thimbles

are located in penetration? in the vault roof and extend down-

wards to below the pool sodium level.

The equipment was detail-designed and manufactured by

the General Electric Company and installation at site is nearly

complete. Sodium has been circulating through the bulk system

for 6 months and installation of the Bulk and Location system

is progressing towards completion. The work outstanding being

associated with the incorporation of the gas sampling facility.
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3. BULK AND LOCATION SYSTEM

A coolant sample is taken from each of 186 fuel channels

through small bore tubes running down through the core, core

support and back up to the vault roof penetration liner. The

alternative to this route would involve suspending the pipes

from the rotating shield with a connection to the static tubes.

This connection on 186 pipes would have to be broken for fuel

handling and any subsequent leakage would be dilution of the

sample.

The sample take-off at the fuel element must allow for

the unimpeded removal of the element. This is achieved by

flooding the entrance to the sample pipe with a jet of coolant

from the side of the fuel element. The sample pipes run down

the guide tube and leaning post at the centre of a cluster of

fuel elements through the fuel element carriers to the pool

sodium below the core support structure (see figure 1).

Spigotted connections are required between the guide tube and

leaning post to facilitate the removal of the guide tube as

dictated by irradiation damage and between the fuel elements

carrier and the fixed pipes below the core support. The pipes

terminate at the roof penetration liner bottom plate and

selector valve assembly.

The position of the selector valve is dictated by the

requirement to have the bulk pump below sodium for priming and

to have the pump 10 ft below the sodium to prevent cavitation

under all operating conditions (see figure 2 for the Bulk and

Location thimble arrangement). The selector valve is in the

form of a cylinder with the sample parts round the bore. A

take-off pad moves round the cylinder to select the location

sample, the remaining 185 samples being taken by the bulk

system. The take-off pad is designed such that as it traverses

the valve parts the full flow is maintained in the pipes thus

avoiding delays in transit times.
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D.C. electro-magnetic pumps were selected for all the

loops because of the simplicity of design with no moving parts,

giving a high degree of reliability and no maintenance in a

hostile environment, A D.C, pump was preferred to an A.C. pump

to eliminate the need for good insulation at the high ambient

temperatures at which these pumps have to operate. The magnetic

field is formed by a permanent magnet and the current is sup-

plied by two large copper conductors. The disadvantage of the

D,C» pump is the very large currents needed to develop the head

and flows required in this application, e.g. 10,000 amps. This

high current requirement has led to problems in the design of

the conductors within the thimble where the ambient temperature

is above 400°C. After consideration oi several materials,

oxygen-free copper was chosen. In order to reduce the conductor

temperatures to a value where the creep of the copper is ac-

ceptable (the operating temperatures without cooling are above

500°C), means of cooling the conductors have been examined.

These have been rejected, in favour of cladding the entire

length of the copper with stainless steel in intimate contact,

designed to take all the loading off the conductors. Because

of the large size of the conductors, e.g. 4 in* diameter, it

has not been possible to obtain the copper bar in one length

for the conductor. Therefore tests were undertaken to develop

the correct brazing and inspection techniques for joining the

large copper bars and making up the cladding.

The relative expansion of the conductors has been

catered for by allowing the conductors to move upwards from

their lower support on the pump mounting plate, through guides

and through a bellows seal in the top plate of the thimble.

The Bulk and Location liner is nominally sealed from

the pool sodium. As the pump inlet pressure is significantly

lower than the pool sodium pressure, the level of the sodium

trapped between the thimble and the liner would be depressed

on start-up and with any seal leakage would allow argon into
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the pump duct, impairing the pump performance. To overcome

this an ejector is fitted in the sodium return leg, the throat

of which is connected to the interspace between the liner and

thimble, The ejector throat pressure is designed to maintain

the level of sodium in the interspace and to "swallow" the

argon from any seal leakage, A secondary function of the

ejector is to prime the location loop, To simplify the design,

the location pump is situated above the reactor sodium level

and is therefore not self priming. The location sample sodium

return is to the interspace between the drive shaft for the

selector valve and the thimble which is also connected to the

throat of the ejector. With the Bulk pump operating, the

pressure in this interspace is lowered unbalancing the pressure

at sodium inlet and outlet of the loop, causing the sodium

level to rise in the loop sufficiently to prime the location

pump.

The bulk sample chamber is an annular shape with the

single sample loop housed in the rotating shaft passing through

the centre. The coolant samples are directed by a series of

vertical baffles spaced around the annulus such that the

sample moves in an upward and then downward direction around

the full periphery. The sample is continuously monitored by

the BF3 counters spaced around the sampling chamber. As the

sodium is extremely active, in the order of 50 m-Ci per cm3

and as the BP3 counters are sensitive to y - radiation there

is 9% in. of lead between the sample and the counters.

In between the lead and surrounding the counters there

is polythene to moderate the fast neutrons omitted from the

fission products in the sample. External to the polythene is

a further 4 in. of lead shielding to reduce the surface dose-

rate. The temperature of the counters is maintained below

80°C by natural circulation of air up the annulus between the

polythene and the inner lead shielding.

The location loop including the pump, flowmeter and

sample chamber are mounted in the shaft which drives the take-off
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pad round the selector valve. The valve cylinder bore is

stellited and also serves as the bottom bearing for the drive

shaft, The drive shaft has two stellited pads which are

equi-spaced with the take-off pad which is spring loaded to

prevent siezure. The drive shaft rotates continuously at 1 rev/

h and a faster speed of 6 rev/h is available for a quick scan

or moving quickly to a particular fuel element. The location

sample delay volume at the neutron detectors is in the form of

a coil to prevent mixing and stale coolant. The coil along

with the pump and flowmeter are situated in a hollow section

of the drive shaft above the vault roof. A slip ring is mounted

at the top end of the drive shaft for the location system pump

electrical supplies and instrument signals.

A tube with the end blanked off to maintain secondary

containment passes along the centre of the drive shaft through

the location sample coil to the bulk chamber. This provides a

means of entering a neutron source to the centre of the sample

delay volumes during commissioning and periodic checks on the

system sensitivity.

Both the bulk and location loops are trace heated on

the sections above and through the vault roof. Thermocouples

are situated at strategic points in the thimble. The signals

from the neutron detectors, flowmeter, thermocouples and leak

detectors are fed to the p.R.E. (data feduction equipment).

The treatment and presentation of this data is described in de-

tail in a paper by Mr. D. Hodgson (ref.1). The efro. pumps

are controlled from a panel in the reactor hall and the scan-

ning speed and valve position can also be controlled in the

reactor hall or at the control room by means of magslip posi-

tional indication equipment.
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4. BULK SYSTEM

The Bulk system is similar in many respects to the Bulk

and Location system but without the location loop an'd associated

selector valve and drive shaft. The coolant sample- taken at

each of the six primary heat exchangers is piped round the

reactor jacket to the penetration liner bottom plate. The

thimble (fig. 3) engages the six sample pipes and these pipes

pass through the e.m. pump and remain at individual channels un-

til they enter a common sample chamber. There is a flowmeter

to each of the six channels. The sample chamber is a cylindrical

vessel with the pipes entering at the bottom and leaving by a

single pipe from the top returning the coolant to the reactcr

pool.

The BF3 neutron counters are situated around the

sample chamber and the signals from the counters amplified and

processed in an identical manner to that of the Bulk of the

Bulk and Location system.

5. THIMBLE MAINTENANCE

The thimble is designed for the life of the reactor

and no maintenance is required. However if at any time it is

necessary to undertake inspection or repair of the loops and

pumps the entire thimble can be removed from the reactor

penetration. This involves first removing the shielding con-

taining the BF3 counters and then flasking the thimble and

transferring it to the decontamination and active maintenance

facility.

6. FISSION PRODUCT GAS MONITORING

Fission product gases are removed from the location

coolant sample as it leaves the loop in the gas space round the

drive shaft. This is done by mixing argon with the coolant and

then removing the gases including the fission product gases.
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The argon then serves as transport media for achieving the

desired transit time to the precipitator.

To prevent the accumulation of oxides, caused by

small quantities of oxygen and moisture occurring in normal

argon supplied and reacting with sodium over a prolonged

period, the gas is taken from the reactor gas blanket surge

tanks • The surge tanks ensure a delay and reduce the back-

ground activity of the blanket gas to acceptable levels.

The argon and fission product gases pass through a

raschig ring column to remove the sodium vapour followed by an

absolute filter to remove any remaining sodium aerosols prior

to entering the precipitator. The pipes up to and including

the raschig ring column are trace heated to controlled tempera-

ture conditions.

The gas flow control is achieved by a thermal mass

flowmeter and control valve in each of the lines to and from

the mixer/stripper unit in the location loop. A higher flow is

injected into the system than is removed through the precipitator,

the excess being taken by the ejector in the bulk loop. This

system achieves two ends:

1) Precise control of the flowrate and therefore transit

time to the precipitator.

2) Control of the sodium level round the drive shaft at

or below the ejector throat tapping, ensuring that

the gas stripping unit is not flooded.

The gas is monitored by a precipitator chamber, the

walls of which are at a 3KV potential with respect to a wire

passing through the centre of the chamber. Fission products are

collected on the wire over a period and then the wire is driven

to the monitoring position adjacent to the chamber. This con-

sists of a phosphor and photo-multiplier detecting beta particles.

The system is controlled from the reactor hall at a

panel situated local to the equipment. The fission product



- 374 -

information from the precipitator is also processed and

presented in the reactor hall.

7. TABLE OF PARAMETERS

PARAMETER

°c
litres/rain

lb f/in2 ABS

lbs f/in2

litres

in.

in.

in.

in.

mr/h

counts/s

s

s

%

Bulk
(only)

430

113

5
26

6,5

12

29

9

6

4

150

0.2

900

25

1.8

50

BULK &
Bulk

430

585

5

28

15

12

35

9h
6

4

150

0.14

1,600

17

1.3

50

LOCATION
Location

430

3

5

7

0.28

12

23%

6*6

7

4

100

0.24

80

23

5

50

B.C.D. operating temp, (core inlet)

E.M. pump flow

Minumum pump inlet pressure

B.P.D. circuit pressure drop

Sample chamber volume

No. of BF3 counters per channel

Counter P.CD.

Lead thickness (source to counter)

Polythene thickness

Lead external to polythene

Oose rate on counters

Counting efficiency

Background count rate

Transit time of sample

Hold-up time in sampling chambers

Mixing of sample with other coolant
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SUMMATION

by

Dr. A.E. Souch

Dr. Pearson asked me at noon to give my imprassions

of the conference and I don't know whether it was because

I had said too little at the meetings or too much outside.

First and foremost, my impression is the very

favourable one of having received a very warm and genuine

welcome from our Canadian hosts. I am sure all the other

visitors to the country will join me in expressing our

gratitude for the large amount of effort put into making

this meeting a success.

To turn to the presentations and the topics covered,

I do not think that it would be too profitable to go into

detailed reviews. There appears to be no shortage of good

ideas and worthwhile work being done. On in-core detectors,

I am indeed very impressed by the detailed thinking about the

basic behaviour of self-powered detectors which augers very

well for their future, very widespread, use in reactors. On

failed fuel location, if detector science is not advancing at

the same rate, at least the handling and assessment of the

data is being thoroughly examined and the use of Ge(Li)

detectors will stretch the operators ability to extract and

absorb the information.

The real crunch points to this meeting, however,

were not those of the viability of particular detector tech-

niques but much more of their applicability. As a representa-

tive of a utility, albeit a research man, I felt quite at home

to hear the various Canadian factions putting forward their

points of view. Of course they are all correct - everyone of
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them is right - and the real question is "What technical

compromise does one reach to achieve individual aims?"

This is where these two topics must be identifier*

in terms of objectives. The essential thing is, I think,

that the plant must be operated safely, economically and

reliably. So far as safety is concerned, there are adequate

pressures on us all to ensure that enough attention will be

paid. Plant reliability is another question entirely and

here the real conflict comes (if I may be allowed to grossly

oversimplify) between the operator who equates it with

minimum interference and the researcher who wants maximum

information. Even economics is a part of this argument since

the capital cost of instrumentation systems is really quite

low and the real cost comes from manpower to maintain the

equipment and absorb the information it produces. What we

ask from in-core detectors and failed fuel detectors must be

based upon that line of thinking.

I think that We are trying to reduce our uncertainty

margins and hence predict plant performance more correctly.

Both of these are concerned with fuel and this field, more

than any other, lacks physical, chemical and metallurgical

understanding so our dependence upon the sparse statistical

evidence from the quite large scale of fuel testing in early

plant operation is vital. While we are in this phase we must

have maximum information while later we may be able to relax

if we can guarantee continued good fuel, operated to the same

limits.

The identification of the moment of going from

heavy reliance on these systems {.these techniques) to working

with the minimum would be a very good topic to debate.

My other main iriipression from this meeting is how

the reactor type dominates the practice. This has been

particularly true in the case of failed fuel and I hope that I

may be allowed to congratulate my Canadian colleagues on their
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great foresight (or good fortune) in choosing a reactor style

which apparently provides no real problems in circuit

activityI If I had to make a choice for the UK today, this

factor would be very high on my list. I think that this

meeting has been extremely valuable if we all go away realising

that our use of terms like in-core detectors and failed fuel

detectors is very heavily biased philosophically by the reactor

type we are working with. If nothing else this will ensure

that we must always keep in our minds the question of why we

do things as well as what we are doing. This will ensure that

these meetings will continue to be necessary and I aia looking

forward to the next one, wherever that may be.

In conclusion, may I thank the organizers of this

meeting both for ensuring the high technical content of the

contributions and for organizing the discussion in a way that

enabled us to get to know each others points of view, I should

also like to add my personal appreciation for the very generous

hospitality and kindness extended to us during this time by

AECL and the Canadian Nuclear Association.
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