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Resume

Depuis le démarrage du premier réacteur SLOWPOKE dans les Laboratoires
nucléaires de Chalk River en 1970, six réacteurs de recherche SLOWPOKE-2
ont été installés ailleurs au Canada et un septième est en voie d'instal-
lation en Jamaïque. Conçu principalement pour les analyses par activation
neutronique, le SLOWPOKE de 20 kW produit un flux de neutrons thermiques
de 10i2 n.cnr^s"' dans cinq alvéoles destinées aux échantillons situées
dans un réflecteur en béryllium entourant le coeur du réacteur. Il y a
cinq autres alvéoles dans le réflecteur rempli d'eau situé ä l'extérieur
du réflecteur en béryllium.

Le SLOWPOKE a d'excellentes propriétés en matière de sécurité provenant
de la température négative et des coefficients de vide du coeur, d'une
réactivitê maximale limitée et de l'accès interdit au coeur par les
utilisateurs. Il en résulte que le réacteur n'a pas besoin d'un système
d'arrêt automatique, de chambres d'ionisation de neutrons ou d'instruments
de démarrage â faible puissance. Le contrôle automatique est actionné par
une seule barre absorbante mue par moteur qui répond ä un détecteur de
neutrons 3 alimentation propre. Une fois en marche, le SLOWPOKE est
autorisé a fonctionner sans surveillance directe mais il est télécommandé
pour des périodes allant jusqu'3 24 heures.

Parce que le SLOWPOKE est simple et sOr, ses utilisateurs peuvent être
autorisés a le faire fonctionner sans formation formelle en technologie
des réacteurs. Ils doivent naturellement être pleinement qualifiés en
matière de radioprotection. Les utilisateurs de ce réacteur n'ont pas
accès au coeur et ils n'ont pas l'autorisation de stocker du combustible
fait d'uranium enrichi sur le site du réacteur.

Les travaux actuellement effectués dans les Laboratoires nucléaires de
Chalk River ont pour but de convertir les futurs réacteurs SLOWPOKE a
un combustible faiblement enrichi pour répondre â l'objectif international
qui est d'empêcher le détournement possible et le mauvais emploi de
l'uranium hautement enrichi. La faisabilité d'accroître la puissance du
SLOWPOKE jusqu'à 2 MWt pour chauffer les bâtiments est également étudiée.

*Présenté au Symposium international sur l'emploi et le développement de
réacteurs de recherche a faible et moyen flux, 17 - 19 octobre 1983,
Massachusetts Institute of Technology, Cambridge, Massachusetts, U.S.A.
parrainé par: Nuclear Reactor Laboratory, MIT, American Physical Society,
Institute of Electrical and Electronics Engineers, American Nuclear
"Society et U.S. Department of Energy.

**Société radiochimique
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ABSTRACT

Since the startup of the first SLOWPOKE reactor at the Chalk River Nuclear
Laboratories in 1970, six SLOWPOKE-2 research reactors have been installed at
other locations in Canada and a seventh is nearing completion in Jamaica.
Designed mainly for neutron activation analysis, the 20 kW SLOWPOKE produces
a thermal neutron flux of 1012 n-cm~2s~l at five sample sites in a beryllium
reflector surrounding the core. There are an additional five sites in the
water reflector outside the beryllium.

It has a high degree of inherent safety, arising from the negative
temperature and void coefficients of the core, limited maximum excess
reactivity, and restricted access to the core by users. As a result the
reactor does not require an automatic shutdown system, neutron lonization
chambers or low power startup instruments. Automatic control is exercised by
a single motor-driven absorber rod responding to a self-powered neutron
detector. Once operating, the reactor is licensed to be left unattended, but
remotely monitored, for periods up to 24 hours-

Because the reactor is so simple and safe, users of the facility can be
licensed as operators without formal training in reactor technology. They
must, of course, be fully qualified in radiation protection procedures.
Reactor users do not have access to the core and are not permitted to store
enriched uranium fuel at the reactor site.

Present work at the Chalk River Nuclear Laboratories is directed toward the
conversion of future SLOWPOKE reactors to low—enriched fuel, in support of an
international effort to prevent the 'ossible diversion and misuse of highly-
enriched uranium. The feasibility of uprating SLOWPOKE to 2 MWt for heating
buildings is also being studied.

*Fresented at the International Symposium on the Use and Development of Low and
Medium Flux Research Reactors, 1983 October 17 - 19, Massachusetts Institute
of Technology, Cambridge, Massachusetts, U.S.A., sponsored by the Nuclear
Reactor Laboratory, MIT, American Physical Society, Institute of Electrical
and Electronics Engineers, American Nuclear Society and U.S. Department
of Energy.

k*Radiochemical Company

Reactor Physics Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0
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SLOWPOKE: The First Decade and Beyond

1. Introduction

SLOWPOKE is an acronym for Safe Low Power Critical (K) Experiment. The reactor
was designed as a thermal neutron source, for isotope production and neutron
activation analysis at universities, hospitals and research institutes. In
recent years, however, its use as a dedicated facility for trace element
analysis has become increasingly important. Low cost, inherent safety and
simplicity of operation were primary considerations. Its thermal neutron flux
(1012 n-cm~2s-l) ±s greater than the fluxes produced by small accelerators and
radioactive sources, but less than those available from large multi-purpose
research reactors. In practice, the neutron flux has been found to be
sufficient for a wide range of applications. Samples can be conveniently
irradiated in the 10 sample sites surrounding the core without elaborate
precautions to prevent sample damage. The reactor relies upon the negative
temperature and void coefficients as the primary safety mechanisms and has no
other automatic safety devices. Because of its inherent safety it has been
licensed by the Atomic Energy Control Board (AECB) to operate for 24 hours or
less without an operator at the reactor site. Instrument signals are remotely
monitored by non-technical personnel, and a licensed operator is always on call
to respond to alarms.

A chronology of SLOWPOKE reactors is given in Table 1. The six operating
reactors are identical in design and have now accumulated 40 reactor-years of
experience. They were all built by Atomic Energy of Canada Limited (AECL) and
licensed by the AECB. This latter body is an independent regulatory agency of
the Canadian government.

2. Reactor Design Features

SL0WP0KE-1 and SL0WP0KE-2 have been described previouslyC1»2). Figures 1
and 2 show the SL0WP0KE-2 reactor and Table 2 is a summary of the essential
design specifications. The reactor container is designed to be water tight, in
order to separate the coolant-moderator water from the pool water. Figure 3
shows how the core is cooled by natural convection. Heat from the coolant
passes through the wall of the container to the pool and is then removed from
the pool water by means of a cooling coil connected to the local water supply.

The beryllium metal reflector serves two important functions. As an efficient
reflector of neutrons it results in a low critical mass and a high ratio of
thermal neutron flux to fission power. As a moderator of fast neutrons leaking
from the core, it provides a high thermal flux at sample sites located in the
reflector. Since there is no need for sample tubes penetrating the fuel
region, the core can be designed as a compact integral assembly of uniformly
spaced fuel elements. The assembled core is 22 cm in diameter by 22 cm in
height.
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The top beryllium reflector consists of thin semi-circular plates that are
added at intervals of 6 months to 1 year to compensate for long term reactivity
changes. This operation is very simple and can be accomplished within a few
hours. When the accumulation cf beryllium plates is 10 cm thick, the core is
replaced.

The core of the SLOWPOKE reactor is designed to have negative temperature and
void coefficients of reactivity, so that heating or boiling of the coolant-
moderator causes the reactivity to decrease. A consequence of this self-
regulating characteristic is an upper limit on equilibrium power equal to the
heat removal capacity of the cooling system. If the cooling system is turned
off the reactor power will slowly decrease to a level equal to the total heat
leakage to the surroundings. A more important consequence of the negative
temperature and void coefficients is the inherent protection against reactivity
transients caused by loss-of-regulation. The reactor is designed so that the
power and temperature transients, resulting from the most severe reactivity
transients, are safely limited by the rapid increase in coolant temperature and
the production of steam bubbles.

The maximum excess reactivity is established by the initial fuel loading and
the initial thickness of the beryllium top reflector. The excess reactivity is
conservatively limited to 0.0034 ̂ k/k. The reactor container is bolted
and sealed so that the user is physically prevented from making any changes
that could increase the excess reactivity.

The reactor neutron flux is controlled by a cadmium absorber rod which moves
along the central axis of the core through a hole in the top reflector. The
control rod is suspended by a cable which passes around a motor driven drum,
and the motor responds automatically to a signal from a self-powered neutron
detector. If a fault develops in the automatic regulating system, the reactor
can be shut down manually by inserting cadmium-filled capsules in one or more
of the irradiation sites. Reactor start-up is completely automatic and takes
about 2 minutes. No ionization chambers or neutron counters are used to
monitor neutron flux during start-up, before the self-powered neutron detector
comes on scale. The automatic control system maintains the neutron flux
constant to within +1%.

SL0WP0KE-2 has five sample sites in the beryllium side reflector and five more
sites in the water surrounding the side reflector. Irradiation capsules are
transferred to and from the reactor in tubes extending from the loading station
to the sample site. Compressed gas propels the capsules at a speed of about
10 m's"~ . The sample station consists of an irradiation timer, loading breech
and lead-shielded receiving station. Sending and receiving stations may be
located in the reactor room, in adjacent laboratories or up to 100 m away on
other floor levels. Sending and receiving stations may also be separated.

The automatic control system maintains a highly reproducible neutron flux at
irradiation sites because the self-powered neutron detector which controls
reactor power is located in the beryllium side reflector. As a result, it is
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often unnecessary to irradiate standard samples for purposes of flux monitoring
during a series of similar irradiations.

3. Reactor Safety

The underlying safety philosophy is based on a clearly defined division of
responsibility. The licensed operator is responsible for the safe operation of
the reactor, and for the safe handling of radioactive material in irradiated
samples, ion exchange resins and purged gases from the reactor container. The
licensed maintainer is responsible for periodic reactivity adjustments, fuel
replacement and all repairs to the reactor control system. No fuel is stored
at the reactor site.

The reactor owner/operator responsible for daily operation does not have access
to the sealed vessel containing the reactor. Only the licensed maintainer is
permitted to open the reactor container to make periodic reactivity additions by
adding beryllium plates to the top reflector. This procedure is carried out
while the reactor is critical, but at a low power level. The licensed
maintainer for all six reactors is an AECL engineer based in Ottawa.

Three gamma radiation monitors are installed in the reactor room. One monitor
is located just above the pool water surface and another on the reactor room
ceiling. These will alarm on abnormally high reactor power or leakage of pool
shielding water and are continuously monitored at a local emergency centre such
as a police station. A third gamma monitor mounted near the reactor water
purification ion exchange column gives early indication if fission products
escape from defective fuel. Gamma radiation monitors are also located at each
sample receiving station.

The maximum excess reactivity has been defined to be 0.0034 5 k/k, and it is a
license requirement that this limit never be exceeded. The value was
arbitrarily chosen to be one half of the maximum excess reactivity inserted
during transient tests carried out at the Chalk River Nuclear Laboratories
(CRNL) in 1970(3). Although no damage to fuel was observed following
those tests a safety factor of two was proposed. Subsequent analysis of the
transient test results indicates that ~0.010 5k/k is the maximum instantaneous
increase in reactivity that could be sustained without risk of fuel damage.

Loss-of-regulation has occurred twice in SLOWPOKE reactors. At the University
of Toronto in 1977 an electrical fault caused full withdrawal of the cadmium
absorber rod. The fault happened during an overnight irradiation of samples,
when no operator was at the reactor site. The reactor supervisor was summoned
from his home by the University Emergency Centre. On arrival at the site he
observed that a power transient had occurred, but the record chart indicated
that the regulating system had recovered and the power was being controlled at
its normal level. He verified that no hazard existed and no equipment had been
damaged. Subsequent investigation revealed a faulty power supply for the flux
detector amplifier which provides a control signal for the cadmium absorber
rod. A zero signal causes full withdrawal of the absorber rod. Although the
reactor responded as expected and there was no hazard or. damage, it was decided
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to modify the electronic circuitry in future SLOWPOKE reactors to prevent
loss-of-regulation caused by a zero flux detector signal. With this
modification, if for any reason the absorber rod travels continuously out of
the reactor core for more than 3 seconds, an override circuit reverses the motor
driving the absorber rod, and the reactor shuts down. A warning light indicates
that this event has taken place and an operator must be present to restart the
reactor.

A second loss~of-regulation occurred in 1981 at the Saskatchewan Research
Council when a transistor failed in the regulating circuit. Because the above
modification was in place at this facility, the reactor shut down without going
through a power transient.

We have concluded that remote monitoring of an unattended reactor is both safe
and practical. This conclusion is supported by the AECB. In fact it may be
preferable to have a research reactor monitored by a full time independent
agency, whose sole responsibility is to respond to every alarm by alerting the
appropriate emergency authority. Remote monitoring for fire and intrusion in
urban areas is well established. Our SLOWPOKE experience shows that radiation
can be monitored in a similar way by existing agencies.

4. Applications

Four of the six operating reactors are located at Canadian Universities
(Table 1). The others are at the Saskatchewan Research Council in Saskatoon
and AECL's Radiochemical Company in Ottawa. A new SLOWPOKE reactor has just
been installed at the University of the West Indies in Jamaica and it is
expected to be in operation by the end of 1983.

Since 1972 the four universities have produced approximately 800 technical
publications covering a broad range of applications. Table 3 shows the
diversity of research in all categories of basic and applied science.

The SLOWPOKE reactor can also be used for teaching nuclear engineering^).
Because of the reactor's inherent safety, administrative and operational
procedures are minimal. Students can learn the basic principles of a working
reactor without being overwhelmed by the complexity of a modern-nuclear power
plant. By measuring only three parameters, reactor power, control rod
position and coolant temperature, the following characteristics can be
studied:

- Reactor period.
- Control rod calibration.
- Reactor transfer function at low power and high power.
- Temperature and xenon coefficients of reactivity.
- Start up and shut-down transients.
- Reactivity worth of samples in irradiation sites.

As a tool for teaching radiological protection, SLOWPOKE is a typical source
of radiation and radioactivity. Students can learn how to carry out a
radiation survey in the reactor room, analyze the cooling water for
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radionuclides, sample the gas at the top of the container and safely dispose
of low level waste. They can also produce small quantities of short-lived
radionuclides for experiments and demonstrations.

The reactors at the Saskatchewan Research Council (SRC) and the AECL
Radiochemical Company (AECL-RCC) are used primarily for commercial neutron
activation analysis. At SRC the analysis of uranium for the mining industry
is the single most important service provided. The procedures for uranium
analysis are now so highly automated that it is possible to process as many as
300 samples per 8-hour day. For most samples an accuracy of +2% at 5 ppm
uranium content is easily attainable.

At AECL-RCC, in addition to uranium analysis, a very extensive neutron
activation analysis service based on gamma spectrometry is carried out.
Elements such as gold, arsenic and thorium are routinely measured as well as
multi-element analyses of geological ore samples, coal and environmental
substances. Because of SLOWPOKE's extremely stable neutron flux, samples may be
non-destructively measured in any matrix quickly and accurately with a minimum
of preparation. In conjunction with the SLOWPOKE-2 reactor, AECL-RCC has
developed pneumatic transfer equipment to allow automatic irradiation decay and
counting of many samples per day with minimum operator input.

5. Future Development

The nominal core life is 20 kWa, or in units of neutron fluence, 3 x lO1^ n*cm~2
at a sample site in the beryllium reflector. For the average SLOWPOKE reactor
at a university the useful core life is about 12 calendar years.

Core lifetime can be extended by adding more fuel elements. However, for safety
reasons the SLOWPOKE core is not designed to be modified in any way during its
lifetime. Therefore any increase in core loading must be made when the core is
first assembled during the initial start-up of the reactor.

A procedure for increasing the initial core loading and controlling the
additional reactivity is currently being studied at CRNL. The goal is to double
the core life by adding approximately 30 fuel elements to the core, thereby
increasing the initial 235y inventory from 820 g to approximately 300 g. A
relatively small increase in core loading yields a large increase in core
lifetime because the present reactivity compensation is mostly for the fission
product l^Sm, which is approaching equilibrium at the end of core life.
Additional reactivity compensation for an extended core life is at a much lower
rate, corresponding to the consumption of uranium and the production of
long-lived fission products other than l^Sm.

Full power operation is limited to about four hours per day because of a gradual
decrease in reactivity caused by xenon build-up and core temperature rise.
Experiments at the University of Toronto have shown that an auxiliary cooling
system will stabilize coolant temperatures and increase the daily operating time
by at least a factor of (̂ )
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As part of an international effort to reduce the ritk of nuclear weapons
proliferation, the possibility of using 20% enriched uranium instead of 93% has
been under consideration at CRNL since 1979. Since a SLOWPOKE core contains
less than 1 kg of highly enriched uranium and no additional fissile material is
stored at the reactor site, the proliferation risk is already very low.

It had been hoped that a uranium-silicide-aluminutn fuel proposed for the NRX
reactor at CRNL would also be suitable for SLOWPOKE. However, to adapt that
fuel material to the present SLOWPOKE reactor, assuming no increase in core
dimensions, would require a uranium concentration of at least 80 wt.%. Since
the maximum concentration achievable was 72 wt.%, other fuel materials were
considered. The most promising of these is a sintered uranium oxide fuel
pellet similar to those used in CANDU power reactors. The dimensions of the
fuel elements would be approximately the same as at present, but the sheath
material could be Zircaloy instead of aluminum.

Our goal is to demonstrate and license a low-enriched uranium core in a
Canadian reactor as soon as possible. To achieve that goal we are currently
using computer models to predict the steady-state and dynamic behaviour of the
reactor. We are also investigating the cost and availability of the required
materials for a prototype core. The schedule is still uncertain because the
most suitable reactor site has not yet been determined.

6. Increasing the Power for Heat Production

At several research laboratories the waste heat from nuclear reactors has been
recovered for heating local buildings. In Canada, for example, heat from the
WR-1 research reactor at AECL's Whiteshell Nuclear Research Establishment
is saving 3.3 million litres of heating oil per year. At the University of
Missouri, waste heat from a 10 MW research reactor is being used to heat an
adjacent storage building(^).

Recognizing the simplicity and reliability of the pool-type research reactor,
AECL is currently studying the feasibility of stiiaJl pool-type heating reactors
in the range 2-20 MWt('). Intended primarily for remote communities not
linked to an electric grid or natural gas pipeline, the initial strategy is to
develop a 2 MWt unit based on the SLOWPOKE research reactor. It is proposed
that the heating reactor incorporate the key technical features of the research
reactor: atmospheric pressure, natural convection cooling, beryllium
reflector, remote monitoring instead of an on-site operator, and a high degree
of inherent safety. As seen in Figure 4, the main difference is the presence
of two large heat exchangers in the pool, to accommodate the 100-fold increase
in heat production.

Depending on the results of the feasibility study, a 2 MWt prototype heating
reactor may be built at CRNL in 1984-85. After a period of demonstration as a
heat source for buildings, the prototype reactor could be modified to
demonstrate electricity production using a low-temperature organic Rankine
cycle engine. The ultimate aim is to develop a safe and economic low power
reactor for the 1990's.
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Table 1

Chronology of SLOWPOKE Reactors

SLOWPOKE-1 (Prototype)

F̂.PT. 1967 Initial SLOWPOKE proposal at Whiteshell Nuclear Research
Establishment.

MAY 1970 Start-up of prototype reactor at Chalk River Nuclear
Laboratories.

MAY 1971 Prototype reactor moved from Chalk River to the University
of Toronto.

SLOWPOKE-2 (Commercial)

MAY 1971 Installation of first commercial unit at AECL's Commercial
Products Division, Ottawa. Neutron activation analysis
started on a commercial basis.

MARCH 1976 SLOWPOKE-2 replaces SLOWPOKE-1 at the University of Toronto.

APRIL 1976 Installation at Ecole Polytechnique, University of Montreal.

JULY 1976 Installation at Dalhousie University, Halifax.

APRIL 1977 Installation at the University of Alberta, Edmonton.

MARCH 1981 Installation at the Saskatchewan Research Council, Saskatoon.

DECEMBER 1983 Installation at the University of the West Indies, Jamaica.

SLOWPOKE-3 (Heat)

APRIL 1977 Initial proposal at Chalk River Nuclear Laboratories.

NOVEMBER 1983 Completion of economic and technical feasibility study.

MARCH 1984 Decision to commit construction of a prototype reactor at
Chalk River or not.
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Table 2

Summary of Design Specifications for SL0WP0KE-2

Reactor

Pool diameter
Pool depth
Container diameter
Container height
Core diameter
Core height
No. of fuel elements
Fuel element diameter
U-enrichment
U—concentration In Al
Critical mass of 2 3 5U
Fission power
Fuel life

2.5 m
6.1 m
0.6 m
5.3 m
22 cm
22 cm
295
5.2 mm
93%
28 wt.%
820 g
20 kW
20 kWa

Irradiation Facilities

Inner site, s

Thermal flux
Diameter
Length
Volume

Outer sites,

Thermal flux
Diameter
Length
Volume

small capsules

1012 n«cm~2s~1

1.6 cm
5.4 cm
7 cm3

large capsules

5.8 x lOH n«cm~2s-1

2.9 cm
5.4 cm
27 cm3

Table 3

SLOWPOKE-Based Research at Canadian Universities

Technical Publications
1972-1982

Category Number

123
120
65

126
115
103
191

% of Total

14
14
8

15
14
12
23

Physical Sciences
Environmental Science
Archeology and Forensic
Science

Earth Science
Life Science
Medical Sciences
Industrial

TOTAL 843 100
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Figure 4: Proposed 2 MWt SLOWPOKE Heating Reactor
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