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the second sentence of the Introduction should read as follows
If,
for example, the present UK electricity demand of
250 TWhr/annum was entirely met by fusion reactors using steel as the
structural material then the rate of structural waste generation could be
around 10 t per annum.

FOREWORD

Nuclear fusion could soon become a viable energy source.

Work in

plasma physics, fusion technology and fusion safety is progressing
rapidly in a number of Member States and international collaboration
continues on work aiming at the demonstration of fusion power

generation.

Safety of fusion reactors and technological and radiological

aspects of waste management are important aspects in the development and
design of fusion machines.

In order to provide an international forum to

review and discuss the status and the progress made since 1983 in
programmes related to operational safety aspects of fusion reactors,
their waste management and decommissioning concepts, the IAEA had

organized the Technical Committee on "Fusion Reactor Safety" in Culham,
3-7 November 1986.

The Agency is grateful to the Government of the UK and the Culham

Laboratory for their hospitable and efficient arrangements.

This volume contains all papers presented at the meeting and the

summaries of the different workshop sessions.
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INTRODUCTION AND SUMMARY

Particular interest in the subject of fusion safety was first shown
by the Agency in 1971 at which time the organization established the

International Fusion Research Council (IFRC).
meeting in June 1971,

Already at its first

the IFRC recommended, inter alia, that the Agency

should co-ordinate information relevant to the development of fusion
power including such topics as fusion reactor hazards.

The subject of

fusion power and the environment continued to appear as an item on the
agenda of all subsequent IFRC meetings and the Agency organized, over the

past 12 years, various activities on this topic as feasible within the
constraints of available funds.

A first Technical Committee on Fusion

Safety was convened in 1981, the proceedings of which were published as
IAEA-TECDOC 277. A second specialized meeting on this subject was

convened in 1983 at the Ispra Research Centre of the CEC to gain
authoritative inputs for the elaboration of a status report on fusion
safety.

This "Fusion Safety Status Report" was published in 1986 as

IAEA-TECDOC-388.

The present meeting was the third in this series.

This meeting was hosted by the United Kingdom Atomic Energy
Authority (UKAEA) and convened at the Culham Laboratory, during the
period 3-7 November 1986. 64 experts attended the meeting, including 52
participants and observers from the following Member States:

Belgium

(1),

Canada (2), Denmark (1), Federal Republic of Germany (6), France

(3),

Italy (6), Japan (7), Netherlands (1), Sweden (3), United Kingdom

(17),
(2),

USA (5), and 12 experts from various groups of the CEC: Brussels
Ispra (3), JET-Team (5) and NET-Team (2).

The programme of the meeting comprised two major programme
elements:

the first five sessions of the meeting were devoted to the

presentation of various reports on the subject topic.

For the remaining

sessions, four sub-groups were formed to identify high priority research
and development issues in fusion safety and to discuss them in greater
depth.

The final plenary session was devoted to reports by the sub-group

chairmen.

This final plenary session was chaired by Mr. G. Haas,

Department of Energy, USA.

A total of 32 presentations were given under the following general
session healings:

"Statements on National/International Fusion -Safety

Proyra-nmes" j "Operation an-i System Safety"? "Waste Management and
Decommission ing" j "E ivironmental Impact".

The following experts acted as

chairnen of the respective paper presentation sessions:

Mr. R. Hancox,

T<> Mr. 3. Stasko, Canaia; Mrs. E. farming, Denmark; Mr. Y. Fujii-e,
Japan; Mr. G.P. Casini, CEC.

detailed discassions of nigh priority research and ievelopment needs
were held within four sub-groups which met in parallel and were chaired
by Messrs. Crocker, USA (Operational and Systems Safety), Rocco, CEC
(Wiite Maia-pment a.il Decommissioning), Gibson, UK (Environmental Impact)

and Djerassi., France (Puolic Perception of Fusion Safety).

Tne starting

point for these discussions was provided by the recommendations contained
in tne "Fusion Safety Status Report" (IAEA-TECOOC-388).

Most of the

issues identified there as carrying high research and development
priority were confirmed to be atill valid.

One issue that raised

partj-calar concern was the need for a clear definition of terms that are
widely used by the fusion commjnity but that do not carry consistent
meanings.

One of tne more important terms in this context was identified

to be the term "INHERENT SAFETY" and a strong desire was expressed for a
consistent definition of this term.

The participants were invited to visit the Joint European Torus
(JET) and associated experimental facilities.

This tour, which included

various detailed explanations of various experimental sub-systems such as
the "Boom", was organized by the Public Information Department of JET.

Conclusions and recommendations

The Technical Committee provided a

unique opportunity for discussing current fusion safety activities at an
international level.

Tne meeting demonstrated that the interest in

fusion safety grows as fusion technology studies are progressing.

It

appears that the interaction between work on system design and safety

will be much closer and more intense in fusion as compared to fission
owing to the wide range of design options that could be pursued.

It was generally recommended that the subject of fusion safety
receives continuous attention in the future and that another TC meeting
be convened in 1988, preferrably in the USA. In particular participants

strongly proposed that an international effort be started for the
organization of a workshop-series in 1987/1988 for the conceptual design
of a commercial-size fusion power reactor of the TOKAMAK type - an
activity similar in character to INTOR but with a shorter duration of
about 1-2 years and a smaller size.

Such a design would be expected to

essentially help by giving directions for future fusion R & D and
technology programmes.

STATEMENTS ON NATIONAL-INTERNATIONAL
FUSION SAFETY PROGRAMMES

(Session I)

CANADIAN ACTIVITIES ON SAFETY AND
ENVIRONMENTAL ASPECTS OF FUSION
K.Y. WONG, C.D. BURNHAM, R.R. STASKO,
S.M. SMITH
Canadian Fusion Fuels Technology Project,
Mississauga, Ontario,
Canada
Abstract

Canadian fusion safety related activities address key safety
issues in the design and operation of fusion facilities with
emphasis on:
(1)
(2)

Tritium hazard assessment and control;
Remote handling and fusion reactor maintenance,

(3)

Environmental impact assessment.

Ongoing R&D addresses tritium permeation, retention, permeation
barriers, tritium protective coatings, and conversion of gaseous

tritium to oxide.

Tritium doairaetry research addresses the in vivo

oxidation of inhaled tritium gas to oxide and skin uptake and
dosimetry from contact with tritium contaminated metal surfaces
Tritium monitors are developed to discriminate between gaseous and
oxide forms of tritium and to address problems in fusion reactor
environments due mainly to the presence of gamma fields and other

radioactive eases
CANDU tritium control technologies auch as air
and water detritiation, tritiated waste immobilization, and tritium
safe handling experience are reviewed.
Safety-related contributions to design studies auch as INTOR and
MINIMARS have helped to confirm that the bulk of maintenance work in
the reactor hall will require remote handling
However, it is felt
that some degree of personnel access should be possible, and is
likely to be desirable for the purpose of (1) optimizing for s m a l l ,
relatively intricate tasks which would not be coat effective to
perform remotely; (2) ensuring a degree of flexibility in response
to unanticipated tasks for which no remote handling capability
exists Proper facility layout is *lso important to facilitate
maintenance activities and location of remote handling equipment,
and to minimize occupational doses. In addition to the development
of maintenance concepts, Canadians have also participated in the

design of remote handling systems at TFTR, JET and NET
Environmental research focuses on the conversion of gaseous tritium
to oxide and development of computer codes for tritium impact

assessment
A computer code, called OHTDC, was developed to model
the dispersion and transport of both gaseous and oxide forms of
tritium
The code uses finite element methods and allows for the
environmental conversion of gaseous tritium to oxide ae well as
resuspension of tritium oxide from ground to air. Experimental data
obtained under controlled field and laboratory conditions showed
that the conversion of tritium gaa to oxide in the terreatri«!

environment, is a relatively alow process mediated predominantly by
soil microbial organisms with negligible direct uptake of tritium

gas by foliage
Planning had been underway for some time in Europe
and in Canada to conduct full scale tritium gaa release experiments
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in the environment to establish under realistic environmental
conditions tritium gas conversion rates and mechanisms. Recently,
on August 25, 1966, a pilot release experiment was conducted at the
Chalk River Nuclear Laboratories in Canada.

1.0

INTRODUCTION

The Canadian Fusion Fuels Technology Project (CFFTP) develops and
provides fusion-related systems and services for fusion applications.
has major interests in tritium technology, fusion breeding blankets,
remote handling, and fusion safety and environmental aspects.

It

Safety-related activities include the extraction, application and
extension of CANDU tritium safe handling experience as well as research
and development to address fusion safety issues and requirements with

particular focus on tritium hazard assessment and control. In addition,
experience and findings are used in the development of appropriate fusion
safety principles and criteria.
Remote handling is a basic requirement in the safe operation and
maintenance of fusion reactors. It relates not only to hardware but also
to maintenance concepts and facility layout.
2.0

TRITIUM BEHAVIOUR. HAZARD ASSESSMENT AND CONTROL

Tritium control technology and safe handling experience at CANDU stations
have been documented II]. The main design features summarized below for
tritium control in CANDU stations are still basically sound, particularly
for tritium oxide, at fusion reactors.

*

Leaktightness of tritlated systems and process components

*

Control of the spread of airborne tritium from the source area by
segregation and confinement of tritiated process systems and by
proper station layout

*

Recovery of tritiated vapour by desiccant dryers

*

Ventilation control

*

Removal of tritium from process water

CFFTP supports R&D towards establishing firm database on the behaviour of
both elemental and oxide forms of tritium for hazard assessment and
control at fusion facilities. These are reviewed below.
Tritium Dosimetry Research
The ICRP [2] considered lung irradiation to be the only significant
exposure pathway from inhaled elemental tritium gas (HT) in establishing
dosimetric standard for HT. We studied the in vivo oxidation of inhaled
HT to HTO using human volunteers [3]. The fraction of inhaled HT
converted to HTO was found to be about 0.0001. It may be shown that the
effective dose from converted HTO in the body is about equal to the
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effective dose to lung for a given intake of HT. It may further be
argued that the dose to lung from HT may be over-estimated since the
radiosensitive cells in lung may be somewhat shielded by over-lying
tissue. This suggests that the basis of ICRP's dosimetry standard for HT
may require reexamination. There are also implications in interpreting
urine bioassay data for exposures to HT.

Elemental tritium gas absorbs in metal and desorbs in the form of both HT
and HTO. Workers handling tritium contaminated equipment may be exposed
to tritium hazards through both inhalation and skin contact. Earlier
studies with both rats [4] and humans [5] have shown that when skin
contact is made with metals previously exposed to HT, tritium can be
transferred to the skin and subsequently to body fluid, of which a
significant fraction is in organic forms. CFFTP supported a study [6] to
develop a model for tritium uptake by skin contact which showed that
doses, particularly local doses to skin, can be significant.
More recently, CFFTP also supported an experimental study at the Chalk
River Nuclear Laboratories using hairless rats (Spraque Dawley) to obtain
more detailed understanding of the skin tritium uptake process. The skin
uptake process appeared to be metal-catalyzed H-T exchange in the upper
layers of the skin. Lipid, DNA and protein were found to be labelled
with tritium after contact exposure, with the lipid fraction picking up
about 4 to 5 times more tritium per unit weight than protein and DNA
combined. Measurement of the tritium depth profile showed a steep drop
in tritium concentration with depth to 1000 urn (see Fig. 1). However,
tritium concentrations in the radiosensitive basal layer (50-100 urn) are
about 70% to 90% that of the concentration on the surface. Thus,
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absorbed dose to the basal layer can be significant. Organic compounds
formed on the skin surface diffuse across the skin and enter body fluid.
Elevated levels of organically bound tritium were found in the liver.
This work is continuing with the objective of developing dosimetry
models, personnel protection, and skin decontamination techniques.
Tritium Behaviour and Permeation Studies
The interaction of plasma with first wall materials and tritium retention
and permeation in the first wall are being studied at the University of

Toronto, Institute for Aerospace Studies [7,8,9,10]. One major objective
of this program is to provide data for safety assessment, in particular,
in determining tritium inventory in first wall components and tritium
permeation through the first wall. The effects of graphite on tritium
trapping and permeation were studied.
At McMaster University, a study is underway to examine the
tritium in metals, with particular emphasis on the effects
damage and thermal gradients. In addition to this effort,
also been initiated to develop tritium permeation barriers

diffusion of
of radiation
a program has
for fusion
applications using ^2^2 as a barrier material. Methods of forming
barrier layers being evaluated include vapour deposition/electrolytic
anodization, vapour deposition/thermal diffusion, and ion implantation
techniques.

Tnihially, nickel will be used as the barrier substrate in order to
calibrate the permeation apparatus and establish some comparison with
published values. Emphasis will then be shifted towards more "reactor
relevant" materials in the attempt to support the near term goals of
current ETR studies while at the same time focussing on materials that
will eventually form the structural basis for commercial fusion
facilities. Materials currently under consideration are stainless steels
(for near term applications) and ferritic/martensitic alloys and vanadium
based alloys (for long term applications).
Tritium diffusion in several protective coatings were measured at Ontario
Hydro [11]. The objective of this type of coating is to minimize

diffusion and soaking of the tritium (both oxide and elemental forms)
into the concrete walls following accidental releases of tritium. A
computer model has been proposed which would model these effects, in
particular the kinetics associated with tritium transport in concrete and
its subsequent outgassing behaviour when various barrier materials are
used.
Future research efforts will be directed towards studying tritium
absorption and outgassing in various materials and surfaces in contact
with tritium, establishing the quantitative relationship between
component tritium contamination levels and airborne tritium levels, safe
handling and maintenance practice for tritium-contaminated equipment, and
tritium decontamination techniques. The Darlington Tritium Removal
Facility (DTRF), which will go into operation in 1987, will provide

valuable field data on tritium behaviour, contamination levels, and
reliability of system components used for concentrated tritium handling.
Conversion of HT to HTO

A review was completed [12] on the oxidation and conversion of HT to HTO
in the workplace. In addition, the conversion of HT to HTO in the
terrestrial environment was studied [13] in the field and under
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laboratory condil ions
Dry deposition velocities of HT wore found to be
in the L'ange of O.OU7 to 0,07 cm/sec during, summer and autumn and less
1 ban O.OOOS em/rer on snow icvered ground. Conversion was found to be
mediated by soil nuerubial organisms
Direct uptake of HT by foliage was
negli gi b]e.
A computer code [14 ] WJL d i v e l o p e d to model the dispersion ami transport
of HT and Hn'0 released i n t o the terrestrial environnent.

The OHTDC code

has the c a p a b i l i t y of Model 1 i fig routine releases of tritium in terns of
e q u i l i b r i u m > oneent rat ion;. 11. w< 11 as transient analysis and doue
'•a Icul at 1 ons . Tt also a l l o w s d e t a i l e d modelling of the terrain
oharac tei' i .:( i r s over the area of study.

The largest and most complex part of the code is the pathway analysis of
t i it i urn and t r i t i u m oxide. The code uses finite element methods and has
recently been modified to incorporate a soil compartment model which
accounts for el en,.nia] t r i t i u m diffusion into s o i l , an appropriate
( onv er., i on r a t o lo o x i d e , md subsequent re d i f f u s i o n out of soil itito
at mos| hi. re . Tht. assi.1 io,i pi'hways of uptake are i nha 1 at ion/ i r.inors i on and
insertion "f vegetal ion, meat, m i l k and water. Both chronic and acute
release c o n d i t i o n s can be m o d e l l e d .

Pilot Canadian Tritium Model Validation Study
As part of an ofLort to characterize the behaviour of HT gas when
released to atmosphere, I'<. « Ci o( tritium was released over a 30 minute
period at a height of 1 meter and a velocity of 1.9 m/s on
August 28, 1986, The release was carried out at a site at Chalk River
consisting of a c i r c u l a r f i e l d of 100 metres radius with an area to the

southeast cleared <jf trees to a further distance of about 200 metres.
The release o c c u i i e d during a northwest wind which allowed a run of 400
"ietres .
The HT and HTO content of the plume was measured at 5 points in an arc 50
metres from the release point, 5 points at 200 metres and 1 point at each
of 300 and 400 metres downwind. Tn addition soil water was recovered

from soil cores at each downwind air sampling location and samples of
vegetation were taken at the same locations as the soil cores.
Preliminary results indicate that 0.34% oxidation had occurred in 1 hour
at 200 metres downwind and 0.54% oxidation had occurred in 1 hour at 400

metres downwind. Results from the soil water and vegetation samples as
well as additional plume samples will be reported more thoroughly
elsewhere.

Current plans cal 1 for a repeat of this experiment to be carried at the
same site in June, 1987 with participation from the U.S., Japan and
several European countries. The pilot run was carried out to provide
experience in the operational aspects of the experiment, test the
effectiveness of the release, sampling and analysis program, give
preliminary data on which to base plans for the 1987 release.
The pilot study was carried out by personnel from Chalk River Nuclear
Laboratories and Ontario Hydro Research Division and was cofunded by
Ontario Hydro, AECL and CFFTP.
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Tritium Monitoring Developments
At fusion reactor facilities, the presence of gamma and X ray fields,

high concentrations of air activation products, pulsed neutron and
electromagnetic fields presents difficulties for tritium monitors. In
addition, there Is a need to distinguish between the elemental and oxide
forms of tritium. Tit air, the oxide form Is about 10,000 times more
hazardous. CFFTP supports developments to address these problems [15].

A. prototype HT/HTO discriminating monitor has been developed [16] based
on use of the DuPont developed material Naflon (T.M.), In which the
permeation rate of HTO is 3 to 4 orders of magnitude greater than that of
HT. An HT/HTO discriminating bubbler has also been developed using the
AECL proprietary wet-proofed catalyst [17] for converting HT to HTO. A

major advantage of this catalyst is that it operates at ambient
temperatures. This sampler may be used for stack tritium release
compliance sampling or in environmental monitoring.
Prototype on-line tritium process monitors have been developed for use in
Canadian tritium removal facilities where measurement of very high
concentrations of tritium In process loops is required. The major
problems with ion chamber devices are contamination and incomplete ion

collection.

There is also a need to comply with standards and codes for

pressurized vessels in potentially explosive atmospheres.

3.0

DEVELOPMENT OF SAFETY DESIGN CRITERIA FOR FUSION FACILITIES

Experience gained in the design and operation of CANDU reactors, where
substantial tritium hazards exist alongside external radiation hazards,

has been found to be relevant in the safe design of fusion facilities.
Through CFFTP, design input has been provided to several projects and
design studies such as INTOR, MINIMARS, TITAN and NET. The scope of

this work has varied from help In defining appropriate radiological
targets and guidelines, to specific implementations of safety
requirements Into the design and layout of fusion systems and
facilities. Although much of the safety related work performed in
support of various projects has been specific, issues which can be viewed

as generic to the timely and effective development of commercial fusion
are apparent. Since these issues have an impact on fusion in the
international environment, we would like to briefly outline some of them
along with a few preliminary findings and recommendations.
General Safety Principles

Even at this very early stage in the development of commercial fusion
power , it is important to select that safety design philosophy which
will best exploit the advantages of fusion technology, and which will
compete favourably with other future energy options. Two areas of major
significance, cost of power and safety, are Interdependent as is evident
in the present design of operating fission power reactors.

Due to an undercurrent of public dissatisfaction with the present
generation of fission plants, a large effort Is underway worldwide to
develop Inherently safe fission reactors, and a number of innovative
designs have already emerged such as the Process Inherent Ultimately Safe
(PIUS) reactor, and the Modular High Temperature Gas Reactor (MHTGR).
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In

order to compete with these advanced concepts, fusion reactors will also
have to embody 'walk-away safe' concepts which will ensure that the
public is protected from any acute fatalities under all credible
accidental circumstances.

Current definitions of inherent safety require that this level of public
protection is achieved by passive design features, such as the inherent
conductive and radiative heat transfer properties of the materials
comprising the blanket and first wall [18]. An adoption of this
approach, rather than reliance on active engineered safety systems, would
make it much easier to demonstrate that any future fusion facility is
safe, licensable and acceptable to the public.
The concept of inherent safety should be used to establish
straightforward safety principles from which all other design criteria,
guidelines and standards can be derived. The principles should be
rational in comparison to other societal risks, yet reflect the special
concerns of decision makers and the public in relation to radiation
hazards. Risks should be demonstrably equivalent to those associated
with conventional, accepted activities/industries. This goal will not be
difficult to achieve if the inherent safety advantages associated with
fusion can be exploited.

Accordingly, these recommended principles are put forward:
a)

The severity of off site dose impacts to members of the public
resulting from accidents should be inversely proportional to the
probability of occurrence. However, design should be such than any
or all credible accident scenarios will not result in acute off-site
fatalities.

b)

Health risks to members of the public and to facility staff resulting
from normal operation shall be no greater, or preferably less than
that associated with fission plants. This would include impacts from
normal waste arisings and decommissioning activities.

In addition to a) and b), all appropriate safety and licensing
requirements generated by recognized national regulatory agencies would
obviously apply. With respect to Principle a), it must be emphasized
that the design will have to meet this requirement in a manner that is
clearly demonstrable. The facility must be acceptably safe from the
standpoint of the designer, but it must also clearly be seen to be safe
by decision makers and society at large.
Limits for Acute Releases

In accordance with prevailing national regulatory and licensing
guidelines, the construction of nuclear facilities must be seen as
limiting off-site radiation doses to less than allowable limits.
The consequences of various worst case accidents must not exceed
specified dose criteria to members of the public. Curie limits for the
release of various radionuclides are subsequently derived from these dose
limits. These values vary between countries and sites so we can deal
with this issue generically, or by examination of a specific example.
However, in light of the discussion regarding the need for inherent
safety we can propose that for any site, even for the worst-case credible
accident (and subsequent releases), there should be no possibility of
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acute off-site fatalities.

Only in this way can the design philosophy be

verified as genuinely inheteutly safe. However, this scenario is s t i l l
only acceptable if the estimated frequency of occurrence for failure of
all protective barriers (passive or otherwise) is extremely small.
Recently, the Atomic Energy Control Board of Canada issued a set of

accident release l i m i t s for trial use which balance the acceptable
consequences of an accident with the probability of occurrence [19].
Table I indicates the various decision levels, and the appropriate dose
l i m i t s . It should be noted that the Ontario Hydro Darlington Tritium
Removal F a c i l i t y , which w i l l have a steady state vulnerable t r i t i u m
Inventory of approximately 100 grams, has been licensed using these
guidelines. We suggest that fusion system safety criteria should bo
derived from a slidi,\ -cale s i m i l a r in concept to Table 1. Please note
that we have not modi f Led the worst case off site dose«; from 25 rem. We

feel that possible incorporation of the Acute Fata'ity Threshold (AKT) of
320 rem as part of any probability/consequence accident criteria would

T A B L E

I

Radiation Dose Limits to a Member of the Public
for an Event of a Given Frequency
(From AECB Consultative document C-6
"Requirements for the Safety Analysis

of CANDU Nuclear Power Plants,
June 1980)

Expected Event
Frequency

vent

Qualitative Event

lass

Frequency Criteria

Greater than 50%
chance of occurring
in the lifetime of a
single reactor, or

(occurrence/
reactor-yr)

Individual
Dose Limit
Whole Body

f > 10~l

50 mrem

10~2>f>io~3

500 mrem

Low probability
postulated failure

10-3>f>10-4

3 rem

Very low probability
postulated failure

10-*>f>10~5

10 rem

Extremely low

f<10~5

25 rem

More frequency than
twice in the lifetime
of a 4-unit station
About once in the

lifetime of an
8-unit station

probability
postulated
failure
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not bo acceptable to nuclear regulatory agencies. The 25 rem value has
been generally accepted as an upper bound for worst case accidents. The
challenge with respect to designing for inherent safety is to make this
dose 1 unit a credible upper bound without the need for elaborate
probabi l i -;f l c risk assessments (and analytical support) applied to
multiple barriers and active safety systems.
The tritium dispersion code PATHWAY, developed at Ontario Hydro, is used
as a tool in estimating impacts on the p u b l i c resulting from various
postulated releases of 11ÏO for different classes of weather, and for
various release heights
As part of a scoping exercise, we pustulated
several a c c i d e n t scenarios involving the i atastrophic release of up to
1.0 kg of tritium -is HTO from a reference fusion f a c i l i t y . One set of
curves g i v i n g the dose impacts of a ground release is given in F i g . ;'
The assumptions are as follows: puff release of oxidized t r i t i u m , 1000
meter exclusion zone, open grassland, 5000 sq. meter building area.

Fro-

th is figure, it can be seen that for an acute release of 1.0 kg of

tritium under the worst weather classification the off site dose to the
most exposed individual is approximately 42 rem. This is considerably
less than the Acute Fatality Threshold, but is greater then the 25 rem

lifetime dose limit recommended by the ICRP. Any facility design that
could limit the tritium inventory to approximately half this value (500
grams), or could demonstrate the effectiveness of passive barriers which
would limit the releasable inventory or release fraction to this level,
could be considered inherently safe.

Again, this assumes that the

probability of occurrence of a catastrophic release is less than one
event in every 10^ or 106 years.

Release : 1 kg Tritium as HTO Elev. = 0 m
IE 3,

IE 2,
IE U
LU

g

1EOJ

IE-2-

IE 1

IE 2

OIST'AUCE

IE 4

FIGURE 2

Targets for Chronic Emissions
Reviews of the literature indicate a wide range of chronic tritium
releases that are viewed as limits, operating targets or likely
emissions. The majority seem to range from 10 Ci/day to 200 Ci/day,
depending on exclusion perimeters, stack height and analytical methods.
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Nuclear regulators are mainly interested in resultant off-site radiation
doses to members of the public in the critical exposed group. The AECB
in Canada uses a design and operation target of 5 mrem/year for all
released radionuclides, and for all pathways. This is not very different
from the US NRC limit of 5 mrem/year for all gaseous emissions.
A recent study was performed to evaluate and compare several computer
codes which model tritium dispersion and subsequent dose impacts [20].
While many parameters utilized in these codes are imperfectly understood,
the application of these codes to reference emission scenarios proved
useful in scoping the magnitude of anticipated public doses. For a
default design target of 50 Ci/day released as HTO from a 20m stack, the
dose at one kilometer was found to vary from 1.1 to 10.4 mrem/yr. with a
mean value of 4.2 mrem/yr. for ten different codes run with the same data.
Results from these computer code calculations may be compared with
experience at operating nuclear facilities. CANDU nuclear reactors use
heavy water in both the coolant and moderator. Tritium oxide releases
and environmental levels are routinely measured. Tritium oxide release
data at the Pickering Nuclear Generating Station near Toronto, Canada and
measured average boundary air tritium oxide concentrations at
approximately 1 km from the release points for the period 1983-1985 are
given in Table 11. Based on boundary air concentrations and tritium
levels measured in vegetation, milk and drinking water, tritium doses
received by the critical group individuals are calculated and summarized

in Table Til. Dosimetric parameters used are those in ICRP 30.

Doses

were calculated separately for the six-month old infant and the adult.
The physical release height at Pickering NGS is 40m. However, the
release points are not isolated free standing stacks and the effective
release height is less than 40m.

Based on Pickering experience, for a daily HTO release of 40 to 50 Ci,
the dose to individuals is less than 1.0 mil]irem/year. Milk samples
were taken at distances of 10 km and beyond. If there were dairy farms
at the site boundary, milk ingestion doses could be 10 to 20 times higher
and the total individual tritium dose could be 2 to 3 millirem per year.
These data indicate that the computer code simulations for HTO release
have not underestimated doses, and that there is reasonable agreement.
T A B L E

II

PICKKR1NG NGS
TRITIUM RELEASE DATA
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Boundary Air
Tritium
Release in
Concentration
Water (Ci/day) (pico-Ci/m3)

Year

Release in
Air (Ci/day)

1983

48

27

473

1984

36

31

400

1985

40

52

274

T A B L E

III

Doses to Critical Group Individuals from
Pickering NGS Tritium Releases
Exposure
Pathways

1983
In fant Adult

Dose (mrem)
1984
Infant Adult

1985

Infant

Adult

Inhalation 0 .14

0.29

0.12

0 .25

0. 083

0 .17

Skin
0 .14
Absorption

0.29

0.12

0 .25

0. 083

0.17

Ingestion
- Fruit
and Vegs .
- Milk
- Water
- Fish

0 .26
0 .08
0 .0018
0 .00028

0.27
0 .013
0.013
0.00096

0.20
0.10
0.0033
0.0016

0.20
0.016
0 .023
0.0054

0. 17
0. 11
0. 0035
0. 00054

0 .18
0.018
0.024
0 .0019

TOTAL

0 .62

0.88

0.55

0.74

0. 45

0.56

A design target of 50 Ci/day for chronic emissions of HTO should provide
reasonable assurance that a design target of 5 mrem/year for individual
members of the public will not be exceeded.
Guidelines for Occupational Safety
In any fusion power facility as presently envisioned, the bulk of
maintenance work in the reactor hall will require remote handling
systems, due to the high activation levels of first wall and blanket
components. The biological shielding that would be necessary for routine
shutdown access is generally viewed as prohibitive. However, some
shielding is necessary to limit neutron damage and thermal load on magnet
materials/systems, and more is needed to avoid unacceptable activation of
structural material in the reactor hall. ' Accordingly, some degree of
personnel access should be possible, and is likely desirable for the
purpose of
1) optimizing for small, relatively intricate tasks which
would not be cost effective to perform remotely (eg. connect/disconnect
of coolant lines or electrical systems) or 2) ensuring a large degree
of operational flexibility in response to unanticipated tasks for which
no remote handling capability exists.
It should be noted that the greater proportion of radiation dose
accumulated by fusion facility staff is unlikely to result from exposures
in high field areas such as the reactor hall. Experience at existing
nuclear facilities indicates that most person-rems are accumulated
through integrated exposure to lower radiation field areas such as heat
exchanger and circulating equipment rooms, auxiliary equipment rooms and
waste handling /cleanup system rooms. In these locations activated
corrosion products which are transported outside of the primary reactor
shield enclosures result in radiation fields which, while not high enough
to justify the cost of remote systems for maintenance, are nonetheless
significant enough to require radiological work planning and dose control.
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Recently, as part of the M1N1MARS mirror fusion reactor design study
[21], an attempt was made to establish realistic, ALARA occupational
exposure limits for staff at a reference M 1 N I M A R S facility. In order to
establish preliminary design targets for various work locations and
hazard levels, it. is necessary to make an estimate of typical occupancies
for the various areas. These estimates are summarixed in Table VL, and
are based on qualified extrapolations from experience at existent nuclear
f a c i l i t i e s . Note the key assumptions as follows:

-

807e power station a v a i l a b i l i t y (207« f a c i l i t y downtime)
2000 working houts/year/individua1 worker
S t a f f levels based on labour dictated manpower
requirement;; (te. not on person rein requirements)

Table IV differentiates between the most exposed work group (eg
median ira 1 ;'.<a i nta iuers , control technicians) and the total work force
w>:i(u in-'ludcs techn i <vi L support and administration staff. Retrospective
si.udi.es i n d i c a t e that in general, when the most exposed work group
.iverages 1.0 rem/yeai:, the total exposed workforce averages 0.5 re:u/yr of
o c c u p a t i o n a l dose 1?2]. The 1CRP (International Committee on
R a d i o l o g i c a l Protection) guidelines state that the level of worker health
risk associated with this level of exposure is équivalent to that for
workers in convent i on n I , safe industries.

TABLK LV
KST1MATKS Ob' ANNUAL
INDIVIDUAL ARKA OCCUPANGIKS
[•'OP

Radiological
Work Area

I
II
III

MOST KXPOSKU WORK GROUP

Most Kxposed
Work Group
(Average Hrs/Yr)

Total Exposed
Work Force
(Average Hrs/Yr)

1000
900
100

600
1000
400

Area_I

Non-radiological, no potential sources,
no control over access.

Area I_I

Few low level sources, equipment needs
frequent access for OP*s/maintenance.
Radiation workers have unlimited access.

Area III

High level sources. Strictly controlled
access (RAdiological work plan required

for entry).

Includes reactor hall

(shutdown access only) and coolant

equipment room.
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For the MINIMARS design study, a design target of 1.0 rem/yr (average)
for the most exposed work group was recommended. While design
information is too preliminary to perform the required cost/benefit
assessments, this target is reasonably consistent with NRC guidelines
relating to application of ALARA principles in nuclear design. In
addition, this target is in agreement with what is presently considered
by the Health Physics community to be excellent performance at operating
nuclear power facilities. As such, it provides a reasonable default
value for opérâtions/maintenance staff at any future fusion power
facility under consideration (including next-step machines such as NET or
Tiber H) even if the availability target is less than 80%.

In terms of design targets, the proportion of dose which should be
assigned to external radiation vs that for internal dose (tritium) is
difficult to determine in a generic sense. Based on an estimate of the
relative costs associated with dose control, a ratio of 3/1 for
external/internal dose will be assumed. Using this ratio, the proposed
yearly dose targets and the occupancies in Table IV, a set of allowable
area dose rates and airborne tritium concentrations can be derived.
These are summarized in Table V. Note that these are average values.
Contact dose rates for specific pieces of equipment, or local MPCa levels
can be higher if anticipated occupancies are proportionally lower. In
addition, these values would not necessarily apply within 48 hours after
shutdown, so long as the time integrated average is consistent with their
intent. A more detailed explanation of the supporting logic for the
values in Table V can be found in Ref. 22.
TABLE V
ANNUAL AVERAGE OCCUPATIONAL
DOSE FOR MOST
EXPOSED WORK GROUP

RadioInternal
logical
Dose
External
work
Occupancy Rate
Dose
Effective Dose
Area
(MREM)
(Hrs/Yr) (MREM/Hr) (MREH)
MPCA*
I
II
III

600
1000
400

0.05
0.12
1.5

Sub Totals

30
120
600
750

0.02
0.2

50
200
250

Total Yearly Individual Dose Estimate 1.0 REM
NOTE:

These are averaged area values. Contact
dose rates for special equipment, or local
MPCa levels may be higher if anticipated
exposure/occupancy is lower.

Appropriate Engineering Safety Standards and Design Codes
In order to ensure the highest degree of component integrity and
reliability, and as a part of the defence-in-depth philosophy to address
single component failure, virtually all countries constructing nuclear
power facilities call-up a special nuclear code or 'N-stamp' in the
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specification of nuclear system components. Included in the often large
list of systems and subsystems which require N stamp in Canada and the US
are the primary heat transport system (PHT), the emergency cooling
systems, reactivity control and shutdown systems and the overall
containment structure. Nuclear grade specification does not necessarily
result in a component that is different from one that is commercial
grade. However, the quality assurance requirements involving examination
and testing procedures, tracing of source materials and supporting
documentation can increase costs by a factor of three. Nuclear Design
Safety Criteria for component specifications such as the Canadian
CAN3 N285.0 and the ANSI/ANS-51.1 in the US were developed to enhance
fission power plant safety, and to better protect the public, nuclear
workers, and to some extent owner investment. However, upon review of
these standards it becomes evident that they were initiated to address
the specific safety concerns associated with fission power reactors (LWRs
in the US, and PHWRs in Canada). In addition, any evolution of these
standards has been in response to safety issues arising from fission
reactor experience.
The current N class design standards do not properly reflect those safety
design issues unique to fusion, and they do not allow for exploitation of
those specific advantages embodied in fusion technology which would be
amenable to inherent safety. For these reasons it is suggested that in
future design studies, or in future design efforts for engineering test
machines, the existing standards are not incorporated in the design and
costing codes. This would avoid legitimizing inappropriate standards,
when what is required is a new set of nuclear design standards for
systems and components unique to fusion applications. Logic would
dictate that decision criteria for system code classification should be
based on radiological consequence of failure analyses (COFA), and not on
requirements originally based on fission product inventory. There is a
priority need to develop the basis for the ultimate production of safety
design guidelines and standards specific to fusion applications.
Continuing application of the existing codes puts an inappropriate cost
load on fusion facility design requirements and construction costs.
4.0

REMOTE HANDLING DESIGN ACTIVITIES

Canadians have participated in the design of remote handling systems at
TFTR, JET and NET.
TFTR

CFFTP's initial involvement at TFTR involved the attachment of four
specialists from the Canadian remote handling industry at PPPL. These
specialists from Spar Aerospace, Canadian Aviation Electronics and DSMA
ATCON Ltd. helped to define the remote handling requirements for TFTR,
set priorities on these requirements and also reviewed existing remote
handling technology and its adaptation to TFTR requirements. They also
participated in the development of concepts for the remote maintenance of
TFTR and in the demonstration of these concepts using a mock-up.
A design team drawn largely from the above Canadian industries and
Ontario Hydro then went on to finish the conceptual design as well as 80%
of the preliminary design of the invessel maintenance manipulator.
Personnel from TFTR, KfK and CEA - Saclay also participated in the design
development. The manipulator design allowed for entry and working
anywhere inside the torus while the tokamak is at operating vacuum and
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temperature. The system was designed to service components inside the
torus, i.e. protective tiles, surface pumping panels and diagnostic
probes. The maintenance activity was to be performed using a 'boom' type
mechanical arm with dextrous manipulator arms fitted with special end
effectors and alignment equipment. This concept phase also involved the
development of concepts for a remote maintenance control center and for
remote inspection of the vacuum vessel.
-JET
A remote handling specialist from Spar Aerospace has been attached to JET
as Remote Handling Applications Group Leader since 1984. This Group is

responsible for establishing remote handling procedures for all JET
components; designing and developing special tools, devices and
attachments for interfacing with manipulators and transporters; setting
up of man/machine interfaces and control room cabling, electronics and
computer links; and training of personnel in the use of tools and
manipulators.
Some highlights of work include development of a number of special
cutting and welding tools, including an external orbital TIG welding
tool, cutting tool for internal fillet welds, water hydraulic pipe
expansion tools, a handling tool for toroidal limiter bellows and
toroidal limiter tile handling tools. The tools [23] have the same
functional requirements as corresponding hands-on tools, but with simpler
handling requirements to reflect the reduced dexterity of
servomanipulators as compared to human operators. These tools will be
used by personnel during the 1986/87 shutdown at JET to prove their
functional adequacy.

In addition work has been carried out on an overall control system for
remote handling, an articulated boom master model has been constructed, a
remote handling database has been defined and a torus access cabin
designed. A concept design for a transporter to service the machine
equipment outside the vacuum vessel has been derived and the detailed
design is underway. This transporter will be used to position a
servomanipulator and toolbox.
NET

At NET, a design team from Spar Aerospace has been involved in the
definition of invessel remote handling requirements and in the
development of a concept design for an invessel manipulator. The
invessel handling system [24] will consist of two articulated booms
integrated in contained transfer flasks, which will be attached to
equatorial entry ports. The booms may be equipped with different types
of end-effectors, e.g. one manipulator unit and one special gripper for
divertor plates. The manipulator unit will consist of an electrical
force-feedback master-slave manipulator with 20 kg load capacity and an
electrical master-slave manipulator with 150 kg load capacity. Other
options to the articulated boom such as invessel vehicles and
combinations of vehicles and booms are also under investigation.
The invessel remote handling equipment is to perform the following
tasks: allow inspection of first wall and first wall located equipment,
e.g. ICRF antennae; remove, replace and repair first wall tiles; remove
and replace divertor plates in conjunction with associated exvessel
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equipment; clean up and recover debris from the torus interior; support
contingency operations; support vacuum vessel or blanket leak repairs;
remove and replace stabilization coils; remove and replace sublimiters
[25].

In addition to assisting in the development of the invessel manipulator
design concept, a remote handling specialist from Spar Aerospace has
recently been attached to the NET team to assist with remote handling
design functions.
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EUROPEAN R&D ACTIVITIES IN
THE FIELD OF FUSION SAFETY
W. GULDEN
NET TEAM,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany
Abstract
The paper outlines requirements to be met by the "Next European Torus"
(NET), European contributions to fusion safety, programme structure and

working areas, a c t i v i t i e s , studies and tasks to be performed. Overview time
schedules for programme implementation are given.

1. Introduction

The _Next _European Torua (NET)

is the main fusion device which, according to

the European strategy towards fusion energy demonstration (see Fig. I. 1-1),
will follow JET (J_oint _European JTprus) and provide the basis for designing a
Demonstration Reactor (DEMO). The definition of the objectives of NET

results

from an analysis of different elements such as the technical requirements of
DEMO , present knowledge and anticipated rate of progress, resources required,
and

maintainment

of

effectivness

in

the European

Fusion

Programme. A

NET

device should in fact meet the following somewhat conflicting requirements:

* To represent a considerable step forward compared to JET
and possibly be the only intermediate step between JET and DEMO
but at the same time
* To have a sound scientific and technological basis so as to

ensure high probability of success
and therefore
* To be designed taking into account the main results of JET and
other tokamaks
but at the same time
* To have a time schedule preserving momentum in the European
Fusion Programme.

The

time schedule of NET

(see Fig. 1.2-1) is constrained by the planning of

the R and D in both physics and technology.
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Present planning indicates that the large tokamaks now in operation (i.e. JET,
TFTR, JT-60) will have reached their full performance and probably the optimum

plasma performance

in H-D

plasmas by about

1989.

Further results will be

available from presently running tokamaks as well as from the first phase of
operation

of

the

devices

now

under

construction

which

should

become

operational around 1987. At about the same time the technology programme will
have produced sufficient data to ensure the feasibility and
confidence, the performance

of

to predict, with

the basic machine. Therefore,

in

1989,- an

assessment of the status and prospects of NET is in order and a decision on
the transition into the final design phase can be taken.

In the period 1990-93, further physics data will accrue from DT operation in
JET and from the specialized European tokamaks (Asdex-Up, Compass, FTU, Tore
Supra) which will assist in the detailed design choices. Similarly, in the

same period, the fusion technology programme will have completed the testing
of prototypes of components of the basic machine and the European industry
will have gained a good know-how on the fabrication methods for the main NET

components. In the period 1990-93, at the latest in 1993, the project shall be
sufficiently mature to decide on the start of construction. An earlier date,

with the construction of the basic machine being advanced by two years, is
conceivable provided that
* knowledge on the confinement obtained from non-active plasma allows
the behaviour of ignited plasmas to be predicted with sufficient

accuracy within the built-in safety margins,
* the magnet development programme is accelerated by one year through
a

more

concentrated

and

intense

effort

in

the

Associated

Institutions and Industry.
The considerable length of time of the predesign and design phases will permit

a

detailed definition of

the plant

to be made and

the

specifications

for

manufacturing the components on the critical path to be accurately defined. It
should

then

be

possible

to

complete

the

construction,

assembly

and

commissioning in seven years, so that the first plasma could be produced in

the year 2000.

The development Cowards large DT burning fusion devices calls for the
evaluation of the potential hazards, the development of appropriate safety

technologies, and the elaboration of design criteria. The work on these items

is the specific task of the safety and environment (S+E) part of the
"Technology Programme" which itself is a part of the European Fusion
Programme.
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Additional contributions to safety issues are expected to come from the other
programme elements of the European Fusion Programme. These pertain to the
development of plant components and adequate materials and hence are closely

linked to design with its inherent coverage of safety issues. Therefore the
S-t-E part of the programme has to work together with the other programme
elements and should beyond its specific tasks provide overview and monitoring.

The S+E work is particularly important in those areas which are dominated by
fusion specific technologies, so that the S+E aspects cannot be expected to be
covered by conventional industrial design.

The programme has two objectives. It has to ensure that the S+S relevant
knowledge and data will be available with the correct timing for the design
and construction of NET. Furthermore it has to develop the expertise on basic
safety issues related to devices beyond NET such as DEMO and REACTOR.

2. The structure of the S+E programme
For structuring the S+E programme four working areas, called tasks were

identified :

-

Task S+E 4: Component related studies which refer to accidents of plant
ccuponents and their consequences thus including the development of

accident scenarios and their evaluation.
-

Task S+E 5: Plant related studies which refer to the fusion plant as a
whole and comprise the radioactivity source terms, the dispersion of

radioactivity, the radioactive wastes, and overall plant accident scenarios
for NET.

-

Taak S+B 6: Licensing activities.

-

Task S+fi 7: Long term studies.

3. The four working areas
Task S+E 4:

Component related studies

For planning purposes, priorities have been allocated to the work necessary
on the individual plant components. This allocation was performed according
to the following categories:
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- priority 1 = "fusion technology dominated",
- priority 2 = "nuclear technology dominated",
- priority 3 = "conventional technology dominated".

Priority 1 is given to the work on those components which are not

conventional because they are specific of nuclear fusion devices and to the

work on more or less conventional components which have to be upgraded
strongly due to specific fusion needs.
Priority 2 is associated with those components which essentially are known
from conventional nuclear ("fission) technology so that only moderate
adjustments are required.

Priority 3 is given to the work on those components which require
conventional technologies.

The definition of tasks for the various components is based on the
understanding that the functioning of a component even under conditions
somewhat beyond rated operation is largely assured by the design so that
the S-t-E part of the programme mainly covers the accidental interactions
between components and the consequences of failures.

In detail the following subtasks are proposed for the various components.
The subtasks are grouped according to the above mentioned priority

categories (see Tables 1 and 2):

Subtasks 4.1; Component related studies of priority I (fusion technology
dominated)

4.1.1 Safety of first wall (including antennae), blanket, divertor,

limiter systems
4.1.2 Safety aspects of the cryosystems

4.1.3

Safety aspects of superconducting magnets

4.1.4 Emergency clean-up systems
4.1.5 Safety aspects of the reactor coolants treatment system (with respect
to tritium and activated erosion/corrosion products).
4.1.6 Safety .of maintenance and repair installations

4.1.7

Safety of tritium cycle and storage systems (including building)

4.1.8 Operational safety related to wastes
4.1.9 Safety of plasma heating and fuelling systems.
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Subtaska 4.2: Component related studies of priority 2 (nuclear technology
dominated)

Subtaska 4.3: Component related studies of priority 3 (conventional
technology dominated)

The safety assessment of the destgn of the components dominated by nuclear

and/or conventional technologies essentially accompanies the design activities
with a staging of one year in favour of the nuclear part. Most of this work is
expected to be covered by the design and not by specific S+E activities.

Task S+E 5: Plant related studies

Subtaska:

5.1 Radioactivity source terms
5.2 Dispersion of radioactivity
5.3 Radioactive wastes
5.4 Overall accident scenarios for NET
5.5 Development of safety guidelines for the design of NET

Task S+E 6: Licensing activities

These activities will serve the purpose of clarification of the licensing
procedure and of assessing the main impacts of licensing rules on the NET
design and the site requirements.

Task. S+E 7 : Long term studies

These activities will address the potential safety implications of an energeconomy significantly using fusion reactors. Typical issues are the potential
use of alternative fusion concepts, the application of low-activation

materials, the evaluation of low-level waste disposal scenarios, the
occupational and environmental risks, and the identification of

hypothetical

accidental scenarios (including the probabilistic assessment).

4. Time table

The tasks have been compiled in bar chart form as shown by Tables 1 and 2,
full bars representing theoretical, open bars experimental activities.
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OVERVIEW OF THE US MAGNETIC
FUSION SAFETY PROGRAM
G.M.
HAAS, G.R. NARDELLA
Division of Development and Technology,
Office of Fusion Energy,
United States Department of Energy,

Germantown, Maryland,
United States of America
Abstract

The paper outlines objectives set, the strategy adopted for fusion
development and the role of the US fusion safety programme. The various
research areas under this programme and studies in support of this programme
are presented.

The successful development of fusion energy would lead to an energy

resource based on a secure and essentially unlimited fuel supply with
attractive environmental and safety features. Substantial and sustained
progress has been made in solving the scientific and technology issues of
fusion to bring us to a point in time where a major step in fusion
development being discussed in several national fusion programs is the
construction and operation of an engineering test facility.

The U.S. strategy for fusion development has been set forth in the Magnetic
Fusion Program Plan (MFPP) which was issued by the Department of Energy on
February 1985. The MFPP identifies four key technical issues (Magnetic
Confinement Systems, Properties of Burning Plasmas, Fusion Nuclear
Technology and Fusion Materials), strategic objectives and an overall
strategy for the development of fusion from the present to somewhat beyond
the year 2000. A central theme of the entire MFPP is to develop as fully
as possible those features of fusion which will make it an attractive
energy source from the environmental and safety standpoint.
The most important role of the U.S. Fusion Safety Program is to help guide
the entire research program to insure that fusion exploits its fullest
potential in these areas as well as conducting its own safety research
program that demonstrates the safety aspects of fusion. Recognizing the
advantages of centralizing the control of the U.S. Fusion Safety Program in
order to best implement the role described above, the Department of Energy
designated in 1978 the Idaho National Engineering Laboratory (INEL) as a
"lead lab" in fusion safety.

At present, the Fusion Safety Program at INEL can be divided up into the
following three broad research areas:
1.

Determine kinds and quantities and control of radioactive
inventories (tritium, activation products, etc.) in a fusion
reactor.
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2.

Determine energy sources (magnets, blankets, plasma, etc.) and
possible failure mechanisms which would cause a release of
radioactivity or significant damage to the operation of a fusion
reactor.

3.

Development of codes, models, and other analytical tools which can
accurately describe and demonstrate the safety features of a
fusion reactor under all conditions.

In the first area of research, the major efforts are concentrated in
understanding possible transport mechanisms (e.g. permeation, implantation)
of tritium and different activation products depending on the particular
structural materials used from systems within the facility to the
environment. In support of the experimental efforts in tritium, a code,
the Tritium Migration and Analyses Program (TMAP), has been developed which
analyzes the tritium loss from fusion systems during normal operation and
accident conditions.
In addition to the INKL safety program, there are other fusion technology
programs which help develop the safety aspects of fusion reactors in this
area. These programs include the development of low/reduced activated
materials which have both improved near-term advantages (release and
transport under accident conditions, maintenance, etc.) and long-term
advantages (radioactive waste management, recycle, etc.).
Another area that will improve safety is the development of blankets which
will have low tritium inventory and would not be an energy source for the
propagation of severe accidents and the development and demonstration of a
tritium handling and processing systems for a fusion reactor. The
demonstration of a fusion fuel processing system will take place in the
Tritium Systems Test Assembly Facility (TSTA) at the Los Alamos National
Laboratory when it reaches full operation in late 1987. In addition, TSTA
will conduct tritium control and cleanup experiments as well as other
tritium property experiments. It will be extremely important for the
continuing development of an attractive fusion system, from the
environmental and safety standpoint, that the safety program interact
closely and help guide the plasma science and technology development
program to insure that fusion's potential is reached.
Besides environment and safety, another important criteria for measuring
fusion viability as a future energy resource is economics. A study to try
to determine fusion's possible potential, as measured by all three
criteria, has been initiated by a Lawrence Livermore National Laboratory
(LLNL) Committee chaired by John P. Holdren, Professor, University of

California at Berkeley.

This Committee started its work in November 1985

with the ultimate objective of performing a comparative and integrated
analyses of fusion safety, environmental, and economic potential which
would address the interrelationships/tradeoffs between the criteria rather
than focusing on each criterion individually as past studies have done.
The Committee's report should be completed in early 1987.
In conclusion, Fusion has the potential to achieve attractive environmental
and safety features which can give it a significant advantage over other

energy sources. The challenge to the world's fusion community is
to transfer this "potential" into reality.
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PRIMARY

FUSION SAFETY AND

ENVIRONMENTAL CONCERN

TRITIUM

ACTIVATION

PRODUCTS

L A R G E E N E R G Y SOURCES

PRIMARY

FUSION SAFETY AND ENVIRONMENTAL CONCERNS

TRITIUM

O

TRANSPORT

PROCESSES

PERMEATION THROUGH AND

RETENTION IN MATERIALS. IMPLANTATION. ETC.
O

CODE DEVELOPMENT -

TRITIUM

ANALYSIS PROGRAM <TMAP)
TRITIUM LOSS

FROM FUSION

MIGRATION AND

IS A CODE TO ANALYZE
SYSTEMS DURING

NORMAL OPERATION AND ACCIDENT CONDITIONS.
O

HANDLING AND PROCESSING

-

TRITIUM SYSTEMS TEST

ASSEMBLY <TSTA) WILL DEMONSTRATE OUR ABILITY
TO CONTROL AND CONTAIN LARGE QUANTITIES OF
TRITIUM AS WELL AS CONDUCTING TRITIUM

AND CLEANUP
O

BLANKET RESEARCH
AND

CONTROL

EXPERIMENTS.
-

MINIMIZE TRITIUM

INVENTORY

ENERGY SOURCE FOR ACCIDENTS.

PRIMARY FUSION SAFETY AND ENVIRONMENTAL. CONCERNS

ACTIVATION PRODUCTS

O

FORMATION AND TRANSPORT MOBILITY

DETERMINE KIND AND

OF ACTIVATION PRODUCTS UNDER ACCIDENT

CONDITIONS (E.O.,

HIGH TEMPERATURE) FROM

DIFFERENT CANDIDATE FIRST WALL MATERIALS.
EFFORTS INCLUDE EXPERIMENTS AND MODELING.

O

MATERIALS RESEARCH -

DEVELOP

LOW/REDUCED

ACTIVATED MATERIALS WHICH HAVE BOTH IMPROVED
NEAR-TERM ADVANTAGES (RELEASE AND TRANSPORT
UNDER ACCIDENT CONDITIONS,

MAINTENANCE) AND

LONG-TERM ADVANTAGES (RADIOACTIVE WASTE
MANAGEMENT, RECYCLE).
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Energy Sources in Nuclear Power Systems
Typical 1000 MW(e)
PWR Fission Reactor

Comparable
Fusion Reactor

Fuel

U236 Contained in UO7

D and T, with T Breeding
In LJjO

Fuel Energy
Content

2.6 MW-yr/kg from U236
Rssion

10.7 MW-yr/kg from D T
Fusion

Fueling Scheme

Large Initial Load and
Periodic Refueling

Small Initial Load and
Continuous Refueling

Average Fuel Load

- WOO Kg of U235

- 2 Kg of D-T

-»00 MW-yr

~ 21 MW-yr

in Reactor
Energy Contained •
Average Fuel Load

Other Energy Sources:

Radioactive Decay
Heating

Comparable for Fusion Reactor with
Stainless Steel Structure; Much Less in
Fusion Reactor with Low Activation Materials

Plasma Kinetic
Energy

None

-.00003 MW-yr

Magnets

None

~ .0015 MW-yr

If Liquid Metal Cooled
1 Mg Liquid Metal
Spill in Air

~ .00027 MW-yr (Sodium)

~ .001 MW-yr (Lithium)
(***.5 MW-yr for Total L i t h i u m
Inventory Spill of iMlbs)
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PRIMARY

FUSION SAFETY AND ENVIRONMENTAL CONCERN»

LARQE ENERGY
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O

STUDYING THE SEVERITY OF THE

BLANKET -

CHEMICAL REACTION PROBLEM. PARTICULARLY
WITH LIQUID

DIFFERENT

LITHIUM AND

LITHIUM-LEAD

IN

ENVIRONMENTS (E.G., AIR. WATER.

CONCRETE) AND POSSIBLE METHODS OF
CONTAINMENT

(FIRE

EXTINGUISHMENT).

EFFORTS

INCLUDE EXPERIMENTS (HEDL) AND MODELING
(MIT.

WISCONSIN).

O

MAGNETS

O

PLASMA

FUSION WILL BE ASSESSED AS ANY ENERGY TECHNOLOGY
WOULD BE AGAINST THESE IMPORTANT CRITERIA:

ENVIRONMENTAL IMPACT. SAFETY ASPECTS ft ECONOMICS.
AT IEA-FPCC MEETINGS IN JANUARY AND SEPTEMBER
10*6. THERE WAS CONSIDERABLE DISCUSSION
REGARDING ASSESSING FUSION'3 POTENTIAL AGAINST

THESE THREE CRITERIA.

EACH MAJOR NATIONAL

FUSION PROGRAM (EC. JAPAN, U.S.) INITIATED
THEIR OWN EFFORTS.

U.S.

PURSUED AN INTEGRATED APPROACH THAT

WOULD CONSIDER THE TRADEOFFS/BENEFITS
AMONGST THE THREE CRITERIA

COMMITTEE ON ENVIRONMENTAL. SAFETY AND ECONOMIC
ASPECTS OF MAGNETIC FUSION ENERGY <ESECOM)
JOHN P. HOLDREN

—— UNIVERSITY OF CALIFORNIAXBERKELEY

(CHAIRMAN)

DAVID H.. aenwALD
ROBERT J. BUDNITT

—— FUTURE RESOURCES ASSOCIATE^

JIMMY a.

CHOCK«H

——

JERRY a.

DBU6NS

— OAK HIDQE NATIONAL LABORATORY
— PUBLIC SERVICES QA» A ELECTRIC CO.

RONALD ENDIOOTT
MUJID 8. KAZIMI

ROBERT A. KRAKOWSKI
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—— QBUMMAN CORPORATION

—
—
—
—

IDAHO NATIONAL ENQINBMHINQ

LAB

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
LOS ALAMOS NATIONAL LABORATORY
LAWRENCE LIVERMORC NATIONAL LABORATORY
<3A TECHNOLOGIES

ESECOM
O

INITIATED WORK

IN

1 1/OS

O

COMPARATIVE ANALYSIS OF FUSION SAFETY,
ENVIRONMENTAL AND ECONOMIC

O

POTENTIAL.

BASE CASE IS TOKAMAK WITH VANADIUM ALLOY
STRUCTURE AND LIQUID

COOLANT.

OTHER

LITHIUM

BREEDER/

DESIGNS BEING EVALUATED

ALSO.

O

ALL DESIGNS BEING SUBJECTED TO COMMON
SAFETY, ENVIRONMENTAL AND ECONOMIC
ANALYSIS TECHNIQUES.

O

FINAL REPORT

DUE OUT

EARLY

IN

1987.

CONCLUSION

FUSION HAS THE

POTENTIAL TO

ACHIEVE ATTRACTIVE ENVIRONMENTAL
AND SAFETY

FEATURES WHICH CAN

GIVE IT A SIGNIFICANT ADVANTAGE
OVER OTHER

ENERGY SOURCES.

THE

CHALLENGE TO THE WORLD'S FUSION

COMMUNITY IS TO TRANSFER THIS
"POTENTIAL" INTO REALITY.
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PRELIMINARY FINDINGS OF A US NATIONAL
COMMITTEE ON ENVIRONMENTAL, SAFETY, AND
ECONOMIC ASPECTS OF MAGNETIC FUSION ENERGY
J.P. HOLDREN*
California University,
Berkeley, California,
United States of America
Abstract

The
will

attractiveness

depend

of

magnetic fusion as a commercial

on its performance)

r e l a t i v e to

other

energy

energy

source

technologies

a v a i l a b l e in the same t i m e framep with respect to economics, environment) and
safety.
Although a variety of past and ongoing reviews of fusion's prospects
touch different aspects of this issue, the Senior Committe on E n v i r o n m e n t a l ,
Safety, and Economic Aspects of Magnetic Fusion Energy (ESECOM) was o r g a n i z e d
by the Lawrence Livermore National Laboratory at the request of the Office of
Fusion

Energy of the U.S. Department of Energy to examine the interaction of

e n v i r o n m e n t a l , safety, and economic characteristics in fusion-reactor d e s i g n ,
especially the prospects for achieving combinations of these c h a r a c t e r i s t i c s
that

would make fusion an attractive long-term energy source compared to

(or

in symbiosis w i t h ) fission and other options.
The

members

of the committee

are:

J.

Holdren

(Chair);

D.

Berwald,

Grumman Corporation; R. Budnitz, Future Resources Associates; J. C r o c k e r ,
Idaho N a t i o n a l Engineering Laboratory;
J.
Delene, Oak R i d g e N a t i o n a l
Laboratory; R. Endicott, Public Service Electric and Gas (New Jersey); (1.
K a z i m i , Massachusetts Institute of Technology? R. Krakowski, Los Alamos
N a t i o n a l Laboratory; B.C. Logan, Lawrence Livermore N a t i o n a l L a b o r a t o r y ; and
K. Schultz, GA Technologies.

The committee has been addressing the following questions: (1) What w i l l
be
the l i k e l y economiCi environmental, and safety characteristics of m a g netic-fusion
reactors
assuming these are based on the D-T fuel
cycle,
present "mainline" confinement schemes and engineering designs, present
"mainline" candidate materials, and extrapolation <to the fusion case) of
construction practices from the fission power industry 7
(2) Uhat is the
p o t e n t i a l for improving performance with respect to economics,
or environment)
or
safety,
or
(most significantly) the combination
of
these
achievable in a single design, through alternative materials, a l t e r n a t i v e
blanket designs, alternative energy-conversion schemes and outputs, a l t e r n a t i v e confinement schemes, alternative fuel cycles, and a l t e r n a t i v e balance-of-plant designs and construction practices made possible by such innovations 7
(3) What changes in present programs of fusion RLD might increase the p r o b a b i l i t y of achieving such improvements'
( *» ) How does the p o t e n t i a l of fusion
in these respects compare to that of its l i k e l y competitors 7

Dr. Holdren is Professor of Energy and Resources at the University of
California, Berkeley, Faculty Consultant in Magnetic Fusion Energy at the
Lawrence Livermore National Laboratory, and Chairman of the Senior Committee
on Environmental, Safety, and Economic Aspects of Magnetic Fusion Energy.
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N a t u r a l l y , an assessment of such breadth could only be attempted by
m a k i n g the f u l l e s t possible use of other recent and ongoing work--in n a t i o n a l
l a b o r a t o r i e s , industry, and um versi t ies-~on the possible shape of fusion
technology and on the future of fission energy. In the first year of ESECOM's
study it has drawn m a i n l y on work in the United States; the intention now is
to b e g i n c o m p a r i n g results and methods w i t h s i m i l a r studies that have been
underway in other countries.

The goals of the fusion energy program encompass more than understanding
the physics and technology of heating and confining fusion fuels; more than
applying

this understanding

to the construction

of devices that can convert,

fusion energy into the forms civilization needs (such as electricity and fluid
fuels); and more than unlocking the nearly inexhaustible energy resources
t h a t such d e v i c e s could utilize. For if fusion is to make an important

contribution to civilization's energy needs, it is not enough that fusion
energy systems vork--they must do so with economic, environmental, and safety
characteristics that are attractive compared to those of other energy sources

available in the same time frame.

The Senior Committee on Environmental, Safety, and Economic Aspects of
Magnetic Fusion Energy (ESECOM) was organized in late 1985 to provide an upto-date assessment of magnetic fusion energy's prospects for meeting this last
requirement. The Committee has given particular attention to the interaction

of e n v i r o n m e n t a l , safety, and economic characteristics in fusion-reactor
design, and to identifying those directions w i t h i n fusion technology that
seem most likely to lead to combinations of these characteristics that would
make fusion an attractive long-term energy source compared to (or in symbiosis
with) fission and other options. We have not considered inertial-confinement
fusion explicitly, although, inevitably, some of our findings could be applied
to the inertial-conf inement as well as to the magnetic-confinement approach.
ESECOM was organized under the auspices of the Magnetic Fusion Energy
Division of the Lawrence Livermore National Laboratory with financial support
from the Office of Fusion Energy of the U.S. Department of Energy. The
Committee, however, is national in composition and independent in its mode of
operation. Its members have served as individuals, not as representatives of
their institutions, and the members alone are responsible for its findings.
The members of ESECOM are: J. P. Holdren (Chair), University of California,
Berkeley; D. H. Berwald, Grumman Aerospace Corporation (Bethpage, NY); R. J.
Budnitz, Future Resources Associates (Berkeley, CA); J. G. Crocker, Idaho
National Engineering Laboratory; J. G. Delene, Oak Ridge National Laboratory;
R. Endicott, Public Service Electric and Gas Company (Newark, NJ); M. S.
Kazimi, Massachusetts Insitute of Technology; R. A. Krakowski, Los Alamos
National Laboratory; B. G. Logan, Lawrence Livermore National Laboratory;
and K. R. Schultz, GA Technologies Inc (San Diego, CA). Extensive assistance
with models and computations has been provided to the Committee by S. Fetter
(at LLNL through most of the study, now at Harvard University), S. J. Piet
(INEL), C. Maninger (LLNL), J. Massida (MIT), and J. Sheffield (ORNL).

This progress report on ESECOM's work describes the methods and models we
have been using and presents some preliminary findings. Because ESECOM's work
is not yet complete, the preliminary results presented here are necessarily
partial, tentative, and subject to revision.
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Definition of the Task
The Committee defined its task to encompass the following sets of
questions:

(1) What will be the likely economic, environmental, and safety characteristics of magnetic-fusion reactors if such reactors are based on the D-T
fuel cycle, the confinement schemes and design concepts most extensively
studied to date, present leading-candidate materials, and extrapolation
of power-plant construction practices from the fission industry? What
trade-offs and interactions among economics, environment, and safety are
evident under these circumstances?
Can such reactors be designed to
preclude fatalities from acute radiation exposure even under "incredible"
circumstances?
(2) What are the possibilities for improving fusion's performance with res-

pect to economics, or environment, or safety, or (most importantly) the
combination of these achievable in a single design, by using (a) alternative materials, (b) alternative blanket designs, (c) alternative energyconversion schemes and outputs (such as fissile fuels), (d) alternative
confinement schemes, (e) alternative fuel cycles, and (f) a l t e r n a t i v e
balance-of-plant designs, construction practices, and siting arrangements
made possible by such innovations?

(3) How do the prospects of fusion in these respects compare to those of its
likely competitors? Are there promising symbioses between fusion and
other energy sources?
(4) What changes in present programs of magnetic-fusion research and development might improve fusion's prospects in these respects?

With respect to analysis of competition and symbiosis alike, our attention to nonfusion energy sources has been confined mainly to fission. Fission
provides the most appropriate comparison because it is the most obvious competitor for fusion in the central-station electricity-generation niche in the
long run, and it is an obvious focus for an examination of potential symbiosis
because of the much-studied possibility of using fusion-fission hybrid
breeders of fissile material to fuel "client" fission converter reactors that
might be cheaper and/or safer than self-sustaining pure-fission breeders.
Organization of the Work

The work has been organized into four phases:

(1) identification and

description of a set of reference cases of fusion, fission, and fusion-fission
hybrid reactors, selected to span the widest possible range of technical

characteristics based on reasonable extrapolation from present knowledge; (2)
analysis, in a consistent framework, of the economic, environmental, and
safety characteristics of these reference cases (including, in many instances,
the effects of varying scale and power density within an otherwise fixed
design); (3) integration and synthesis of the findings fro« Phase 2 to
provide a comparative assessment of various fusion systems relative to one
another and to the reference fission and fusion-fission hybrid-breeder
systems, and to identify trade-offs and symbioses among environmental, safety,
and economic characteristics (including, for example, possible cost savings
achievable through attaining different types and degrees of safety assurance);
and (4) development of conclusions about directions in MFK R&D that could
improve the prospects for achieving fusion's full potential with respect to
economics, environment, and safety.
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Reference Designs
I n a l l , eight f u s i o n a n d t w o f u s i o n - f i s s i o n h y b r i d - b r e e d e r designs were

selected for analysis:
(1)

a "point of departure" D-T fusion reactor in the tokamak c o n f i g u r a t i o n ,
with vanadium-alloy structure and liquid l i t h i u m (Li)as the coolant/

breeder (denoted in f i g u r e s and t a b l e s h e r e i n as V - L i / T O K ) ;
(2)
(3)

a h e l i u m - c o o l e d v a r i a n t of the Case 1 tokamak, w i t h r e d u c e d - a c t i v a t i o n
f e r r i t i c s t e e l (RAF) s t r u c t u r e a n d L i 2 0 s o l i d breeder ( R A F - H e / T O K ) ;
a h i g h - p o w e r - d e n s i t y , r e v e r s e d - f i e l d pinch (RFP) w i t h RAF and copper

s t i u c t u r e , self - < n o ! e d l i t h i u m - ] e a d breeder, a n d watet-cooled i i i s t w a l l
and

(4)

limiter

a n o t h e r h i g h - p o v e r - d e n s i t y RFP w i t h a V - L i blanket m i n i m a l l y m o d i f i e d
f r o m that of

(t>)

t h e " p o i n t o f d e p a r t u r e " tokamak ( V - L i / R F P ) ;

a " l o w - a c t i v a t i o n " tokamak v i t h s i l i c o n c a r b i d e ( S i C ) s t r u c t u r e , h e l i u m
coolant,

((>)

(RAK-LiPb/RFP);

and L i j O bleeder (SiC-He/TOK);

a "pool" type tokamak w i t h v a n a d i u m s t r u c t u r e and m o l t e n - s a l t (FLiBe)
cool a n t / b r e e d e r

(7)

(V-FLIBE/TOK);

a n a d v a n c e d - c o n v e r s i o n v a r i a n t o f t h e p o i n t - o f - d e p a r t u r e tokamak w i t h
.synchrotron- radiât ion-enhanced MHO c o n v e i s i o n (V-MHD/TOK);

(8)

an a d v a n c e d - f u e l , w a t e r - c o o l e d tokamak based on the D-He3 f u e l cycle w i t h
d i r e c t conversion of microwave synchrotron l a d i a t i o n (V-DHe3/TOK);

(9)

a " b a s e l i n e " f u s i o n - f i s s i o n h y b r i d t o k a m a k w i t h R A Fs t r u c t u r e , l i t h i u m
coolant, beryllium neutron multiplication,
f e r t i l e material (RAF-Li/HYB); and

and thorium metal as the

( 1 0 ) a n "advanced technology" h y b r i d tokamak w i t h s t a i n l e s s - s t e e l s t r u c t u r e ,
h e l i u m c o o l a n t , a n d L i / F / B e / T h m o l t e n - s a l t b l a n k e t (SS-He/HYB).
Key e n g i n e e r i n g a n d p h y s i c s p a r a m e t e r s f o r t h e s e t e n c a s e s - - b a s e d o n t h e

Generomak model described b e l o w - - a r e shown in Table I.
The "point of departure" V-Li/TOK system and the RAF-He/TOK variant
represent i m p r o v e m e n t s on STARFIRF, [1] technology u t i l i z i n g the two leadingc a n d i d a t e b l a n k e t s from the Blanket Comparison and Selection Study [ 2 ] . These
are s t e a d y - s t a t e , D-T f u e l e d , superconducting tokamaks, for which TroyonGruber beta scaling [3] and l o w e r - h y b r i d c u r r e n t d r i v e at an e f f i c i e n c y of 0.2
a m p s / w a t t h a v e been a s s u m e d ; t h e s e l a t t e r a s s u m p t i o n s h o l d f o r t h e o t h e r
tokamak cases s t u d i e d , as well. The r e v e r s e d - f i e l d pinch cases rely h e a v i l y
on studies performed at the Los Alamos National Laboratory and a more recent
m u l t i - i n s t i t u t i o n a l s t u d y b e i n g d i r e c t e d by UCLA; these are r e s i s t i v e - c o i l
machines w i t h o s c i l l a t i n g - f i e l d current d r i v e and a nominal l i m i t on poloidal
b e t a t h a t h a s been o b s e r v e d e x p e r i m e n t a l l y [ A ] . T h e S i C - H e / T O K b l a n k e t i s
based on work done at GA Technologies [ 5 ] , w h i l e the V-FLIBE/TOK pool design
is mainly the work of Dai-Kai Sze [6]. The V-MHD/TOK and V-DHe3/TOK advancedc o n v e r s i o n a n d a d v a n c e d - f u e l b l a n k e t s a r e l a r g e l y t h e work o f Logan [ 7 ] ,
stimulated in the l a t t e r case by i n n o v a t i v e work at the University of Wisconsin on a p o s s i b l e s o l u t i o n to the p r o b l e m of H e - 3 a v a i l a b i l i t y [ 8 j . The
hybrid-breeder blankets are based on studies coordinated by LLNL over the past
several years [9,10].
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TABLE I.

PHYSICS AND ENGINEERING PARAMETERS OF FUSION CASES

Case

Aspect
Ratio

Total
Plasma
Beta

Plasma
Current
(MA)

Neutron
Wall
Loading
<MV/m2)

Fusion
Power
(MVt)

Thermal
Conversion
Effic.

Mass
Pover
Density
(kVe/t)

1

V-Li/TOK

4.0

0.1

15.7

3.13

1111

0.416

106

2

RAF-He/TOK

4.0

0.1

16.2

3.18

3027

0.400

98

3

RAF-LiPb/RFP

6.0

0.1

22.0

16.5

3113

0.360

468

4

V-Li/RFP

6.0

0.1

21.5

14.6

2815

0.416

547

5

SiC-He/TOK

4.0

0.1

17.0

3226

0.380

84

6 V-FLIBE/TOK

4.0

0.1

14.6

7

V-HHD/TOK

3.6

0.12

25.1

3.74

2753

0.370

110

8

V-DHe3/TOK

3.6

0.12

60.2

0.09

3258

0.350

62

9

RAF-Li/HYB

4.0

0.1

13.3

2.62

1681

0.386

182

4.0

0.1

14.1

3.09

2106

0.409

192

10 SS-He/HYB

2.53
3.63

2426

0.460

286

All cases have net e l e c t r i c power = 1200 MVe
A t o t a l beta of 0.1 for the RFPs corresponds to a poloidal beta of 0.2.

The C o m m i t t e e ' s aim in s e l e c t i n g these p a r t i c u l a r cases was to p r o v i d e a
basis for e x p l o r i n g the v a r i a t i o n s in e n v i r o n m e n t a l , safety, and economic
c h a r a c t e r i s t i c s that may follow from d i f f e r e n t combinations of materials

choices, power densities, conversion schemes, and fuel cycles. (The circumstance t h a t only tokaraaks and RFPs were examined does not r e f l e c t any shared
opinion about the prospects of other confinement schemes; rather, it resulted
from the sheer convenience of being able to obtain consistently calculated
cost e s t i m a t e s f r o m a p r e - e x i s t i n g engineering-economics model t h a t is
r e s t r i c t e d to t o r o i d a l geometries. The role of the RFP cases, in p a r t i c u l a r ,
was to p e r m i t investigation of higher power densities than could be a t t a i n e d
for tokamaks w i t h i n the framework of the Generomak model.)
The d i f f e r e n t cases do r e p r e s e n t , of c o u r s e , d i f f e r i n g degrees of
e x t r a p o l a t i o n from materials choices, physics parameters, and engineering
f e a t u r e s t h a t might be considered reasonably c e r t a i n to be a t t a i n a b l e based on
present knowledge. An examination t h a t confined i t s e l f only to the most
s o l i d l y based conceptual designs of fusion reactors could not claim to have
a d d r e s s e d f u s i o n ' s f u l l p o t e n t i a l , n o r c o u l d such a s t u d y s a y much a b o u t
d i r e c t i o n s worth investigating i n p u r s u i t o f m a r k e d l y i m p r o v e d p e r f o r m a n c e .
Such cases as numbers (5) through ( 8 ) - - f e a t u r i n g (respectively) ceramic struct u r a l m a t e r i a l s to achieve extremely low a c t i v a t i o n , a pool-type design for
passive cooling under nearly any accident conditions, enhanced MHD conversion
t o r e d u c e b a l a n c e - o f - p l a n t c o m p l e x i t y a n d c o s t , a n d a D-He3 f u e l c y c l e t o
reduce neutron a c t i v a t i o n and t r i t i u m p r o b l e m s — a r e c u r r e n t l y less credible
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than more conventional designs, but we believe analyzing them has helped us
avoid constraining unduly our assessment of fusion's long-range possibilities.
Four fission reference cases were selected for comparison (and for investigation of symbiosis with the fusion-fission hybrid breeders), as follows:
(1)

a "best present experience" pressurized-water reactor (Westinghouse)
(PWR-BPE);

(2)

the Large-Scale Prototype Breeder (Electric Power Research Institute/Department of Energy) (LSPB);

(3)

the Power Reactor Inherently Safe Module breeder design (General Electric) (PRISM); and

(4)

a modular high-temperature gas leactoi (GA Technologies/Gas-Cooled
Reactor Associates) (MHTGR).

Key engineering characteristics of the fission cases are summarized in Table
II.
These cases were picked to serve different functions in the study. The
PVR-BPE provides a reference point rooted in experience; it serves as a sort
of calibration for the economic and safety indices of the advanced fission and

fusion cases, as well as representing a minimum-performance fission "client"
for the fusion-hybrid breeder. The LSPB and PRISM systems represent a
"standard" and an "alternative" approach to fission breeding; they are potential direct competitors with fusion for the long-term, central-station,
electricity-generation market. The MHTGR could be considered a competitor for
fusion in the not-so-distant future, before uranium has become scarce and

costly enough to require breeding, and as an advanced client for breeders of
either the pure-fission or the fusion-hybrid varieties.
Economic Analysis
Construction-cost estimates for the fusion and hybrid breeder cases have

been obtained using a generic physics-engineering-costing model for magnetic
fusion (Generomak) developed by J. Sheffield and others [11] and modified
appropriately for our purposes.
TABLE II.

Case

ENGINEERING CHARACTERISTICS OF FISSION CASES

Plant
Output
(MWe)

No. of
Reactors
In Plant

Primary
Fluid

Reactor
Exit
Temp.
(deg F)

Reactor
Exit
Press,
(psig)

Thermal
Conversion
Effic.

Enrichment
(*>

1

PWR-BPE

1139

1

H20

618

2250

0.339

3

2

LSPB

1320

1

Na

950

atm

0.377

24.4

3

PRISM

1245

9

Na

875

atm

0.325

25.9

4

MHTGR

4

He

1268

919

0.399

20
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558

The physics p a r t of the Generomak model accepts i n p u t values of power
l e v e l , t o t a l plasma beta, aspect r a t i o and elongation of the toroidal plasma,
m a x i m u m f i e l d in the toroidal f i e l d coil (TFC), and edge-plasma s a f e t y f a c t o r ,
and f r o m t h i s i n f o r m a t i o n performs an i t e r a t i v e c a l c u l a t i o n of the t o r o i d a l
f i e l d in the plasma and the plasma radius. From these r e s u l t s , the model then
c a l c u l a t e s the plasma volume, neutron w a l l loading, plasma c u r r e n t , and o t h e r
variables. G i v e n these values, together w i t h engineering parameters d e r i v e d
f r o m them and f r o m various d e t a i l e d blanket s t u d i e s , the Generomak model also
c a l c u l a t e s the volume of the "fusion island", the reactor thermal power, and
the masses of the b l a n k e t , r e f l e c t o r , s h i e l d , and coils.
Based on u n i t costs for f a b r i c a t e d m a t e r i a l s (e.g., $400/kg for the p a r t s
of the reactor f a b r i c a t e d from v a n a d i u m / c h r o m i u m / t i t a n i u m alloy) and for

c e r t a i n s p e c i f i c components (e.g., power supply for current d r i v e is costed at
$2.25/W), the model then calculates the d i r e c t costs of the f u s i o n i s l a n d .
(Many of the component costs are based on the S t a r f i r e s t u d y , u p d a t e d to the
J a n u a r y 1986 d o l l a r s used as the cost basis t h r o u g h o u t ESECOM's w o r k . )
B a l a n c e - o f - p l a n t costs in various categories ( l a n d , s t r u c t u r e s and i m p r o v e m e n t s , heat t r a n s f e r and transport e q u i p m e n t , t u r b i n e - p l a n t e q u i p m e n t , and so

on) are obtained by assuming that reference costs, updated from S t a r f i r e ,
scale w i t h t h e r m a l power, e l e c t r i c a l power, or f u s i o n - i s l a n d volume raised to
an a p p r o p r i a t e f r a c t i o n a l exponent. Thus, for example, the reactor b u i l d i n g
and hot c e l l s (cost account 21.1) are costed at
c

bldg = * 1 7 4 ' 4 m i l l i o n x (P t h e r m a l /4085 MWt) 0 ' 5 ,

w h e r e $174.4 m i l l i o n i s t h e u p d a t e d S t a r f i r e f i g u r e f o r t h i s c o m p o n e n t o f a
4085-MUt p l a n t .
T o t a l c a p i t a l i z e d i n v e s t m e n t c'ost i n 1986 d o l l a r s i s o b t a i n e d a f t e r
accounting for i n d i r e c t costs ( p r o p o r t i o n a l to d e s i g n - a n d - c o n s t r u c t i o n lead
t i m e ) , contingency, and interest during c o n s t r u c t i o n . The values assumed for
these economics parameters are summarized in Table III. Costs of the b l a n k e t ,
l i m i t e r , coolant, and other major
items that turn over on a time scale
--------------------------------------short compared to the plant l i f e t i m e
TABLE III. ECONOMICS PARAMETERS
are treated analogously to fuel
costs in the f i s s i o n fuel cycle,
Cost basis
1986 US$
f o l l o w i n g the methodology e m b o d i e d
in the Nuclear Energy Cost Data Base
Plant l i f e t i m e
30 years
(NECDB) at ORNL [ 1 2 ] . C a l c u l a t i o n
of other operation and maintenance
Plant lead-time
6 years
costs also follows the NECDB model.
Following standard engineering-econIndirect cost factor
0.375
omics techniques, as embodied in
the NECDB, then yields a levelized
Contingency factor
0.15
cons t a n t - d o 1lar c o s t o f e n e r g y
(COE). (In the fission cases, direct
Real cost of money
2.83%/yr
costs h a v e been taken f r o m the
analyses of vendors or designers and Interest during construction 8.56%
integrated into the NECDB methodol(real, based on S-curve
ogy, w i t h modifications as necessary
pattern of investments)
for consistency w i t h the fusion calcula t i ons.)
____________-____-_-___-------_---_____

The preliminary results of these economic calculations are shown in Table
IV. Here the "overnight" costs i n c l u d e the a p p l i c a t i o n of i n d i r e c t and
contingency factors but not interest during construction; they are the costs
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TABLE TV.

PRELIMINARY RESULTS OF ECONOMIC CALCULATIONS

Unit Capital Costs ($/kUe)

Case

Direct

Overnight

Total

Cost of Energy (mills/kVh)

Capi
tal

Fuel & Fiss.
Other
Fuel
O&M
Sales

Total

V-Li/TOK

1372

2170

2355

34. 9

17.9

0.0

52 .8

2 RAF-He/TOK

1393

2203

2390

35. 4

13.3

0.0

48 .7

929

1470

1595

23. 7

13.3

0.0

37 .0

903

1428

1550

23. 0

18.8

0.0

41 .8

1625

2569

2790

41. 3

13.4

0.0

54 .7

1186

1876

2035

30. 2

17.7

0.0

47 .9

1380

1500

19. 2

16.2

0.0

35 .4

0.0

47 .8

1

3

RAF-LiPb/RFP

4 V-Li/RFP
5

SiC-He/TOK

6 V-FLIBE/TOK
7 V-MHD/TOK

873

8 V-DHe3/TOK

1763

2787

3025

38. 9

9 RAF-Li/HYB

1647

2603

2825

41. 9

22.0

-23 .5

40 .4

10 SS-He/HYB

1351

2136

2320

34. 3

21.8

-16 .3

39 .8

1170

1270

18. 8

14.6

0.0

33 .4

11 PVR-BPE

740

8.9

11 ' PVR-ME

1007

2319

2620

41.0

15.6

0.0

56 .6

12 LSPB

1040

1644

1785

26. 5

----16 .7- --

43 .2

13 PRISM

996

1575

1710

25. 3

----18 .5- --

43 .8

14 MHTGR

885

1400

1520

22. 6

19.4

42 .0

0.0

t h a t would r e s u l t if c o n s t r u c t i o n were instantaneous. The t o t a l capital costs
are obtained by accounting for i n t e r e s t during the assumed 6-year construction
period ( a d j u s t e d to 1986 dollars). The a d d i t i o n a l fission case (11' PWR-ME)
in T a b l e IV is the " m e d i a n - e x p e r i e n c e " PVR and p r o v i d e s a second r e f e r e n c e
p o i n t r o o t e d i n c u r r e n t r e a l i t y . I t i s o f i n t e r e s t t h a t t h e costs o f t h e
"best e x p e r i e n c e " a n d " m e d i a n e x p e r i e n c e " PWRs b r a c k e t t h e range o f c o s t s
e s t i m a t e d for the various f u s i o n , hybrid-breeder, and advanced-fission cases.

All the costs estimated for fusion systemss in Table IV are based on the
assumption that nuclear-grade construction is required throughout;
the
figures for the PRISM and MHTGR f i s s i o n systems incorporate some allowance for
r e d u c t i o n of nuclear-grade requirements in consideration of the higher degree
of "inherent" or "passive" s a f e t y the designers of these systems believe they
w i l l be able to d e m o n s t r a t e in comparison to conventional fission systems. It
i s r e a s o n a b l e t o suppose t h a t t h o s e f u s i o n s y s t e m s w i t h r e l a t i v e l y l o w
i n v e n t o r i e s of r a d i o a c t i v i t y and/or impressive passive barriers against
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release of these m a t e r i a l s may also escape the burdens of f u l l n u c l e a r - g r a d e
construction.

In order to bound, in a p r e l i m i n a r y way, the possible e f f e c t s of such
savings on the fusion side, we have cal dilated--using two d i f f e r e n t
a p p r o a c h e s - - t he

cost

reductions

that

would

result

if

nuc lear-grade

c o n s t r u c t i o n were avoided e n t i r e l y in the f u s i o n cases:
these h y p o t h e t i c a l
savings are t y p i c a l l y about 30 percent of the "overnight" c o n s t r u c t i o n costs
s h o w n i n T a b l e I V , t r a n s l a t i n g t o a b o u t 2 5 p e r c e n t i n COE. I n s o f a r a s n o
fusion system Is likely to be able to avoid nuclear-grade c o n s t i u c t i o n
e n t i r e l y , these f i g u r e s tend to o v e r s t a t e the savings a v a i l a b l e to those
systems that can d e m o n s t r a t e special safety advantages. On the other hand,

p o t e n t i a l savings f r o m reduced licensing and c o n s t r u c t i o n times and f i u - n
increased f l e x i b i l i t y in s i r i n g for the safer systems w o u l d be in a d d i t i o n to
those f r o m reduced n u c l e a r - g r a d e cons 1 1 u c 1 i o n .

The issue of s a f e t y c r e d i t . - -

w i l l b e t r e a t e d i n c o n s i d e r a b l y more d e t a i l i n ESECOM's f i n a l r e p o r t .
I t needs t o b e e m p h a s i z e d , o f c o u r s e , t h a t a^l. o f t h e e c o n o m i c f i g u r e s

p r e s e n t e d here f o r systems t h a t have n o t y e t been b u i l t a r e n e c e s s a r i l y h i g h l y
u n c e r t a i n , and t h a t more s i g n i f i c a n c e is to be ascribed to the r e l a t i v e
magnitudes of the e s t i m a t e s than to t h e i r a b s o l u t e v a l u e s .
Analysts of Safety and Environment

ESECOM's a n a l y s i s of e n v i r o n m e n t a l and safety characteristics includes
q u a l i t a t i v e a n d , w h e r e p o s s i b l e , q u a n t i t a t i v e a s s e s s m e n t o T:
( a ~!
p o s s i b i l i t i e s and consequences of m a j o r r e l e a s e s of r a d i o a c t i v i t y f i on I P . u 'or

accidents;
(b) magnitude of the r a d i o a c t i v e - w a s t e burden;
(c) o c c u p a t i o n a l
a n d p u b l i c e x p o s u r e s t o r a d i a t i o n i n r o u t i n e o p e r a t i o n ; ar.d ( d ) u n v a . - t o d
linkages to nuclear weaponry.
The c a l c u l a t i o n s o f r a d i o a c t i v e i n v e n t o r i e s h a v e been c o n d u c t e d ' . i t h i h r
neu t r on - ac t i va t ion c o d e s and c r o s s - sec t i on l i b r a r i e s in use al I . L N L [ i ^ ].

C a l c u l a t i o n s of a f t e r h e a t , heat t r a n s f e r , and r a d i o a c t i v i t y m o b i l i z a t i o n under
a c c i d e n t c o n d i t i o n s have been c o n d u c t e d a t M T T a n d TNEI, u s i n g m e t h o d ?
described in Refs. [ 1 4 J and [ 1 5 ] . Waste-disposal r a t i n g s and p n t e n t i a 1 o f f s i t e doses o f r a d i a t i o n f r o m s e v e r e r e l e a s e s n a v e been c o n d u c t e d a t L I NL u s i n g
m e t h o d s d e s c r i b e d in R e f . [ 1 3 ] . R o u t i n e r e l e a s e s of t r i 11 i, m ( a n d
c o r r e s p o n d i n g r o u t i n e releases f r o m f i s s i o n r e a c t o r s ) h a v e been t a k e n i n t o
account by assuming t h a t all r e a c t o r s w i l l be designed to meet a p p l i c a b l e NRC
a n d E P A s t a n d a r d s f o r s i t e - b o u n d a r y doses;
degrees o f d i f f i c u l t y t h a t n i g h t
be a s s o c i a t e d w i t h m e e t i n g these s t a n d a r d s , based on d i f f e r e n c e s in
i n v e n t o r i e s a n d pathways i n t h e v a r i o u s d e s i g n s , have been c h a r a c t e r i z e d
q u a l i t a t i v e l y . Assessment of weapons linkages includes c h a r a c t e r i z a t i o n of
i n v e n t o r i e s and t r a n s p o r t of w e a p o n s - u s a b l e m a t e r i a l s , as w e l l as q u a l i t a t i v e
d i s c u s s i o n of the v u l n e r a b i l i t i e s these m a t e r i a l s may r e p r e s e n t .
For
reasons of space, o n l y the a c c i d e n t hazards and r a d i o a c t i v e - w a s t e b u r d e n s are
discussed f u r t h e r in t h i s summary.
To f a c i l i t a t e analysis of accident hazards associated w i t h r a d i o a c t i v e
m a t e r i a l s of d i f f e r i n g degrees of i n h e r e n t m o b i l i t y , we h a v e d i v i d e d the
radioactive inventories of fusion and fission reactors a l i k e i n t o f i v e
m o b i l i t y c a t e g o r i e s , a s i n d i c a t e d i n T a b l e V . I n t h e case o f f i s s i o n , t h e

c a t e g o r i z a t i o n s are based on e s t i m a t e s of r e l e a s i b i l i t y u n d e r a c c i d e n t
c o n d i t i o n s f r o m t h e 1975 R e a c t o r S a f e t y S t u d y o f t h e N u c l e a r R e g u l a t o r y
Commission [16], from more recent NRC and n u c l e a r - i n d u s try r e v i e w s of the
r a d i o a c t i v e "source t e r m " i n l i g h t - w a t e r - r e a c t o r a c c i d e n t s [ 1 7 , 1 8 ] , f r o m
preliminary analyses of the release from the Chernobyl accident [ 1 9 - 2 1 ] , and
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TABLE V.

CATEGORIZATION OF RADIOACTIVE ISOTOPES BY MOBILITY UNDER ACCIDENT
CONDITIONS

Category D e f i n i t i o n

Fusion

Fission

I: Elements gaseous or extremely
v o l a t i l e under thermochemical
c o n d i t i o n s of normal o p e r a t i o n .

H,C ,N,Ar

H,C ,N,
Ar,Kr,Xe

II:

Elements somewhat v o l a t i l e
under thermochemical c o n d i t i o n s of
normal operation.

Mg, P, Cl,
Ca,Ag,Cd,Re

I,Cs,Rb

Ill: Elements somewhat volatile under
t h e r m o c h e m i c a l conditions likely to

Na,Mn,As,Sr,
Mo, Tc, Hg,
Tl, Po

Sb,Te

be e n c o u n t e r e d in an a c c i d e n t .

IV: E l e m e n t s somewhat v o l a t i l e under

be encountered in severe a c c i d e n t s .

K, Cr, Co,
Ni,Pd,In,Sb,
Te, U, Pb

V: Elements r e s i s t a n t to v o l a t i l i z a t i o n even under extreme accident
condi t i o n s .

Ti,V,Fe,Cu,
Y,Zr,Nb,Sn,

Fe,Y,La,Zr,
Nb,Ce,Pr,Nd,
U,Th,Np,Pa,

La,Hf,Ta,Bi

Pu,Am,Cm

t h e r m o c h e m i c a l c o n d i t i o n s t h a t may

Be,Al,Si,Se,

Sr, Ru, Ba,
Rh, Co, Mo,
Tc

From a c t i v a t i o n of a i r .
N O T E : These c a t e g o r i z a t i o n s d e n o t e r e l a j ^ v e m o b i l i t y o f f u s i o n e l e m e n t s
compared to one a n o t h e r and of f i s s i o n elements compared to one another; it
s h o u l d not be assumed t h a t f u s i o n elements in a given m o b i l i t y category have
t h e same l i k e l i h o o d o f r e l e a s e , o r t h e same r e l e a s e f r a c t i o n i n a s e v e r e
a c c i d e n t , as elements in the same m o b i l i t y category in the f i s s i o n c o l u m n .
f r o m U.S. a n d G e r m a n s t u d i e s o f L M F B R a c c i d e n t s [ 2 2 - 2 3 ] .

I n t h e case o f
f u s i o n , the categorizations are based in part on l i m i t e d experimental data on
releases from candidate fusion alloys under conditions t h a t might be expected
in accidents [ 2 4 ] and in part on generally a v a i l a b l e data on the m e l t i n g
p o i n t s and b o i l i n g p o i n t s of r e l e v a n t elements and t h e i r oxides [13]. The
c a t e g o r i z a t i o n s in Table V must be regarded as very a p p r o x i m a t e in any case,
and d i f f e r e n c e s of a s i n g l e l e v e l s h o u l d not be taken too s e r i o u s l y .
R e v i s i o n s i n t h i s o r a n y s i m i l a r scheme a r e i n e v i t a b l e a s more d a t a become
a v a i l a b l e , and this is especially so on the f u s i o n side where a v a i l a b l e data
are c u r r e n t l y so scanty.
The c a l c u l a t i o n of the inventories of f u s i o n a c t i v a t i o n products for
p u r p o s e s of a c c i d e n t a n a l y s i s was based on a t o t a l f i r s t - w a l l n e u t r o n
i r r a d i a t i o n of about 20 megawatt-years per square meter. E s t i m a t e s of t r i t i u m
i n v e n t o r i e s w e r e based m a i n l y o f t h e w o r k o f t h e BCSS [ 2 ] . ( I n a d d i t i o n ,
k i l o g r a m q u a n t i t i e s of t r i t i u m - - a t 10 megacuries per ki l o g r a m - - o r d i n a r i l y
w o u l d be k e p t in v a u l t s t o r a g e as an o p e r a t i o n a l r e s e r v e or for s u b s e q u e n t
t r a n s f e r to start up new reactors; this "inactive" t r i t i u m inventory is
considered i n v u l n e r a b l e to release except by sabotage, act of war, or major
n a t u r a l d i s a s t e r . ) I n t h e f i s s i o n cases, t h e r a d i o a c t i v e i n v e n t o r i e s were
e s t i m a t e d f o r 1 2 0 0 - M W e p l a n t s a t s h u t d o w n j u s t b e f o r e r e f u e l l i n g ( 3 core
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r e g i o n s aged 1, 2, and 3 y e a r s ) . C o o l a n t a c t i v a t i o n and i s o t o p e s of v e r y
short h a l f - l i f e were not included.
G i v e n the r a d i o a c t i v e i n v e n t o r i e s and the mobility-based c l a s s i f i c a t i o n
scheme already described, it becomes possible to c a l c u l a t e the o f f - s i t e doses
t h a t would result f r o m release of 100 percent of the radioactive inventory in
each m o b i l i t y c a t e g o r y f o r each d e s i g n . O n e c a n t h e n d e d u c e h o w large t h e
a c t u a l release f r a c t i o n s of these m a t e r i a l s would have to be in order to
produce any p a r t i c u l a r dose of i n t e r e s t . One can calculate, for example, what
f r a c t i o n of the r a d i o a c t i v e i n v e n t o r y in a fusion-reactor f i r s t wall would
have to be released in order to generate, under adverse weather conditions, an
a c u t e whole-body dose of 200 rem at a d i s t a n c e of 1 k i l o m e t e r f r o m the reactor

(corresponding a p p r o x i m a t e l y to the threshold below which no early f a t a l i t i e s
w o u l d b e e x p e c t e d ) ; a n d o n e c a n c a l c u l a t e these " d o s e - t h r e s h o l d " r e l e a s e
f r a c t i o n s f o r each d i f f e r e n t m o b i l i t y c a t e g o r y i n each r e a c t o r t y p e . T h e
higher these "dose-threshold" release f r a c t i o n s are, the b e t t e r , since a large
f i g u r e indicates t h a t the threshold dose w i l l not be exceeded unless a large
f r a c t i o n of the i n v e n t o r y escapes. (A " d o s e - t h r e s h o l d " release f r a c t i o n
e x c e e d i n g u n i t y m e a n s t h a t n o t e v e n a 1 0 0 - p e r c e n t release o f t h e i n v e n t o r y
w o u l d s u f f i c e to produce the t h r e s h o l d dose.)

Where e s t i m a t e s are a v a i l a b l e of the a c t u a l release f r a c t i o n s that are
p l a u s i b l e for m a t e r i a l s in d i f f e r e n t m o b i l i t y categories under severe-accident
c o n d i t i o n s , these e s t i m a t e s can be c o m p a r e d to the " d o s e - t h r e s h o l d " r e l e a s e
f r a c t i o n s calculated as j u s t described in order to c l a r i f y whether (and by how
much) the threshold doses could be exceeded in credible events. (Estimates of
maximum p l a u s i b l e release f r a c t i o n s in severe accidents are a v a i l a b l e for at
l e a s t a few t y p e s of f i s s i o n r e a c t o r s , and ESECOM has made such e s t i m a t e s - necessarily in a very approximate way, but we b e l i e v e very c o n s e r v a t i v e l y — f o r
o u r f i r s t t w o f u s i o n cases.) E v e n w h e r e e s t i m a t e s o f t h e m a x i m u m p l a u s i b l e
release f r a c t i o n s are not a v a i l a b l e , as is the case for most fusion systems
a n d f o r t h e more a d v a n c e d f i s s i o n s y s t e m s , d i r e c t c o m p a r i s o n o f t h e "dosethreshold" release f r a c t i o n s for the various m o b i l i t y categories in d i f f e r e n t
systems provides some basis for judgment about the r e l a t i v e p o t e n t i a l of these
systems to generate dangerous releases.
Table VI summarizes our f i n d i n g s on i n v e n t o r i e s and "dose-threshold"
release f r a c t i o n s for some of the f u s i o n cases and for the LSPB f i s s i o n case.
Two d i f f e r e n t t h r e s h o l d doses h a v e been used here: a " c r i t i c a l " w h o l e - b o d y
dose (defined in the U.S. Nuclear Regulatory Commission's 1975 Reactor Safety
S t u d y [ 1 6 ] to be all of the dose d e l i v e r e d in the f i r s t 7 days p l u s h a l f of
the dose delivered in the 8th through 30th days) of 200 rem at a distance of 1
km, due to i n h a l a t i o n , cloud shine, and ground shine during plume passage; and
a 5 0 - y e a r dose of 25 rem f r o m g r o u n d c o n t a m i n a t i o n ( i n c l u d i n g e f f e c t s of
resuspended nuclides, but not considering contamination of food and drinking
w a t e r ) at a distance of 10 km. These doses were calculated assuming weather
conditions highly adverse in respect to the c r i t i c a l dose at the plant boundary (Pasquill F s t a b i l i t y , 1 m/sec windspeed, inversion layer at 250 meters,
release at ground level w i t h no thermal plume rise, and a deposition v e l o c i t y
of 0.01 m/sec) and using the dose models developed by Fetter [13].

The figures in Table VI indicate that all of the fusion cases shown have
s u b s t a n t i a l s a f e t y a d v a n t a g e s o v e r t h e LMFBR based o n release f r a c t i o n s
required to exceed threshold doses--even without assuming that the physically
£lauj3i_ble r e l e a s e f r a c t i o n s m i g h t be s m a l l e r for f u s i o n .
The " p o i n t of
d e p a r t u r e " V - L i / T O K f u s i o n case, for e x a m p l e , has a b o u t a t w o - o r d e r - o f m a g n i t u d e a d v a n t a g e o v e r t h e L M F B R w i t h r e s p e c t t o c r i t i c a l dose a t 1 k m i n
every m o b i l i t y category from I to IV if one bases the comparison on the fusion
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TABLE VI.

INVENTORIES AND DOSE-THRESHOLD RELEASE FRACTIONS BY MOBILITY
CATEGORY: SELECTED CASES

Release Fraction That Would Produce:
Mobility

System &
Component
V-Li/TOK
Ist-wall
Ist-vall
Ist-wall
Ist-wall
Ist-wall
Other FPC

Categories

Inventory
(MCi)

200 rem cri t dose
@ 1 km from plume

50
6
5
1.5
0.04
0.002

25 rem 50-yr ground
dose @ 25 km

I
I-II
I-III
I-IV
I-V
I-V

5
10
11
100
550
2300

15
0.8
0.5
0.02
0.0015
0.00009

I
I-II
I-III
I-IV
I-V
I-V

0.5
22
120
220
2500
1600

500
2
0.15
0.10
0.03
0.01

1st wall
1st wall
1st wall
1st wall
1st wall
Other FPC

I
I-II
I-III
I-IV
I-V
I-V

1.5
9
9
9
800
1500

150
90
50
50
20
0.1

60
60
8
3
3
0.015

V-DHe3/TOK
1st wall
1st wall
1st wall
1st wall
1st wall
Other FPC

I
I-II
I-III
I-IV
I-V
I-V

0.5
0.8
0.8
7
60
4

500
100
80
20
0.6
4

200
15
10
0.3
0.03
0.04

RAF-LiPb/RFP

1st wall
1st wall
1st wall
1st wall
1st wall
Other FPC

150
0.7
0.0009
0.0001
0.0001
0.00009

SiC-He/TOK

Large-Scale Prototype Breeder (fission)
I
360
0.7
core
I-II
0.02
1000
core
I-III
1200
0.015
core
I-IV
2200
0.007
core
I-V
5300
core
0.003

60
0.0002
0.0002
0.0001
0.00004

NOTE: Category 1 "1st wall" inventories include all blanket tritium. Other
FPC denotes fusion power core other than 1st wall (i.e., other blanket

components, manifold/reflector, and shield).
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first wall (which, w i t h respect to afterheat power density, r a d i o a c t i v i t y
concentration, surface-to-volume ratio, and susceptibility to overheating as a
result of reconfiguration or exposure to fire, represents by far the most
vulnerable part of the fusion inventory to release). Even the highest powerdensity fusion system (the RAF-LiPb/RFP) has an advantage over the LMFBR of
one order of magnitude or more with respect to critical dose at 1 km from
mobility categories I-IV. The advantages of the low-activation and advancedfuel fusion systems are much larger still.
When one takes the next step of comparing the release fractions needed
to generate threshold doses w i t h the fractions that may be physically
plausible for isotopes in the different mobility categories in the fusion and
fission cases, the advantage of fusion widens. This is shown in Table VII,
where ESECOH's estimates of maximum physically
plausible release fractions
for the V-Li and RAF-He tokamaks (based on analyses at MIT of maximum attainable temperatures in these systems, combined with data from INEL on volatilization from these alloys at those temperatures, and with no credit for the
effects of active release-suppression measures or containment building) are
compared with estimated fission release fractions from sources cited above.

Analysesof radioactive-waste___-__-----______-______-------_---_
management
burdens were
performed
TABLE VII. MAXIMUM PHYSICALLY
using the concept of "intruder dose"
PLAUSIBLE RELEASE FRACTIONS
developed by the U.S. Nuclear Regulatory Commission in connection with its
Mobility Fusion (V/Li Fission (LVR
"10CFR61" criteria for shallow burial
Category and RAF/He) and LMFBR
of fission-reactor wastes [25]. The
======== ============ ============
intruder dose is the highest dose that
could be received, between 100 years
I
1.0
1.0
and 1000 years after shallow burial of
the wastes, by (a) a worker excavating
II
0.2-0.4
0.2-0.7
the site and constructing a dwelling
there or (b) a farmer cultivating the
III
0.05-0.1
0.2-0.4
site and eating the food grown there.
Qualification
for
shallow
burial
IV
0.01-0.03
0.05-0.1
requires, under specified assumptions
about waste packaging and corrosion
V
le-5 to le-4 0.003-0.05
that the calculated intruder dose not
exceed 0.5 rem/yr. ESECOM used compu_------_-----_---__--------_----_---ter codes developed by Fetter [13] for
applying the 10CFR61 methodology (with correction of several errors in the
original NRC work) to fusion as well as fission wastes. The results permitted
us to characterize the wastes with four different indices: the life-cycle
volume of the radioactive wastes from each 1200-MUe, 30-year lifetime power
plant; the intruder dose averaged for these wastes; the annualized intruder
hazard potential (the sum of the products of intruder dose times annual waste
volume for each reactor component), and the deep disposal index (for the lifecycle wastes, the sum of the products of the volumes of components with
intruder doses exceeding 0.5 rem times the ratios by which this threshold is
exceeded).

In using the shallow-burial scenario and the intruder-dose concept as the
basis for its scheme for characterizing radioactive-waste burdens, ESECOM does
not intend to suggest that shallow burial is necessarily the best strategy for
managing fusion wastes, or that fusion systems whose wastes do not meet the
present shallow-burial criteria are hopelessly handicapped. We simply believe
that this calculational approach provides a consistent and illuminating way to
rank the size of the radioactive-waste-management task for different systems.
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The results of using this approach for some of our fusion and fission
cases are shown in Table VIII. Sizable advantages of fusion over fission are
evident.

(It should be noted here that the "RAF" cases reflect the benefit of
using a modification of the usual HT-9 ferritic steel in which tungsten has
been substituted for molybdenum. This substitution eliminates the source the
Nb-94, Mo-93, and Tc-99 activation products that otherwise would dominate the
waste hazard from HT-9.)
Conclusion

The final report of ESECOM will contain more complete analysis, data, and
documentation on economics, safety, and waste-management than it has been
possible to present here, as well as treatment of additional issues scarcely

addressed here at all: routine public and occupational exposures, weapons
linkages, risks to investors from "small" accidents with little public-health
impact, and more. A synthesis section in the final report will give
particular attention to the trade-offs and symbioses between economic and
safety/environment issues, and to the implications of all of these findings

for fusion research strategies.

The report will be completed in early 1987.

TABLE VIII. RADIOACTIVE-VASTE INDICES FOR SELECTED CASES

System

Life-cycle
Averaged
Deep
Annualized
Uaste
Intruder
Disposal
Intruder Hazard
Volume (m3) Dose (rem) Index (m3) Potential (R-m3/yr)

V-Li/TOK

1600 0.22 40

RAF-He/TOK

2400

0.04 33

RAF-LiPb/RFP

500

34

V-Li/RFP

170

4

SiC-He/TOK

3100

V-DHe3/TOK

1200 0.0015

LSPB (fission)
high-level waste
structural material

12
120

12

340,000
11

3

33,000

550

1300

0.005
0

8,200,000
2600

23

0

0.5
0.07

272,000
90

NOTE: The high values of the intruder dose and deep disposal index for the
RAF-LiPb/RFP are due mainly to the activation of the LiPb coolant/breeder.
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THE TRITIUM SAFETY PROGRAMME
AT JET
C W GORDON
JET Joint Undertaking,
Abmgdon, Oxfordshire,
United Kingdom
Abstract

underway to ens are safe methods of working with tritium are implemented
and to obtain the necessary approvals and authorisations before triti jm
arrives on site is described. The information and analyses are discussed
under four broad categories:
(a)

routine tritium releases to the environment;

(b)

occupational exposures;

(c)

accidental releases;

(d)

waste handling.

and

A programme has been developed to ensure that all safety issues are
adequately addressed at appropriate times diring the design, manufacture,
installation, commissioning and operation of the tritium plant.

J___Introduction
The main objective of the Joint European Torus (JET) is to stidy plasma in
conditions approaching those required for a fusion reactor. It is intended,
therefore, that JET will eventually operate with deuterium-tritium plasmas.
Work is underway to ensure that tritijm safety aspects will have been
adequately addressed before tritium arrives on site in abo it 1990.
In addition to satisfying its own internal safety requirements, JET will
need authorisations from various regulatory agencies in the United Kingdom
and must satisfy the UKAEA as Host Organisation that the arrangements on
site conform to UKAEA standards. The parties involved and their roles are
described in Section 2.
The information and analyses these organisations require with respect to
tritium safety generally fall into four categories:
(a)

routine tritium releases to the environment (Section 3);

(b)

occupational exposures

(Section 4);

(c)

accidental releases

(Section 5);

(d)

waste handling

(Section 6).

and

The programme and some preliminary results (where available) for each of
these categories are discussed.
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2___Approvals
Approvals can be regarded as proceeding on three levels:
(a)

JLT's internal procedures for assuring that the design is acceptable;

(b)

UKAEA acceptance as Host Organisation;

(c)

Governmental authorisations and approvals.

JEI's internal procedures include a system of technical control documents to
ersare interface and safety aspects are addressed. Major items are
reviewed periodically at weekly co-ordination meetings, and design reviews
are andertaken throughout tne life of any major project. In addition, there
are on-going informal discassions amongst the project designers on tritium
153 aes.

For tritium safety specifically, a Technical Safety Assessment Panel,
chaired by the head of Joint Safety Services for Culham Laboratory and JLT,
meets about four times per year to review safety aspects of tritium and
aavise tne Directors. Liaison between JET and the UKAEA on tritium s apply
and waste handling is co-ordinated through the JET Tritium forking Party.
Finally, a Safety Engineer has been attached from Joint Safety Services to
JET and is responsible for safety matters relating to the use of tritium at
JEI .
As noted above, as part of the Host Agreement, JET has agreed to comply with
the safety standards in effect in the UKAEA. The general oversight of

safety standards in JET is tne responsibility of the JET-UK Liaison
Committee which rreets qiarterly and is chaired by the Director of JET and
C alham Laboratory alternately. Formally, it is expected that some time well
before tritium arrives or oite, the Directors of both JLT and Culham
Laboratory will have reviewed the designs, analyses and procedural
arrangements, and agreed tnat these are adequate. The Safety and
Reliability Directorate (SRD) of the UKAEA will advise the Director of
C alham Laboratory, having first carried oat its own detailed review and
analyses. SRD is represented on the tritium plant Technical Safety
Assessment Panel ana in this way receives a continuing apdate of progress
and early access to the design and analyses.
Primary governmental agencies involved include tne Radiochemical
Inspectorate (RCI) of the Department of the Environment and the Health and
Safety Executive (HSE). The effect of releases on agriculture are the

concern of the Ministry of Agriculture, Fisheries and Food (MAFF) whose
interests are represented in this case by RCI.
The RCI issaes authorisations which allow JET to possess radionuclides, to
disonarge small quantities of radioraclides to the environment in gaseous or
liquid form, and to dispose of radioactive wastes. In fact JET already has
s ach a ithorisations to cover tne activity induced in the machine daring DD
operation. These will have to be amended to cover the much larger amounts
to be dealt with during the DT phase. Discassions have already began with
the RCI, and reg alar meetings are planned to allow on-going communication.
Tne formal authorisations are not required until j ast before tritium arrives
on site.

Tne Ionising Radiations Regulations 1985 are applicable to JET and require,
amongst other things, that the following are submitted to the HSE:
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notification of intended work with ionising radiation;

a hazard survey report which is to include, for example, quantities of
radionuclides on site, how these could be released, and the meas ires to
control such releases;
a description of contingency arrangements to protect personnel on and
off site.
These will be submitted to the HSE about one year prior to the arrival of
tritium on site. In the meantime, contact is maintained with the HSE
representative through Joint Safety Services.
For transporting tritium, a Type B transport container is needed.
licensing aspects for this will not be considered here.

The

Routine Releases

3.1

Overview

Despite efforts to contain tritium, routine releases will occur as a
res lit of normal operation and essential maintenance. The release of
tritium from JET will contribute to the dose to personnel in the
building which houses the torus and the tritium plant, and will
determine the dose to other personnel on site and to the public
off-site. It is therefore important that a systematic review be
undertaken to identify and estimate the sources of such releases.
A preliminary review has been completed and is described here. This
review is now undergoing final internal review and revision. It is
intended that this report will be updated periodically as the design
progresses and new information becomes available.
3.2

Methodology
A number of systems at JET will handle (or may become contaminated
with) tritium during DT operation. Those systems which comprise the
tritium fuelling loop are:

tritium recycling system;;
gas introduction system;

tor is; and
-

vacuum system.

The torus baking plant will contain tritium as a result of permeation
through the torus walls. Systems which may become contaminated, since
they are connected to the torus, include:
radio frequency heating;
neutral injection heating;
multi-pellet injector;

and

diagnostics.
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Tritium losses from the above systems have been considered in the
preliminary review. In addition, waterborne releaseb of triti am need
to be considered.
For normal operation, ooth permeation and leaks are considered.
Permeation is of primary interest for the tor ;s aid baKing plant 1 act
work. Since it is planned to clad the tor as walls and ports, partiel^
driven permeation can be neglected. °ermeation is asbamed to be
diffusion limited and steady state valaes for clean (non-oxidised)
surfaces have been considered in order to obtain a pessimistic
estimate. An exception is the baking plant dacts where a reduction by
a factor of 100 is assumed to account for tne presence of btaole oxide
layers and conversion to oxide within the loop. The tritium plant io
for the most part contained within vac a an boxes which provide double
containment.
For valves, the res alts from helium leak tests (specifications) have
been extrapolated to hydrogen at ? bar press are. For the tritium plant
only 50% of the man aal valves are assamed to contribute to releases
since many of this type of valve are located within the vacuum boxes.
For the JLT designed doable bellow sealed valves, the leak rate is
farther reduced by a factor of 10. Vacuam pamps are pessimistically
assumed to leak tritium at a rate comparable to the helium leak test
results. Since the above estimates are conservative, releases dae to,
for example, operation of the seals and feedthroughs on the make ip and
disposal system vacuum boxes are not explicitly calculated.
Tritiam releases have been preliminarily estimated for those periods
when the tor as or tritium plant mast be opened for maintenance. The
pessimism in the estimates is considered to more than compensate for
omitting explicit calculations for other systems.
For the torus, it has been assumed that the rate of release of tritium
from the walls is equivalent to the measured offgassing rate from the
walls during base vacuum operation. Measured and calculated offgassing
rates taken from the literature are used to estimate the effect of
baking the torus prior to opening (assumed to reduce the release rate
by a factor or 1000). Glow discharge cleaning in deuterium is expected
to reduce the tritium content in the walls from bO% to aboat 5% of the
total hydrogen content. Tritium released during cutting and welding

operations has also been included.
For the tritium plant, the expected number of maintenance events is
based on a preliminary component list and generic reliability data.
This leads to an estimate of 20 failures per year, mostly sensor
fail ares. The tritium release per event is based on comparison with
some available information which suggests a release per component
maintained of up to 50 Ci* for pumps and valves, and a total annual
maintenance related release of 80 to 600 Ci. For JET, an upper limit
of 20 Ci per tritium plant maintenance is used. Since most failures
will be of sensors, this represents a pessimistic estimate for annual
releases.

Although some small waterborne releases may occur during normal
operations, it is expected that the main sources will be maintenance
related - torus washing, equipment and personnel decontamination, etc.

* 1 Ci = 3.7 x 1 0 1 0 Bq
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The extent of waterborne releases has not yet been estimated in detail;
an earlier estimate of the allowable liquid release has been included
in the estimate of routine releases.
3.3

Release Results
The preliminary results from this review are presented in Table 1. A
total release of about 10b5 Ci per year is estimated as a result of
normal operation and maintenance.

Over 75% of the total will be

released to the atmosphere primarily as oxide, but possibly some as
elemental tritium, with the remainder released in liquid form. Almost
50% of the total airborne releases can be attributed to maintenance
events, and almost all of the waterborne releases are expected to be
due to decontamination and torus washing associated with maintenance
events. Comparison with tritium releases from other facilities such as
existing tritium plants, fission reactors and future fusion reactors
suggest that although the estimate for JET is uncertain, it appears to
be about the correct order of magnitude. For comparison, this estimate
for releases from JET is about a factor of 20 smaller than that from a
1000 Mwe future fusion reactor or a 1000 MWe CANDU (Ref 1).
TABLE 1
ESTIMATED ROUTINE TRITIUM RELEASES FROM JET

SOURCE

ESTIMATED RELEASE

Ci/a
AIRBORNE

Normal Operation

315

Maintenance

500
WATERBORNE

Maintenance and Normal Operation

240
TOTAL

1055

It must be emphasised that these results, in particular the value for
waterborne releases, are preliminary and are likely to change as the
estimate is updated in the future.
Doses
Dose calculations for the JET/Culham site are being carried out by SRD
under contract to JET. Releases take place to the atmosphere and via
liquid effluent discharges to the River Thames. The radiation doses to
the members of the public as a result of these discharges are
calculated for a unit release assuming a specific activity model.
These can then be used to calculate doses once the magnitude of the
routine releases has been estimated.
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For atmospheric discharges, the frequency of different wind directions
and weather conditions, and building wake effects are taken into
account.

In addition, the different routes by which tritium (in the

form of tritiated water) may enter the body are considered:
inhalation, skin adsorption and ingestion in food and water.

For

liquid discharges, the main expos are pathway is drinking water,

although contamination of food from irrigation is also considered.
For the estinated releases from JbT, the whole body dose equivalent is

< 3 x 10~6 Sv/a (0.3 mrem) at the site boindary with a collective dose
of < O.J3 man-Sv/a (33 man-rem/a). This sho ild be compared with the
design target of 5 x 1 G - t 3v/a (5 mrem/a) at the site boundary.

For

individual doses < 5 x 10~6 bv/a (0.5 mrem/a) and total collective
doses of < 1 man-Sv (100 man-rem), the UK National Radiological
Protection Board nas recommended that tne source shojld no longer be of
concern to regulatory authorities (Ref 2).

The doses resalting from

the current estimate of JET releases fall below this latter level.
_,_____Occupational Exposures
4. 1

Overview

Tritium concentrations likely to occur in buildings need to be
estimated to provide input to:

planning for the health physics programme;
specification of the tritium monitoring equipment,
ventilation system design;

and

plant layout studies.
Tne tritium concentration estimates also provide information to the
remote handling groups as to the requirements for contamination
control.
A number of ad hoc calculations have been carried out focussing on the
rooms housing the torus and the tritium plant. In order to provide a
more complete and consistent set of data, a series of "tritium
concentration calculation notes" are planned which will update and
expand upon these ad hoc calculations. Although these "notes" will
receive a very limited distribution due to their detailed nature, the
results will be summarised along with implications and recommendations
for wider distribution within the project.
4.2

Methodology
To ensure consistency, the tritium sources used for the calculations of
room tritium concentrations are the ones discussed in Section 3- Any
revisions to the release estimates resulting from the more detailed
review of specific rooms will be collated for inclusion in future
revisions of the release estimate report. The cases considered include
normal system operation, maintenance releases and accidental releases.

Reference values for the active phase ventilation rates have been used,
although sensitivity studies will be carried out to quantify the
effects of ventilation system modifications.
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Sources of tritium in the room, the elimination of tritium by the once
through ventilation system and adsorption/desorption from surfaces are
accounted for. Specifically, the system of equations from TSOAK-M1
(Ref 3) have been simplified by pessimistically assjming all releases
are in the oxide form. This is not unrealistic for normal operation or
maintenance when releases are expected in the oxide form or will
convert to oxide in the time scales of interest. The equations allow
calculation of transient tritium concentrations which is of particular
interest for maintenance and accidental releases.

4.3

Results
Preliminary estimates of tritium concentrations in the rooms housing
the torus and tritium plant need to be updated and revised to be made
consistent with latest release estimates. Generally, these initial
res alts indicate that tritium concentrations daring normal operation
would not pose a significant hazard - the concentrations are below the
Derived Air Concentration (DAC) for hTO (21 yCi/m 3 ).

In the case of maintenance when the tor as is opened (eg replacement of
protection tiles), the remote handling equipment inserted into the
torus may be exposed to concentrations up to 1 mCi/m 3 if the torus has
been baked and glow discharge cleaned in deuterium prior to the
maintenance; otherwise the concentrations in the torus could be as
high as 10 Ci/m 3 . Other tools and transporters in the Torus Hall
typically are exposed to concentrations about 1% of these. For the
conditioned torus case, gloves would be worn to handle the remote
handling equipment, but for the non-conditioned case further measures
may be needed. The practical implications are still being considered.
In the tritium plant area tritium concentrations are also < 1 DAC (HTO)
during normal operation, although gloves would be advisable when
handling any items in the area. During maintenance, peak concentrations
could exceed 10 DAC (HTO), and depending upon the exposure time, air
supplied plastic suits may be needed. The layout of the tritium plant
is therefore allowing for this possibility. It may be possible to
reduce the tritium concentration in the area during maintenance, for
example by baking out the item to be replaced under vacuum or by
erecting a temporary plastic enclosure which would be ventilated
directly to the outside of the bailding.
Accident Analysis

5.1

Overview
Accident analysis is needed (a) to identify weaknesses in the plant
design and rectify these to ensure the plant can be operated in a safe
and reliable way, and (b) to estimate the risk associated with the use
of tritium and ensure that this is acceptably low. The intent is to
proceed on three levels:
(a)

a detailed design review of all subsystems for the tritium plant
including failure modes and effects analyses;

(b)

consequence analysis assuming releases of various magnitudes to
identify the hazard associated with the plant; and

(c)

a "risk assessment" to identify the risk associated with the
plant.
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To date, elements of (a) and (b) have been addressed, bat the complete
assessment mast proceed in parallel with the detailed plant design.
b.2

Guidelines
Gaidelmes have been suggested by 3RD for use by JtT during the design
assessment to determine if an accidental release of triti am as HTO is
acceptable. These are reproduced in Table 2.
TABLE 2
RELEASE DESIGN GUIDELINES

Maxmam Release of HTO (Short Term)
Ci

Allowable Frequency
per year

10s

10""

10"

10~ 3

103

10~ 2

102

10"'

These gudelines were set to be roughly comparable to tne assessment
guidelines of the Nuclear Installations Inspectorate (Nil). The Nil
jse a frequency of 3 x 10""" per year as an acceptable frequency for
evacuation of the pablic. Based on the more recent dose calculations,
the design guidelines in Taole 2 are in fact more restrictive than the
Nil assessment guideline, bat they have been adopted by JET as design
targets.
b.3

Results and Plans
So far, the current
reviewed in detail,
and identified some
the detailed design

designs of three tritium plant subsystems have been
and these reviews have led to a few design changes
drawing errors. This work will continue as more of
becomes available for review.

Consequence analysis has ased the dose calculations undertaken by 3RD
ander contract to JET. These consider releases of tritium oxide only
and estimate the on-site individual doses and the off-site individual
aid collective doses as a result of a release lasting one hour. For
severe accidents, such as fire, explosion or earthquake, it has been
assamed that the entire free inventory of tntiam is released and that
ip to 50% may oe converted to oxide as a result of coincident fires.
The short term dose oft site die to inhalation and skin absorption is
below the lower emergency reference level for sheltering, le below the
level at which sheltering is considered justified, 5 mSv (0.5 rem).
At a later stage, when more specific design detail is available, the
intent is to carry out a risk assessment for the triti am plant and
other systems where a significant release of tritium is possible.
Initiating events are to be identified and event trees drawn. It is
expected that the failure mode and etfects analysis considered above
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will assist in thib effort.

The level of detail in the fault tree
assessment will be determined by the statas of the design and the
failure data available. The estimates for failure frequency are
expected to be uncertain due to the lack of data specific to the type
of eqaipment and environment of the tritium plant. Typical release
categories will be identified and the resulting doses on and off site
will be calcilated.

Waste Handling
Tnere will be two types of radioactive solid wastes at JLT: the tritium
plant process wastes and the wastes arising from normal operation,
maintenance or accidents diring the active phase.

All waste containers in the tritium plant will be of similar size and shape.
There are five basic types of waste containers:
Disposable waste pumps, which contain the impurities from the plasma
exhaust such as methane;
Adsorbers, which contain impurities from the plasma with a higher
boiling point such as water;

Clean ap adsorbers, which contain organic contaminants in the waste gas
clean-ap stream;
Clean up dryer beds, which are molecular sieve dryers to remove
moisture from the waste gas clean ip stream; and
Torus bake out loop dryer beds, which are molec ilar sieve dryers to
remove moisture from a side stream used to remove triti im from the
torus bake out loop.
These will be transferred in and out of the ma«e jp and disposal system
vacuam boxes via double lidded ports without breaking the vacuum. The waste
container inside a secondary container is manually transferred into or out
of a Type B packaging for transport to the disposal site.
The other type of waste will include, for example, rags and wipers
contaminated with tritium, failed components which have been neutron
activated and tritium contaminated, etc. The exact method for handling
these wastes is being defined.

7___Summary
The plans and programme underway at JET to identify safety problems
associated with handling tritium, to estimate the magnitude of the problem,
and ensure that solutions are in place before tritium arrives on site have
been briefly described. These efforts will also provide the analyses to
support applications for the approvals and authorisations necessary to
handle tritium on the JET site. The programme is now underway and
preliminary results would suggest that no major problems will be encountered
which would preclude the use of tritium at JET.
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OPERATION AND SYSTEM SAFETY
(Session II)

TRITIUM PROCESSING LABORATORY FOR THE
FUSION RESEARCH PROGRAM AT JAERI
H. YOSHIDA, Y. NARUSE, Y. MATSUDA, S. KONISHI
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Ibaraki, Japan
Abstract

The paper o u t l i n e s the f o l l o w i n g :

I.

II.
III.

General National Program in Japanese Fusion Research
* National Organization
* JAERI Organization

JAERI's Program on Tritium Technology and Safety
for the Next D-T Burning Device
Brief Description of the TPL in JAERI

*
*
*
*
*
*
*

Objects and Schedule
Research Items
Design Criteria on Tritium Confinement
Functions of Safety Systems
Accident Scenarios
Simulation Analysis on TPL Safety
Environmental Impacts

Establishment of the tritium processing and safe

handling technology is a critical issue in a fusion reactor
research p r o g r a m .

The R & D activities of the tritium technology in the
Japan A t o m i c Energy Research Institute have been c o n d u c t e d

from the s t a n d p o i n t that strong and original efforts should

be evolved without delay for the successful progress of the
fusion reactor program in Japan.

A large tritium facility(Tritium Processing L a b o r a t o r y )
has been consrtucted at Tokai-site of JAERI for the study
of the tritium technology needed for the n e x t D-T b u r n i n g

machine(FER) in JAERI.

This facility has the following subsystems to s u p p o r t
t r i t i u m e x p e r i m e n t s on the items of fusion tritium s y s t e m s :
G _ l o v e b o x Sjstem(GS; including five blocks of g l o v e b o x ) ,
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£lovebox gas Purification S!jstem(GPS ) , Jîood S_ys tem(HS , i n c l u d i n g
t w e l v e fume hoods), Effluent tritium Removal Sjstem(ERS),
A_ir

Cleanup Sjstem(ACS), Waste Solidification S_ystem(WSS),

X r i t i u m Monitoring S_y stem(TMS ) , (Zentral Control S_y s tem( CCS ) ,
etc..

The present storage capacity of tritium is lOg-T

and the m a x i m u m tritium i n v e n t o r y in each g l o v e b o x block is
l-3g-T.
As the c o u n t e r m e a s u r e s of accidental release of t r i t i u m ,
the safety systems of the TPL are d e s i g n e d by the p h i l o s o p h y
of the m u l t i p l e b a r r i e r c o n f i n e m e n t .

The

f u n c t i o n s of s a f e t y

s y s t e m s are p r e p a r e d for the s e v e r a l p o s t u l a t e d a c c i d e n t s
such as s p i l l of t r i t i u m in the g l o v e b o x ( S c e n a r 10-1),
f a i l u r e of g l o v e s due to the scenario-1 a c e i d e n t ( S c e n a r i o - 2 ) ,
s p i l l of t r i t i u m in the e x p e r i m e n t a l room(Scenario-3 ), e t c .

Prior to the t r i t i u m e x p e r i m e n t s , w h i c h are s c h e d u l e d

to s t a r t in the next fiscal y e a r , various o p e r a t i o n tests
w i c h n o n - t r i t i u m gases h a v e been c a r r i e d out to checkout
the system functions and p e r f o r m a n c e , and to c o n d u c t

personnel training.
The p r e s e n t major items of tritium e x p e r i m e n t s in those
g l o v e b o x e s are(i) s t u d y of p u r i f i c a t i o n and s t o r a g e p r o c e s s e s
of plasma e x h a u s t gas, (11) study of h y d r o g e n isotope
s e p a r a t i o n process by c r y o g e n i c d i s t i l l a t i o n and t h e r m a l
d i f f u s i o n m e t h o d s , (111) s t u d y of tritium a c c o u n t a b i l i t y
and d e v e l o p m e n t of in-line t r i t i u m process analizers, and

(iv) study of tritium/material permeation.
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Next
D-T But' j.ng
Device

(FER)

T r i t i u m Process Laboratory
1. O b j e c t i v e
Research and d e v e l o p m e n t of t r i t i u m p r o c e s s i n g
and safe h a n d l i n g t e c h n o l o g y for f u s i o n fuel cycle
2. R i 0 i t e m s
( 1 ) Fuel c l e a n u p
*Pd-alloy membreane diffuser
*Catalytic oxidation bed
*Ceramic e l e c t r o l y s i s c e l l
»Cryogenic falling l i q u i d film He separator
(ii) Hydrogen isotope s e p a r a t i o n
» C r y o g e n i c d i s t i l l a t i o n column
»Thermal d i f f u s i o n c o l u m n
(i1i) T r i t i u m - m a t e r i a l s interactions
»Permeation study
» K i n e t i c reaction study
(iv) T r i t i u m m o n i t o r i n g
(v) T r i t i u m c o n t a i n m e n t and removal
(vi) Waste p r o c e s s i n g
(vi i) Others
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Accident Scenarios and TPL Safe System Functions
Working Systems

Accident senarios

Mode 1-1

Spill of tritium in glovebox

GPS + (ERS)J

Mode I-2(Step I)
Mode I-2(Step II)

Failure of gloves due to Mode 1-1
n
*1
Spill of tritium in room I
*2
Spill of tritium in room II

GPS + ACS
GPS, ACS
ACS + (ERS)3
ACS + (ERS)3

Mode 1-3
Mode II
*1
*2
*3
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Experimental room where gJoveboxes are installed.
Mechanical room where safety subsystems are installed.
Operate to keep negative atmospheric pressure.

Ventilotor

Operating Room II

Expt. Room I

Stock

U

CPS
(Offnormol)

ACS

™
(Normal)

ERS

Ventilator

Operating Mode in Scenario 1-3 Accident

10'

_H
(J

in1

- - __ 1 _

- -:r

—~- -—..- '-

i u"
ni1

in*

1
-

v

c

o
J
o
u, H)

u
c 10"
o

U

___

i?

r

Room Concentration (Ci/nr

• i
-

~~^_1_

g JS:I_
' ^\

umii

-¥ ~-

(Ci)
- '^l\ To tal R«:lease
- "- — \
-~—— .
- — -!.l~~-~.

^i^:' r^-^-r •!.•=-

_-" —=:==•

~.~

10'

0

10

20

JO

40

50

. ——n ——i

- ——— ""

-———-r-

N^:

rE.f~E_ ^L^-I.

——

——.-

- —.

-_:-

Tfll

Y^~
—__

..:'.--

) ~V

=

- --

-

3
300 •n-,/h
13 •n /h

1_ AC!5 Flow Rate (Circulation):
:
!= ER- î Flow Rate

%

~-

~^ inl

_ . i'

-r Amcsunt of T released in Room: 10000C

S

60

-r-^ ————r

-r-_-—-

77———-

Ç
>s.

70

80

00

100

Time (h)

Simulation Study for Accident 1-3

81

An Analysis of Public Dose/TPL
Operating " ' Amount of
Conditions Tritium*!
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For the safe analysis, species of tritium
is assumed to be tritiated water.

Postulated values at about 60m-height stack
( Guide values of PV/R environmental dose analysis)
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*4 Ground exhaust

THE PRESENT STATUS OF TRITIUM MONITORING
AND RELATED STUDIES AT JAERI
H. NOGUCHI, J. AKAISHI, H. YAMAMOTO,
S. KATO, M. MURATA, Y. YOSHIDA
Department of Health Physics,
Japan Atomic Energy Research Institute,
Ibaraki, Japan
Abstract

T r i t i u m m o n i t o r i n g systems have been developed for the t r i t i u m hand l i n g f a c i l i t i e s i n J A F R I . I n t h e Fusion Ncutronies Source F a c i l i t y ,
t r i t i u m of 1000 Ci is handled as a metal target. In the T r i t i u m Process
Laboratory, it is planned to start h a n d l i n g t r i t i u m of 10° Ci in the
b e g i n n i n g of 1988. T r i t i u m concentrations in rooms of the f a c i l i t i e s
are m o n i t o r e d w i t h 3 0 - l i t e r ion i xat.ion chambers. Ionisation chambers
w i t h gamma compensent ion to reduce gamma effect are i n s t a l l e d to monitor
t r i t i u m concentrations in the stacks. T r i t i u m gas (HT) and t r i t i a t e d
water (HTO) d i s c r i m i n a t i n g samplers are also installed together w i t h the
stack m o n i t o r s to measure the q u a n t i t i e s of HT and HTO released from the
s tacks.
T r i t i u m concentrations in the following environmental samples are
r o u t i n e l y m o n i t o r e d in J A F R I : sea water, r i v e r water, d r i n k i n g water, rain
water, air and v e g e t a t i o n such as p i n e needles.
The f o l l o w i n g s t u d i e s for t r i t i u m safety have been made in the
Department of Health Physics: measurement of permeabilities of eJastomeric
and p o l y m e r i c f i l m s to HTO vapor and measurement of d i s t r i b u t i o n s of
t r i t i u m concentrations in concrete w a l l s and floor of JRR-3 (heavy water
moderated research reactor). The conversion of t r i t i u m gas (T£) to
t r i t i a t e d water was studied experimentally in the cooperation w i t h Oak
Ridge National Laboratory.

1 . In trod net. i on
In the Japan A t o m i c Hnergy Research I n s t i t u t e , m a i n t r i t i u m release
sources are two heavy w a t e r moderated research reactors (JRR-2 and JRR-3)
and the W a s t e Treatment P l a n t (WTP). The q u a n t i t i e s of t r i t i u m released
from JRR-2, JRR-3 and UTP in f i s c a l 1985 are 17, 20 and 5.5 C i / y ,
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ft'S pert i vo l y .

T r i t i u m m o n i t o r i n g t e c h n i q u e s in JAHKI were developed on the b a s i s of
t h e experiences w i t h JRK-2, JRR-3 a n d t r i t i u m g a s t a r g e t s i n t h e
accelerators. These t e c h n i q u e s w i l l he a p p l i e d , w i t h some mod i f i cat ions ,
to t'nsion f a c i l i t i e s . The m o n i t o r i n g t e c h n i q u e s in J A F R I l'or gaseous and
l i q u i d t r i t i u m e f f l u e n t s , environmental t r i t i u m , i n d i v i d u a l i n t e r n a
c o n t a m i n a t i o n t r i t i u m , etc. have already been reported [1-4].
T h i s report describes t h e present s t a t u s i n J A F R I o f a i r b o r n e t r i t i u m
m o n i t o r i n g techniques in the t r i t i u m gas h a n d l i n g f a c i l i t i e s for fusion
research a n d e n v i r o n m e n t a l t r i t i u m m o n i t o r i n g t e c h n i q u e s . T r i t i u m s a f e t y
s t u d i e s in the D e p a r t m e n t of H e a l t h Physics are also described.

'2. Airborne t r i t i u m monitoring in the t r i t i u m gas

handling facilities

In the heavy water moderated reactors in J A H H 1 , i o n i s a t i o n chamber
t y p e m o n i t o r s are used for continuous airborne t r i t i u m m o n i t o r i n g [2].
In a d d i t i o n , the methods of condensation, adsorption and b u b b l i n g are used
for accurate measurement of t r i t i a l e d water vapor (HTO and DTO) in a i r .
These t e c h n i q u e s w i t h some m o d i f i c a t i o n s a r e a p p l i e d t o a i r b o r n e t r i t i u m
m o n i t o r i n g s y s t e m s i n t h e t r i t i u m g a s h a n d l i n g f a c i l i t i e s f o r fusion
research i n J A H K I (Fusion Neutronies Source F a c i l i t y , T r i t i u m Process
Laboratory, etc.). Airborne t r i t i u m m o n i t o r i n g s y s t e m s i n t h e t r i t i u m g a s
h a n d l i n g f a c i l i t i e s a r e decribed i n t h e f o l l o w i n g .
( 1 ) F u s i o n N e u t r o n i e s Source F a c i l i t y
In the Fusion Neutronies Source F a c i l i t y (FN'S), fusion neutronics
is s t u d i e d w i t h 14 MeV neutrons generated by bombarding a t r i t i u m target
w i t h deuteron ions. T r i t i u m gas of 10 to 100Ü Ci is adsorbed on t i t a n i u m
targets evaporated onto copper substrate.
The t r i t i u m m o n i t o r i n g system in FN'S is shown in Fig. 1. T r i t i u m
concentrations in the target rooms, the target h a n d l i n g and storage room,
the t r i t i u m adsorption p l a n t (TAP) room, etc. are m o n i t o r e d w i t h a 30l i t e r i o n i z a t i o n chamber; t h e detection l i m i t i s about 2 X 1 0 #0i/cin".
High-concentration t r i t i u m in the accelerator system where the target is
placed is removed by TAP. Conceit t rat ions of the t r i t i u m before and after
removal in TAP are monitored w i t h 1.5-liter i o n i z a t ion chambers.
T r i t i u m concentration in the stack is monitored w i t h a 30-liter
ionization chamber with gamma compensation to reduce the gamma effect.
A current integrator is installed along w i t h the stack monitor. The
integrator gives the cumulative quantity of t r i t i u m released from the
stack by integrating the current in the stack monitor. A t r i t i u m gas (HT)
and t r i t i a t e d water (HTO) d i s c r i m i n a t i n g sampler is also i n s t a l l e d
together w i t h the stack monitor. The sampler consists of s i l i c a gel
columns for HTO adsorption and a p a l l a d i u m catalyst column for HT oxi-
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Fig. 1

T r i t i u m m o n i t o r i n g system in the
Fusion Neu ironies Source F a c i l i t y .

dation followed by s i l i c a gel columns. The results of HT and HTO s a m p l i n g
indicated that the concentration of HTO in the stack is about 100 times
as h i g h as that of HT.

(2) T r i t i u m Process Laboratory
In the T r i t i u m Process Laboratory (TPL), the t r i t i u m processing and
safe handling technology w i l l be studied. The h a n d l i n g of 10° Ci t r i t i u m
w i l l be started in the beginning of 1988.

A t r i t i u m monitoring program and an airborne t r i t i u m monitoring
system in TPL are shown in Table 1 and Fig. 2, respectively. In t r i t i u m
removal systems, such as effluent t r i t i u m removal system (ERS), glovebox
gas purification system (GPS) and air cleanup system (ACS), ionization
chambers called "process monitors" are installed for tritium concentration monitoring.
In the handling room I where the gloveboxes are placed a 30-liter
ionization chamber is installed with a large d i g i t a l indicator of t r i t i u m

concentration. A 30-liter ionization chamber is installed in the handling
room II where the tritium removal systems are placed.
T r i t i u m concentrations in the handling rooms, the l i q u i d waste
storage room, the semi-hot laboratories, the hoods, etc. can be monitored
with three 30-liter ionization chambers.
For the t r i t i u m monitoring in the stack, two 30-liter ionization
chambers with gamma compensation are installed. Along with these two
monitors, an HT and HTO d i s c r i m i n a t i n g sampler is installed to measure the
quantities of HT and HTO released from the stack.
Data from the t r i t i u m monitors are transmitted to a computer in the

control center for centralized monitoring.
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Table 1

T r i t i u m monitoring program in the T r i t i u m Process Laboratory

Mon i toring i terns

Mon i tor ing method

work places

(rooms , hoods , etc. )
s tack

Detect i o n l i m i t

ionization chambers (30É )

2X 1CT7 n Ci /cm3

ionization chambers (30fi )

2X lu"7 a Ci /cm3

HT/HTO d i s c r i m i n a t i n g sampler

HT12

n Ci /cm3

t r i t i u m removal systems

ionization chambers (Iß )

1(T5

xiCi/cm 3

local work places

portable t r i t i u m monitors

5X 10~7 a Ci /cm3

10"4

t r i t i u m survey meter

surface contamination

a Ci/cm 2

smear method + gas-flow counter

SX lu'5 At Ci/cm 2

urine a n a l y s i s

220

expiratory a i r t r i t i u m sampler

3.5 mrem/1i fc

personnel

iurom/1 i fc

STACK

CONTROL ROOM

CRT QUTPUTJ-fcOHPUTER

HT/HTO SAMPLER

HANDLING ROOM I

STACK MONITOR I

<M
STACK MONITOR II

(M
TRITIUM
MONITOR I

ROOM
MONITOR I

HANDLING ROOM II

IERS ®\-~,

TRITIUM

(

MONITOR II

®

LIQUID WASTE STORAGE

ROOM, etc.

ROOM
MONITOR II

: TRITIUM MONITOR

ERS : EFFLUENT TRITIUM REMOVAL SYSYTEM

GPS : GLOVEBOX GAS PURIFICATION SYSTEM
ACS : AIR CLEANUP SYSTEM

EXPERIMENTAL ROOMS, etc.
ROOM
MONITOR III

2
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T r i t i u m «inn i ' ,jr i im s y s t e m in t.[|p T r i t i u m Process Laboratory

Portable) t r i t i u m m o n i t o r s « r i l l b o used f o r localized t r i t i u m eoneont r a t i o n m o n i t o r i n g . l'(1f measurement of surface t r i t i u m c:ont ami nal ion , a
Mas-flow survey motor w i t h a t h i n window or the smear method w i l l be used.
F o r t r i t i u m i n t a k e m o n i t o r i n g i n t h e personnel, i n a d d i t i o n t o t h e
u r i n e a n a l y s i s made every throe m o n t h s , t r i t i u m concentration in the
expired air is measured w i t h an e x p i r a t o r y air t r i t i u m sampler and a
l i q u i d s e i t i M a t i o n counter each m o n t h i n a l l personnel. T h e detection
l i m i t of the l a t t e r method is e s t i m a t e d to be about 3.5 m r e m / l i f e .
3. Fnv i ronmon ta 1 t r i t i u m m o n i t o r i n g
Hnv i ronmerit a I t r i t i u m m o n i t o r i n g in J A K R I is carried out in the
m o n i t o r i n g for r a d i o a c t i v i t i e s in the environment on the Tokai s i t e [2].
Hnv i romnon t al t r i t i u m m o n i t o r i n g was first, made for d r i n k i n g w a t e r ,
river water and sea water to evaluate? doses to the p u b l i c due to t r i t i u m .
Then, w i t h increase i n t h e q u a n t i t i e s o f t r i t i u m handled, t r i t i u m concent r a t i o n s in a i r , r a i n water and p i n e needles are also r o u t i n e l y m o n i t o r e d
to o b t a i n the basic data on behavior of t r i t i u m in the environment.
Frequencies of environmental s a m p l i n g are as follows: every six
months for d r i n k i n g water and river water, every three months for sea
w a t e r , and each month for rain water and pine needles. T r i t i u m concent r a t i o n in the air are measured periodically by continuous s a m p l i n g of HT
and HTO for two weeks.
Atmospheric HT and HTÜ are sampled with an HT and HTO d i s c r i m i n a t i n g
sampler [5]. It consists of molecular sieve (4A) columns to remove HTO
arid a p a l l a d i u m catalyst column with a hydrogen gas generator to remove HT.
Seasonal variations of HT and HTO concentrations in the air sampled
at distances about 0.5 and 6 km from JRR-2 are shown in Fig. 3. The HTO
measured about 6 km from the reactor are considerd to be the background
HTO in the environment. The HTO concetrations near the site are higher
than the background by about one order of magnitude. The differences in
HTO concentration from the background are probably due to the HTO released
from the t r i t i u m facilities (JRR-2, JRR-3, WTP, etc.) in JAERI. The HT
concentrations near the site are the same as those about 6 km from JRR-2.
This indicates that the HT is not from the facilities but the background
in the envi ronment.

4. Studies on the t r i t i u m safety
(1) Permeability of elastomeric and polymeric materials to HTO vapor [6]
Protective gloves and suits are used to reduce exposures for the
personnel when handling HT and HTO. Permeabilities of glove and s u i t
materials to HT and HTO vapor are important in the evaluation of
protection factors for the gloves and suits.
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In the first, step of the studies, p e r m e a b i l i t y coefficients,
d i f f u s i o n c o n s t a n t s and s o l u b i l i t i e s to HTO vapor were measured of polyv i n y l acetate, p o l y e t h y l e n e and three d i f f e r e n t latex rubbers for surgical
gloves. The s u r g i c a l gloves were made by different manufacturers;
q u a n t i t i e s of a d d i t i v e s are different.
A s c h e m a t i c d i a g r a m of the e x p e r i m e n t a l apparatus is shown in F i g . 4.
The a p p a r a t u s consists of two closed-loop gas c i r c u l a t i o n systems where
the gas is c i r c u l a t e d on both sides of the f i l m to be tested. The systems
are placed in a constant temperature box. One s i d e of the f i l m is exposed
to HTO vapor. The HTO vapor permeating to the other side is c o n t i n u o u s l y
trapped w i t h an ethylene glycol bubbler. The relative h u m i d i t y is
controllable in the range of 20 to 90 % by heating or cooling the s i l i c a
gel that adsorbed HTO. The experiment, was made at a temperature of 25 °C
and a p a r t i a l pressure difference of HTO of 2.6 kPa.
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Schematic diagram of the experimental
apparatus for p e r m e a b i J i t y study.

T a b l e 2 shows the measured p e r m e a b i l i t i e s to HTO vapor. There is
l i t t l e difference among the three latex rubbers. The p e r m e a b i l i t y coeffic i e n t s are in the following order: polyethylene < p o l y v i n y l acetate <
l a t e x rubber. The orders in d i f f u s i o n constant and s o l u b i l i t y are s i m i l a r
to t h a t in p e r m e a b i l i t y coefficient.

Table 2

F i l m p e r m e a b i l i t y to t r i t i a t e d water vapor

i' i 1m

p e r m e a b i 1 i ty

d i f f u s ion

coo ff i c h ;mt.

cons t a n t

3

/ s t d c m cinN
1

1 atex rubber A
1 at.ex r u b b e r B

n

V ein s P'a /
4 . 1 X 10" 11
6 . 2 X 10- 11

( cm^/s )
1.2X

,5-1—

s o 1u b i 1 i 1 y

/std cm 3 \
l m"j Pa /
\c
3. 7 X JO'3'

1 . 4 X IO" 8

4. 1 X 10" 3

1 . 4 X 10"8

4 . 7X 10"3

pol yvi nyl ace täte

6 . 6 X 10* 11
2 . 2 X 10" 11

ö . 4 X 10"9

4. 7 X 10"3

pol ye t h y leite

2 . O X 10- 12

1.8X 10"9

1. 2 X 10"3

1 atex r u b b e r C
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(2) D i s t r i b u t i o n of t r i t i u m in concrete [7]
JRR-3 is a heavy water moderated research reactor in JAl'.Ki. The
w a l l s and floor have been exposed to l rit i d l e d heavy water vapor for 20
years. At present,, t.he reactor is under remodeling. To e v a l u a t e t r i t i u m
i n v e n t o r i e s in the concrete a r i s i n g as waste? d u r i n g the r e m o d e l i n g ,
d i s t r i b u t i o n s o f t r i t i u m c o n c e n t r a t i o n i n t h e concret'1 o f w a l l s a n d floor
of JRR-3 were measured.
Concrete samples p u l v e r i z e d by d r i l l i n g were taken at <19 p o i n t s of
w a l l s and floor in the reactor b u i l d i n g . The concrete powder was immersed
i ti water for more than a week to leach out t r i t i u m . Figure 1 , r ) shows
t y p i c a l d e p t h profiles o f t r i t i u m concentration i n t h e concrete.
'I he t r i t i u m concentration decreased exponent id 1 1 y w i t h increasing d e p t h .
T r i t i u m concentrations in the surface concrete layers up lo d e p t h 10 cm
at the 49 s a m p l i n g points were more t h a n 10
/z('i/g. The m a x i m u m concent rat ion was
X 10"
n/g.

1-2 r-

• BASEMENT-FLOOR
A BASEMENT-WALL
O FIRST-FLOOR

10~° 0
20
40
60
DEPTH OF CONCRETE (cm)
Fig. 5

90

Typical profiles of t r i t i u m concentration in the concrete of JRR-3.

(3) Conversion of t r i t i u m gas 1o tritiated water at low t r i t i u m
i-oncent rat. ion [8]
T r i t i u m «as can be converted into i n i t i a t e d water owing to various
onv i ronmenl al factors. Sinev i r i t i a t e d water is about 25,000 times more
r a r i i o t o x i c than t r i t i u m gas [9], the conversion reaction produces an
increased r a f l i o l o K i c . i l ha/anl for workers and the p u b l i c . The conversion
reaction of t r i t i u m gas (T^) to t r i t i a t e d water in air was studied experim e n t a l l y at i n i t i a l t r i t i u m concentrations between 2.f>XlO~ 4 and 1.3 Ci/tn 3 .
The effects of w a t e r vapor and c a t a l y s t s (stainless steel, copper, enamel
[Mini and p l a t i n u m black) on the conversion reaction were also studied.
The rate constant for the reaction in air is plotted as a function of
the i n i t i a l t r i t i u m c o n c e n t r a t i o n in F i g . 6. The results by other investigators [10-13] are also shown in the figure. The rate constant was
independent of the i n i t i a l Tg concentration down to 2.6X10"4 Ci/ni , which
is lower than the concentration in the previous work [11] by about one
order of m a g n i t u d e . The average rale constant was (I.8±0.5)X10"" s" ;
t h i s v a l u e equals t ho t r i t i u m decay constant.
The isotopic exchange reaction of t r i t i u m gas w i t h water vapor was
n e g l i g i b l e at low t r i t i u m ronoeiitrat ions. No effects of stainless stee],
copper and enamel p a i n t on 1 he rate constant was observed at an i n i t i a l
t r i t i u m concent rat ion of about 0.3 Ci/m 3 . P l a t i n u m black, however,
increased the rale constant remarkably.
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1C

INITIAL TRITIUM CONCENTRATION (Ci/m3)
I" i r s t -order rate c o n s t a n t for the t r i t i u m conversion
r e a c t i o n .is a f u n c t i o n of the i ri i 1 i a 1 t r i t i u m c o n c e n t r a t i o n .
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LESSONS LEARNT FROM THE RELIABILITY ANALYSIS
OF THE PERSONNEL SAFETY AND ACCESS CONTROL
SYSTEM OF A TOKAMAK FUSION EXPERIMENT
H E CAMPBELL, H COWIE
Safety and Reliability Directorate,
United Kingdom Atomic Energy Authority,
Culcheth, United Kingdom
Abstract

Pulsed Tokamak experiments give rise to significant direct
radiation even in the pre-tritium phase. A fundamental safety
requirement is the provision of high integrity personnel access

control systems to protect Site, Operational Staff and the Public
from the risk of exposure to high radiation. The paper discusses
the radiation hazards during the early hydrogen/deuterium
operation and the different levels of installed safeguards which
included diverse safety systems in the form of conventional hard
wired interlocking and programmable logic controllers. The form
of a detailed reliability analysis assessing the risk of
individual exposure to high radiation (for both the public
off-site and staff on-site) is discussed together with the lessons
learnt and some of the design changes implemented. An interesting
feature is the impact of human reliability in the analysis and how
a recently developed technique (HEART) provided an estimation of
error rates.

The confidence gained in addressing the reliability of personnel
and public protection against radiation hazards under normal
operating conditions provides an important foundation for the
safety analysis of fusion plant with significant tritium
inventory.

1.

INTRODUCTION

Future fusion reactors will be subject to detailed safety assessments,
and whilst our experimental fusion Tokamak does not present the same
scale of hazard or potential consequence of failure, it is, being
experimental, subjected to different phases of R&D operation and
requires flexible access for both operational and scientific staff, thus
demanding a reliable access control system. Hence the techniques of
analysis will be similar. The JET pulsed Tokamak was programmed for
phases of operation commencing with Hydrogen plasma pulses and
culminating in a Deuterum-Tntium plasma towards the turn of the decade.
The UKAEA Safety and Reliability Directorate in cooperation with the JET
designers undertook a detailed safety assessment of the early Hydrogen
plasma phase of JET to confirm that reliability targets of the Personnel
Safety and Access Control system (PSAC) could be achieved.

The PSAC system provides the fundamental protection for the experimental
operations staff by controlling access to high radiation areas. The
radiation hazard results from x-rays from plasma (hydrogen) disruptions
and eventually neutrons from D-T operation.
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2.

ACCESS AREAS AND RADIATION HAZARDS

Figure 1 shows the Tokamak inside the Torus Hall. The Torus Hall is
essentially a heavily shielded box with walls 2.8 metres thick. Access
from the assembly hall is available through huge concrete doors. If the
machine was accidentally pulsed when either or both of these doors are

open then significant dose rates could occur externally: 20 R/Shot
(0.2Sv) for hydrogen plasma and 1.7 x 103 rem/shot (l7Sv) for D-T

ASSEMBLY
HALL

HOT
CELL

PERSONNEL A C C E S S A N D M O V E A B L E SHIELD DOOR
DOSE IN REM/PULSE (HYDROGEN PLASMA)
FIG. 1.

ACCESS AREAS AND RADIATION HAZARDS

plasma. If an individual gained access to the Torus Hall and remained
in the Hall when the machine was pulsed then he would be subjected to
even higher dose rates. The personnel access doors and the large
concrete doors are therefore interlocked and controlled.
3.

THE PERSONNEL SAFETY ACCESS AND CONTROL SYSTEM

In order to protect both staff and public from radiation hazards JET
designed and installed a Personnel Safety and Access Control System
(PSAC) (1). The system has three elements.
3.1.

Door status and access control system

3.2.

Warning System

3.3.

Emergency push button system

Each access door has a hardwired (relay logic) interlock system and also
a central interlock safety system (CISS) which uses programmable logic
controllers. The hardwired system uses an interlocking key exchange
system and the monitoring of door status or access is carried out in the
main Machine Control Room which is manned by a designated Safety
Engineer.

The Central Interlock and Safety System consists of a number of
programmable logic controllers (PLCs) wired to act as a supervisor PLC
operating into various subsystem PLCs. The information flow, which
operates in both directions, consists of operational state data by which
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each subsystem PLC reports the overall state of its own equipment to the
supervisor PLC, and command data from the supervisor PLC requesting the

subsystem PLC to put its equipment into the required state. Each
subsystem PLC is responsible for assimilating and summarising the input
data from its own equipment and for distributing the necessary output
commands to its own equipment.
The Safety and Access PLC receives inputs from earthing switch limit
switches, the personnel doors, the shielding doors or beams, the
emergency pushbuttons and key swiches on the personnel access control
desk.

It continuously reports to the supervisor PLC on its current

operational state. Its output circuits consist of an inhibit signal to
prevent or allow personnel access as necessary, and two outputs to the
audio and visual warning system which control the visual warnings and
sound the audible alarm when any change of system status takes place.
4.

METHOD OF ASSESSMENT

JET has been designed to stringent safety targets and the risk of a
significant radiation doseto any individual has been set extremely low.
A reliability target of 10
failures per year was set for the interlock
systems alone. The following procedure was used to determine a
numerical assessment of the risk (of significant exposure to radiation)
to individuals (public or radiation worker) during the hydrogen plasma
phase of operation.
In simple terms this analysis provided reliability quantification of the
installed protection against the following failure conditions.

Failure Condition

Fractional Dead Time Calculated For

Individual remaining
in an area during a
pulse

Emergency stop procedure and audio visual alarms

Individual entering
an area during a pulse

Hardwired system (Personnel doors) and PLC
system (CISS).

Large shield doors
open during a pulse

Hardwired system (shield doors) PLC
system (CISS)

The risk (R) of significant radiation exposure to staff or a member of
the public is the product of the demand rate (DR) on the protection
system and the probability (Pf) of the protection system being in a
failed state when the demand is placed.
Hence R = DR x Pf.
4.1.

Estimation of Demand Rate (DR) on Protection Systems
(Basically a measure of the number of times in a year that
administrative controls fail).
Personnel are protected from entering radiation areas by a
combination of barriers. These consist of warning notices,
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turnstiles, search procedures and permits to work. Therefore even
if the installed interlocks have failed other controls may prevent
an individual actually entering a risk area. By way of example, a
person who ignores the warning notices, proceeds without
authorisation past turnstiles and then attempts to enter a hazard
area would represent a demand on the protection system.
It must be appreciated that this element of analysis attempts to
predict human error rates whereas the fractional dead time
calculations predicted hardware failure rates. Three demand
frequencies were estimated corresponding to the three failure
conditions A, B and C (section 4.1.2).
The estimates were checked against a method for assessing and
reducing human error (3). (Appendix 1 shows how the chosen base
event is modified by error producing conditions).
By way of illustration the estimation of the Demand rate (DR) for
failure condition A is shown as follows :-

4.1.1.

Individual Remaining In a Hazard Area During a Pulse.
A small team conducts a sweep of the hazard areas to check
if any staff have been left inside and it is assumed that
100 searches are made each year prior to closing up a hazard
area.
Assigning the best achievable human error rate to the task
(Ref
3) gives:
4
1 failure in 10 demands

Based on the number of searches per year the failure of the
search and accounting procedure
_2
= 10
per year.
4.1.2.

Assessing the Fractional Dead Time - The probability (Pf)
that the system will be in a failed state.
Basically a measure of the number of times in a year that
administrative controls fail.

Four reports by H Cowie provide the basic reliability data
on systems and components. The analysis being split into:
(a)
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Programmable logic Controller.

(b)

Access Control and Equipment Enable System

(c)

Central Interlock and Safety System (CISS) including
the Simatic SF-110F Programmable Logic Controller. (A
fundamental component in CISS).

(d)

Personnel Audio and Visual Warning System.

4.1.3.

Procedure

A failure logic diagram was derived for each of the various
sections of each system.
log:c diagram).

(Figure ? shows a typical failure

r

lhe mean fractional dead-time of each section was calculated
by Boolean reduction and insertion of the component failure
probab11 itIPS .
Personnel liooi i 1 — 6
Open During ' NCT
ALLOW Kb 1 State

Door Statua X n e ^

to CCI AT) ani

CIT:

Transfer Key

:

Available

~ ~
_ZLL
Solenoid 1 in
Energised
Pnr.it T or.

9 off

PIQURE 2 -

Failure Logic Diagram for Personnel Doors with Equipment
Energised, (i.e. Access Not Allowed State)
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Only those component failure modes relevant to dangerous

failure of the system were used.

The SRS data bank and the

Military Handbook 217D(2) were used to determine component

failure rates. (Table 1 shows a typical set of values).
5.

RISK OF SIGNIFICANT RADIATION EXPOSURE TO INDIVIDUAL OR PUBLIC*

The risk* is the product of demand frequency and fractional deadtime of
the protection system.
For each of the three potential failure conditions the risk of incident

per annum was assessed to be
Failure Condition

Risk of Incident/Annum

A. a person remaining in an

8 x 10

area during a pulse
B. a person entering an
area during a pulse
C. a shield door open during
a pulse
6.

-7
2 x 10
_7

1.6 x 10

ACCEPTANCE CRITERIA
6.1.

Public Risk

The risk of death (early or delayed) to a typical individual from
the most exposed members of the general public from any accident
sequence should not exceed 10
year.
6.2.

Worker Risk

The risk of death (early or delayed) to any worker inside a plant
building from radiological accidents in that building should not
exceed 10
year. Redpath (4) has proposed similar radiological
guidelines for NET.
The assessment of the initial phase of JET operations showed that
the above targets can be met by the installed protection and
administrative controls.
7.

LESSONS LEARNT FROM ANALYSIS

7.1.

Proof Test Intervals
The mean fractional dead time of any component due to unrevealed
failure is
Fdt

-- ^

where A = component failure rate in //hr and

"£ = interval between proof tests in hours.
Then since the mean fractional dead time is proportional to the
test interval, considerable gains in reliability can be made

98

O

o
z

CJ O

^B
_] V)

x

t
*-t O
u- —

,-J

t/1
t*

———————

t~>

°

o

o

ijF1
LO

o: s

wo

Ou u

5
E

<
U.

r

o to

d H
Z M

i
J
h-l
•t

u.

C/)

s
e
«2

0)
U

o

e
o

c

01
0
O

U-l

-4

td

D

OO

cO
0

CO

M

£

CO

>£>

1
u
cn

T)
4l

0

u
3

cd

c
3

-H

bC
C

U1

_]

U]

CJ

4J

0)

K
O

c

?c
M
0)

0

<*4

M?

UJ U- W

OO O

0- 0

-st

»n o
\o o

o

0

m —*
0

m

OC 0
0 0

o

•—• o

o

m

01 V

0
(U

0

c c

n

u; K
OI
rH
XI
i-l

bO

_3

CM

Bf

(O

CN

01

bt

•H

Z
01

bO

X)
•H

t>c

•H

^
o

o>

0)

u

01
JC

l
C

TJ
O)
4-»
U

o
u
DD

tt

01
•H
U
01

c*
*-i

CJ

1 ^^J
-H

0)

O

r-t
CÖ
*J

O

1*1

o

-*
CM

0

(M

CM

S

0

&
td

0

m

tu

T)

CJ

o
*«J

u
,
(U «M

O v^
i-H

U 1
«
4J
U

td
*j

• a

t»

O Du
U
01

(U

v c

U

•M

i3
u

(M

s

8

s3

c
o
u

4-*

n
u

01
-H
•H

O 4

O

01

5(4 (t)S

«o

c

«J

<v4

•el

4J f4

8

i-t

u »

u

X!

01

0

g

C4

u

4J

u

u

W

1

•g

•»H

vO

U

u
m
1

_

U

«B

i
o
«J

g

u
n

v
u

CM

•JD

CM

1

J=

CM OI

U

x:

~

•H

o
u
_-

0)

t)

o o

cn ta

t)
«

Ü
•H

-H

-H
CO

4J

<J

^

U

l
O

O
I-l

U

co

c
I-l
CJ

-H

•o

o.
0

i-l

t)

u

CO

bQ
U
•H »H

•0
K)

u

m

IQ

.-H

T) T3
01 V
^ .H

10
O
.-H
U

f-4
U

•H

cd cd

O

C

3

(J

v«

U

-4
i-l
cd
*M

«

CD

n

U

u

c

S-o

O

u

u
•H

C

o

•H
U
4
O.
0

s
•H

z

<d

0

x:

u3

g

01 O

CD

H

C
O

o

C

« -H
W

U
U

«n

0)

x
^f
XI

S
v

g

01
09
U
O

,

tr
tu

2

c
0
o

u u

•o

C
Öl

t-» -ö
O 0)
x; co

u

•H m

*-> c

«o i«

o o

c c

OI

•H i-«

> >

z

u
o

O

cn
1

•H

M

u

^^

in *n

fM

«

^^

u

JC
•H
U)
t
O

>M

0
4J

cn
u
cd

O

u

fM O

— O

r-j
oo O

(d

C

I
0)
M

C

bO

0)
•^

cd

1
»H

^
U

-H

s:

(J

CO
O

0
O- T3

•H

4J

3 0
cd -H U

*M

0
*-»

> -o

ÖD

4J

rd

u •tî
0) 0)

cn o>
m
0

o d
O -H

C

r-t

•H

cd

CJ -0
-H -H
C 0
CO C

01 0

x; oi u
u .-< C
Z wo

4J

x:
u
bO

cn

H

c
cd
u

01

u

01

t.

m

T-l

x:
u
X
v

C

01

X)

r

u

c

u
•H

n} cn

r-1

•T-*

c

o o
.-t o
tJ

^

IM

3

4J

cd

O
«H
-H

erf
C/Î

tu

o

g
s
_J

PL,

<

(-(

t-

£
g
O«

8

m

s
u

01

o

e
o
g-

S

l
N<
-<l
a.
l

l

99

simply by specifying a reduced test interval, provided this is

possible within the plant operating procedures.
for example, in the analysis of the FLO system it was shown, that
the interconnections between PLCs (noima ]/ self tes f ed c^ery
minute by the PLC) were in fact only being tested for one failed
state (le I Gto ;. rhis implied that the o^her possible failed s^at?
(HIGH'1 was subject in this case to a test i_r terval of '70r> hoirs.
This discrepancy in self testing had not be°n appreciated by th<=>
programmers until the analysis v/as c a r r i e d cut fence the ^of t ware
design was subsequently modified to include the testing of both
failed states thus reducing the /20 hour test interval to
12b milli-seconds.
7.2.

Redundancy

Additional alarms were located to improve reliability
/.3.

Diversity

Two diverse interlock systems are usually quoted as being
qualitatively acceptable for protection of staff entering high
radiation. However, in this case the assessment demonstrated the
need for a third diverse system and controlled physical barriers
were therefore recommended at the entrance to high radiation
areas.
7.4.

Common Mode Failure

The possibilities of common mode failure affecting all systems
were also included in the analysis and resulted in modifications
being made to the design of door status limit switch installations
to reduce common mode failure effects.
7.5.

Duplicate keys
The achievement of high reliability requires any override facility
to be properly engineered and strictly controlled. The results of
the possible misuse of duplicate keys was highlighted and strict
controls instigated.

7.6.

Administrative Procedures
The sensitivity of the reliability analysis to such administrative
items as search procedure has already been identified.
Predicting human error rates is a ne/; technology. It is not an
easy task and whilst the emphasis has been on a numerical approach
it is necessary to put absolute numbers to one side and consider
how improvements can be made to administrative procedures. Signed
checklists and standard search procedures were instituted and
further aids to searching considered by the designer.

8.

CONCLUSION

It is possible to demonstrate by analysis and subsequent implementation
of recommendations that a Pulsed Tokamak experiment can meet stringent
design targets in the hydrogen plasma phase. The technique of analysis
does not generate the same confidence in the numbers applied to
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administrative controls as for hardware but it can identify those are-it,
sensitive to human error and offer recommendations for improvement. r !ht_
benefit of analysis in the hydrogen phase is that a proven (and
assessed) design of Personnel Safety and Access Control w i l l have

operated for a number of years before a Deuterim-TriHum plasma is used.
The confidence pained in addressing the reliability of personnel and
public protection against radiât ion hazards provides an inportar.1
foundation for tht analysis of a fusion plant with significant tritijrn
inventory. it is highly desirable, that the records kept by any such
project should include f i e l n data on Hardware, Software and
administrative failures. Such records will help to underwrite confi 'ie no»
in the present and future analysis of Tokamak plant design.
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APPENDIX 1

EXAMPLE SHOWING THE DERIVATION OF 5TH AND 95TH PERCENT1LES FOR
HUMAN ERROR CASE (A)

(c )

F a i l u r * - to reriovo i n d i v i d u a l s from area before a pulse
Error Producing Conditions
3)

17)

Low siornal to noise ratio - Example : fitter
working in enclosed
area does not hear
warni ng .

Independent checking

(19) Diversity ot information

Failure to cross
check permits and
entries.

no a l t e r n a t i v e to
physical check.
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(26) Progressing activity

Completely familiar, welldesigned, highly practised,
routine task occurring
several times per hour,
performed to highest possible
standards by highly-motivated,
highly-trained and experienced
person, totally aware of
implications of failure, with
time to correct potential
error, but without the benefit

Checklist used not
followed correctly,
5th - 95th
Percentilë Bounds
0.00008 - 0.009

of significant job aids.
Assessment
Error Producing Conditions

Proportion of
Effect

Assessed
Effect

xlO

.2

2.6

(17) Checking

x 3

.4

1.8

(19) Diversity

x 2.5

.4

1.6

(26) Progressing
activity

x 1.4

.2

1.2

(3)

S/N ratio

Assessed likelihood of failure
5th Percentile

.00008 x 2.6 x 1.8 x 1.6 x 1.2

5 x 10-4

.009 x 2.6 x 1.75 x 1.2

5 x 10-2

95th Percentile
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Abstract
A scenario to ensure the safety of the Fusion Experimental Reactor
(FER)

is proposed.

The safety features of a fusion reactor are given

and their impacts on the safety design are shown.

The requirements in

the design of major components of FER to achieve safety and the safety
evaluation process are described.

The results of the evaluation showed

that even in the event of the maximum credible accidents, the radiological
consequence to the public can be held at an acceptable level.

The appli-

cability to FER of various aspects of the regulations for facilities

treating large amount of radioisotopes is discussed with a positive
conclusion.

1.

INTRODUCTION

In order to make clear the safety and environmental aspects of fusion
reactors, several works have been published recently.[1]-[7]

A scenario

to ensure the safety of the Fusion Experimental Reactor (FER)[8] is

proposed.

The FER is a next generation tokamak fusion machine which

is being designed at the Japan Atomic Energy Research Institute (JAERI),

to achieve self-ignited D-T plasma on the turn of the century.

The

safety scenario proposed here is applicable to the FER but at the same

time its extraporation to future commercial fusion reactors is also
taken into consideration.

Major difference between the FER and future

reactors is that the FER is not expected to possess the full tritium

breeding, power generating blanket required in future reactors.
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At first, the safety features of a fusion reactor are given together
with their inpacts on safety design.

Xot only the beneficial inherent

safety features but also those features unique in fusion necessitating
appropriate safety measures are identified.
Secondly, the requirements in the design of major components of FER to
achieve safety are described.
Thirdlv, a method to evaluate the safety of the FER is proposed.

The

safety of the reactor under the four conditions, namely normal operation,
abnormal transients during operation, accidents and the maximum credible

accidents (MCA's) are considered.

It is shown that even in the event

of MCA's, the radiological consequence to the general public can be
held at an acceptable level.
Finally, some observations regarding the possible regulatory guidelines
applicable to FER are given.

2.

SAFETY FEATURES OF FUSION REACTOR

A fusion reactor is defined as a device to generate energy using
controlled nuclear fusion reactions.

The major safety features of

a magnetic confinement fusion reactor utilizing the D-T reaction are
identified and their impacts on the safety design are described below.
(1) In principle, there is no nuclear runaway
Although there may be some transient overpower, a nuclear runaway is
impossible.

It has an inherent safety feature of the plasma disruption

following the uncontrolled state.

Furthermore, the tritium inventory

in the plasma is only a fraction of one gram.
(2) There is no intrinsic radioactive products from the D-T reaction
Major radioactive source other than tritium fuel is the radioactivation
of materials such as structural material, which can be reduced by
design and material selection.
(3) In general, power density is low
Since the power density in the first walJ and blanket is lower than
in the core of light water reactor (LWR) or fast breeder reactor (FBR),
the integrity of the coolant boundary is less likely to be impaired
in the event of loss of flow accident.

(4) In general, afterheat rate is low
Since the rate of afterheat just after shutdown is low, the emergency

cooling system as in LWR is not necessary.
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(5) Large amount of tritium (more than several hundred grains) is
handled as the fuel and in general, reprocessed on site.

In the

case of future reactor, tritium breeding becomes mandatory.
Although a snail amount of tritium is included in the plasma region,
most of the fuel tritium gas is within the multiple containment of the
fuel gas circulating system.

Large part of the fuel gas inventory is

adsorbed in metal and will not be released unless heated to high
temperature.
(6) Tritium is the major source of radioactive release to the environment,
Tritium has the following characteristics.
i) It emits only (3-ray with the maximum energy of 18.6 keV.
ii) Its radioactive half-life is 12.3

years but the biological half-life

is 10 days in the form of HTO.

iii)

It does not concentrate in environment nor in plants or animals,

iv) The relative hazard of tritium in the HTO form is considered by

Morgan [9] to be close to that of

85

Kr which is the least hazardous

among the radioactive isotopes in fission reactors.

According to

the ICRP Publication 30, the derived air concentration (DAC) of
HTO Js 1/25000 that of HT.

v) As it is the isotope of hydrogen, it tends to permeate through
metal wall at high temperature.

vi) Tritium in the gaseous form is combustible so that it must be
protected against fire or explosion.
(7) Superconducting magnets with large stored energy is used.
In the superconducting magnet system, large amount of electromagnetic
energy and liquid helium as the coolant are stored.

Detection and

prevention measures against the abrupt energy release from the magnets
are necessary.

3.

SAFETY DESIGN REQUIREMENTS

The requirements in the design of major components of FER to achieve
safety are described.
(1) Plasma Design
In the case of a fusion reactor, there is nothing like prompt critical
point in a fission reactor so that a nuclear runaway is impossible.
The maximum power in the event of overpower is limited by the followings:
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a) Thermal equilibrium point at higher temperature.

b) ß-value limit caused by the MHD instability.
c) Engineering constraint of the requirement on MHD equilibrium,
position, and shape control of plasma.
The plasma design should restrict the maximum power to be not too
excessive to cause any serious damage in the components.
(2) Fuel
The fuel consists of about 50% each of deuterium and tritium.

Only a

small fraction of fuel reacts in the plasma to produce helium. Unburnt
tritium, deuterium and helium are exhausted by the vacuum exhaust
system and sent to fuel circulating system.

Tritium is radioactive

and can permeate through metal at high temperature so that sufficient
containment is required.

Since the fuel gas is the combustible hydrogen

isotope, the design should exclude fire or explosion.
(3) Plasma Vacuum Vessel
As the plasma vacuum vessel forms the vacuum boundary for tritium
containment, it should be designed to be sufficiently résistent to

electromagnetic force, thermal stress, pressure difference and leak
tight.

A measure to mitigate excessively high internal pressure is

required.

(4) Blanket
Major functions of the blanket are tritium breeding and the conversion
of the kinetic energy of neutrons to thermal energy.

In order to

contain the breeding material it should be designed to withstand
corrosion, internal pressure, electromagnetic force, thermal stress
and to be leak tight.
(5) Shield
Two major functions of the shield are to protect the superconducting

magnets from radiation and to serve as the biological shield for the
personnel and also the public.

It should be designed to have

sufficient thickness and to take care of radiation streaming.
(6) Superconducting Magnets
Superconducting magnets generate the magnetic field to confine plasma
as well as to control its position and shape.

It should be designed

to withstand the electromagnetic force and temperature change not only
at normal operation but also at abnormal conditions.

106

In the event

of the excessive transition to normal state, it should be designed to
release the stored energies to outside the magnet and to absorb it
safely.
(7) Vacuum Exhaust System
It exhausts the fusion reaction product, helium and unburnt fuel.
A means such as isolation valve should be provided to separate the plasma
vacuum vessel with large vacuum boundary surface and the exhaust
system with a large tritium inventory.
(8) Fuel Circulating System

This system at first purifies (remove helium and other impurities) the
unburnt fuel gas, performs isotope separation and then stores, adjusts
and injects the fuel gas.

The components of the system from which

tritium leakage is perceived should be placed in glove boxes to

prevent direct release of tritium to the reactor room.

The tritium released into the glove box is collected by tritium cleanup
system (TCS) to sustain the tritium concentration in the glove box
at sufficiently low level.

In the event of tritium release to the

reactor room due to some failure, the air tritium cleanup system for
the room is operated to suppress the tritium release to the environment.
(9) HVAC/TCS System

The function is the humidity, ventilation, air conditioning and tritium
removal in the reactor room.

Dependable design to suppress with high

reliability the tritium release out of the room is required.
(10) Primary Cooling System
It should be designed so that there is no leak of coolant from the
primary system to the secondary one.

If it is necessary to lower

the tritium concentration in the primary coolant, coolant detritiation

system should be provided.

Even in the unlikely event of loss of flow

or the coolant itself, a backup cooling mechanism to remove the
afterheat is required.
(11) Containment Facility

The containment should be designed to suppress the release of radioactive
materials at every credible accident. In addition it should also serve

as a part of the shield to protect the public from direct radiations.

(12) Seismic Design
In a D-T fusion reactor, the prevention of the tritium release to the
environment is the most important in terms of reactor safety.

The
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accident sequences should be analyzed to identify the components
and facilities which serve the critical role to contain tritium.

The

components and facilities should be classified according to their
importance in reducing the irradiation doses.

Seismic design of the

components and facilities should be performed according to the above
importance classification.
(13)

Safety Protection System

Safety protection systems are provided to prevent the occurrence of
an expected abnormal transient state or a malfunction of components.

They are also provided to protect a fusion reactor by suppressing the
progress of an abnormal transient state or a malfunction which may

lead to the loss of the reactor safety.
(14)

Engineered Safety Facilities

Engineered safety facilities are provided to suppress or prevent the
release of radioactive materials such as tritium initiated by the

failure or damage of reactor components e.g. reactor room, glove box,
air tritium cleanup system.

4.

SAFETY EVALUATION AND RESULTS

The safety of FER has been evaluated under four conditions, namely
normal operation, abnormal transients during operation, accidents and
maximum credible accidents (MCA's).

Each of the conditions are

decribed with some representative events considered.

The sequence of

the most severe MCA is introduced with its consequence.
(1)

Normal Operation

A fusion reactor system is in a normal operation when it is in state

of startup, shutdown, operation, wait, maintenance, repair, inspection,
etc.

as scheduled.

The operation condition, the conditions of energy

and radioactive materials in the whole system are kept within the
assigned limits.

(2)

Abnormal transients during operation

The operating condition of a fusion reactor system reaches an unscheduled

state due to a failure or a malfunction of a component or misoperation
which are expected during the lifetime of the plant.

This unscheduled

state will be terminated before a boundary containing energy or

radioactive materials is damaged and the normal operating state can be
regained.
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Abnormal transients are selected to ascertain the validity

of the design of the safety protection systems and control systems

against these events.

Following abnormal transients have been considered

for FER:
i)

ii)

Abnormal transients of plasma and fusion power

Abnormal transients due to localized heat load to the components
inside the plasma vacuum vessel

iii)

Abnormal transients of heat removal in the components inside the
plasma vacuum vessel

iv)

v)
(3)

Abnormal transients (leakage) in the primary cooling system

Abnormal transients in the fuel circulating system.
Accident

An accident is an abnormal state surpassing the abnormal transients
during operation, which influence the safety of the public.

In this

case the integrity of a boundary containing energy or radioactive
materials may be impaired but the irradiation dose to the public can
be suppressed to a sufficiently low level by the safety features such
as engineered safety facilities.

The integrity of the containment

facility is maintained to greatly reduce the release of radioactive

materials to the environment.

Following accidents have been considered

in FER:
i)

Reduction of cooling capability of the components inside the

plasma vacuum vessel
ii)
iii)
iv)
v)
(4)

Damage of piping in the primary cooling system
Damage of components in the gaseous waste disposal system
Accidents during the fuel handling processes
Damage of fuel circulating system.
Maximum Credible Accident

The accidents causing maximum consequences to the environment and
public is called the iraximum credible accidents (MCA's).

The following

four MCA's have been selected:

i)

Plasma vacuum vessel rupture accident caused by the failure of
the cooling tube of the components inside the vessel

ii)

Plasma vacuum vessel rupture accident caused by the failure of
a cooling tube in the breeding blanket

iii)

Fuel circulating system accident overlapped with the glove box
failure

iv)

Superconducting magnet accident causing a piping rupture in the

primary cooling system.
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The sequence of the first MCA is followed.

With the initiating event

such as a plasma disruption, the coolant boundary in the first wall or
divertor plate is breached.

The cooling water blows down into the

vacuum vessel and the pressure in the vessel rises.

If the cryopanel

isolation valve fail to close, the tritium accumulated on the cryopanel
comes out into the vessel.

When a part of the vessel breaches, the

tritium, radioactive water and activated dust are released to the
reactor room.

In the evaluation, the tritium cleanup system (TCS)

is assumed not to operate.

Even with this MCA, the radioactive

material release to the environment will be less than the maximum
tritium inventory of 24g accumulated on the cryopanel.

Tritium is

assumed to be the only radioactive material to be released to the
environment because most of the radioactive cooling water or activated
dust released to the room can be prevented from leaking to the
environment by filters in the exhaust duct.

The maximum dose to the

public will be around 0.1 rem according to a reference dose-distance
curve [10] when 24g of tritium in HTO form is released through a 100 m
stack.

This dose is much smaller than the 25 rem limit in the regulation

for handling of radioisotopes, etc.[11].

5.

SAFETY REGULATION

In this section the possible regulatory guidelines applicable to FER

are discussed.
In the case of FER, it is likely to be the only D-T burning

fusion device to be built in Japan in the near future.

So that the

role of FER should be defined as the device to provide the data base

to formulate the regulations for future fusion reactors.
Since fusion reactors are free from the major problems of nuclear
runaway power excursion and emergency decay heat removal, it is necessary
to develop appropriate philosophy for safety design for fusion reactor

rather than trying to apply existing regulations for light water fission
reactors.

Nevertheless since release of tritium seems the only

significant risk to the public, various aspects of regulatory concepts
for facilities handling radioisotopes would be applicable to FER.

6.

SUMMARY

The safety scenario for FER is summarized in Fig. 1.

In the top of

the figure, the seven safety features of a fusion reactor are shown
with their impacts on the safety design.

110

Some safety requirements

in the design are shown.

The safety regulations to be applied are

proposed at the bottom.

What is required from now on is to demonstrate the validity of
this scenario by the detailed safety design and evaluation of FER.
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TRANSIENT ANALYSIS OF THE WATER-COOLED
EUTECTIC LiPb BLANKET OF NET
H.T. KLIPPEL

Netherlands Energy Research Foundation,
Petten, Netherlands
Abstract
For the liquid LiPb blanket concept of NET the response of the first wall and the
water cooled blanket to coolant tube blockage, loss of pumping power and coolant tube

break events has been evaluated. Thermal-hydraulic calculations were carried out with the
code RELAP followed by 2- and 3~dinensional transient non-linear heat transfer calcula-

tions with the code MARC. The main conclusion is that the concept of two parallel coolant
loops provides a good safety measure since a flow coastdown in one coolant loop while
the plasma is still burning does not lead to any significant temperature increase of
the structures. Also passive shutdown cooling by natural convection flow or thermal
radiation is sufficiently adequate to remove the decay heat in first wall and blanket.

1. INTRODUCTION

For the liquid LiPb breeder of NET a water-cooled first wall and blanket design has
been developed, see [1], with the following main features:

a) breeder modules in the form of long poloidal pressure tubes with two parallel helical
coolant tubes passing through slowly circulating liquid LiPb, see fig. 1;

b) separate first wall panels with poloidal coolant tubes contained in a secondary first
wall box structure with either liquid LiPb or solid Pb as thermal bound and buffer for
leaks, or welded directly to the stainless steel structure, see fig. 2. Also a wall

with protective tiles of graphite is being considered;

FWl

FW2

FW3

Figl. Liquid LiPb blanket module

(vertical cross-section)

Fig 2 First wall proposals NET
(horizontal cross-section)
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c) first wall and blanket are provided with two independent parallel coolant circuits.
An important aspect for the evaluation of these concepts is the analysis of conceivable
coolant accidents. For the different first wall proposals and the outboard breeder blanket module the following transients have been analysed under the assumption that the plasma

shut-down will occur after a certain time delay:
- a single coolant tube blockage;
- a loss of coolant flow due to pump failure in one and both of the main circuits;
- a total loss of coolant in one loop due to rupture of the main manifold at the segment
inlet in one of the two parallel main circuits.
The calculations have been carried out with the thermal-hydraulic analysis code RELAP [2]

followed by transient non-linear heat transfer calculations with the finite element code

MARC [3]. In RELAP the phase change of the water coolant is proporly handled. Single phase

and two-phase flew equations and the best correlations for nucleate boiling, film boiling
and dryout are applied. The resulting temperature histories in the first wall and the
breeder module and the thermal-hydraulic characteristics of the water coolant during the
transients have been evaluated and will be summarized in this paper. A more detailed presentation of the results will be given in a forthcoming report [4]. Dynamic calculations
concerning a tube break within the breeder modules have been presented elsewhere [5]2.

THERMAL-HYDRAULIC TRANSIENTS OF THE PRIMARY CIRCUIT

2.1. Nodalization scheme of the coolant circuit
Two independent loops are foreseen in the coolant circuit of NET [6] to strengthen
the safety of the whole concept. Both the inlet and the outlet headers of the blanket seg-

ments are located at the top. The pressurizer is connected to the hot leg of the coolant
loop and via a heat exchanger the heat is transferred to a secondary water loop. Part of

the nodalization scheme as used by the RELAP code is given in fig. 3 (only one loop is

given, the other loop is nodalized identically). The power producing components are connected to both coolant loops. Between the inlet and outlet plenums of the blanket five parallel power producing components have been modelled, the one as given in fig. 3 representing

I——I COOLANT VOLUME/PIPE
E3

HEAT STRUCTURE

Fig 3 Nodalization scheme NETT coolant circuit
liar i a aanui n uxr n
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the whole blanket with a power production of 600 MW, one representing a module from the
first row in the outboard blanket (producing 1320 kW) and the others representing the

first-wall types of fig. 2, marked by FW1, FW2 and FW3 • The main data of these components
as used in the calculations are given in table 1 and were taken from [1].
By lack of detailed information on the other loop components, e.g. for the pumps, main

coolant lines, heat exchanger and pressurizer, data from existing components in light water
reactors have been assumed. A heat exchanger of the once-through type with a total height
of the pipe bundle of 10 m has been assumed. In the reference case the midplane of the heat

exchanger lies 11 m above the midplane of the blanket. The main coolant lines have a diameter of 0.30 m and a total length of 60 m. The pressurizer has a volume of 32 m', the
pressure control is set at 110 bar and the set point of the safety relief valve is 120 bar.

The total volume of primary coolant, including pressurizer and storage tank is about 80 m1
per loop.

At the inlet of the blanket the water temperature is 265'C and the pressure 115 bar. At
nominal flow condition the outlet temperature of the blanket modules will be 305'C and of
the first wall ca 280"C. The subcooling margin for the first wall is much larger than that
for the blanket (saturation temperature is T

3 EIC

* 315'C). In vertical direction a power

distribution according to the poloidal power distribution calculated by the FURNACE code
[1] has been applied. The result is that the maximum temperature in the blanket and FW
will occur just above midplane. This location has received special attention in the fur-

ther calculation and has been chosen for the calculations given in section 3-

After shutdown the initial decay heat is taken as 0.752 of nominal power production in the
blanket module and as 1.5% of nominal power production in the first wall. These values were

derived from decay heat densities given in [?]•
2.2. Summary of results

a) Coolant flow blockage of a single coolant tube in one blanket module or in one first

wall panel. The coolant mass flow through the intact tubes and channels as well as the
inlet temperature remain unchanged. The time constant to reach a new steady state where
the heat removal is taken over by the intact coolant tubes is about 50 si

Table 1.

see

Basic thermal-hydraulic data of NET blanket components.

thermal power (MW)

composition
nominal coolant flow per loop (kg/s)

nominal coolant velocity (m/s)
hydraulic diameter (mm)

flow area per loop {cm1 )
length of active coolant tube (m)

total length of coolant tube (m)
evaluation change (m)

coolant temp, rise (*C)

outer first wall f.w.
f.w.
total
blanket blanket channel channel channel
module

600

1-320

SS+LiPb SS+LiPb
1500

5-6

25
3500
36
60
6
40

FW1

FW2

0.100

0.076

SS+LiPb

SS

3-2

0.77

5.6

6.5
14
1.54
7

25

7.5
36
60
6
40

0-77

6-5
14
1.54
7

21

21

6

6
15

20

FW3
0.085
C+Mo+SS
0.77

6.5
14
1.54
7
21
6
17
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Fig.4. Blanket response to single coolant tube

blockage

In the intact coolant tube of the blanket module some nucleate boiling of the water
starts after about 100 s. The maximum steam quality is 1-1% (void fraction is ^^%).
This nucleate boiling enhances the heat transfer coefficient to more than twice its nominal value. The critical heat flux above which coolant dryout might occur, is 5 to 7
times the actual maximum heat flux.
The average blanket temperature rise at midplane is about 80"C. The coolant temperature
rise at midplane is 25'C. In the first wall panel nucleate boiling occurs only in the

upper sections of the panel due to the larger subcooling margin.

The average temperature rise of the first wall structure at midplane is max. 90'C.
b) Loss of pumping power in one of the coolant loops while the fusion power is going on.

The pressure in both loops is assumed to be maintained at constant level. The mass flow
in the interrupted loop drops from nominal value (1500 kg/s) to natural circulation

(250 kg/s) in about 50 sec. The time constant of the flow coast-down is ca 10 s. The
heat transfer coefficient in this flow Initially drops from 3'4000 W/m'K to 5000 W/m'K,
but due to the coolant temperature rise nucleate boiling starts already after about 15 s
which significantly enhances the heat transfer coefficient, see fig. 5.
The maximum steam quality reached in the reduced coolant flow is 31#. the critical heat
flux value is still more than a factor 10 higher than the actual maximum heat flux to
the coolant. Due to the enhanced heat transfer coefficient in the distorted flow the to-

tal heat fluxes to both loops do not change very much. After reaching natural convection

flow in the one loop (t * 100 s) the total heat transfer to that loop has been decreased
by only 3X while the heat transfer to the intact loop has been increased by the same

amount. Since the mass flows in the secondary loops have been assumed to be unchanged
the inlet and outlet temperature of the intact loop increase gradually by about 0.04'C/s
The average temperature in the blanket and FW panels increases only by about 20*C.
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Fig.5. Blanket response to loss of pumping powei
in loop 2
c) Plow coastdown in both loops with delayed plasma shut down.
In both loops the mass flow reaches natural circulation condition after 50 3, and nucleate boiling at midplane starts within 15 s, see fig.

6. On the longer time scale

also in the lower part of the blanket and first wall near-saturation temperature will
be reached. After an initial drop the heat transfer coefficient will become high. At

the exit of the blanket the steam quality will be 65%.

The critical heat flux value

still remains a factor 5~7 higher than the actual maximum heat flux to the coolant.
Obviously a loss of pumping power in both loops does not require very acute measures.
The coolant reaches near saturation temperature, the heat transfer coefficients to

the coolant remain high and the average blanket temperature increases by about 30*C
within the first 30 s and thereafter, due to a 0.3X

lower heat flux to the coolant,

the blanket temperature increases by about 0.02'C/s.
76.0

-100.0

0.0

100 0

200 0

300 0

3600
400 0

time (s)

Fig.6. Blanket response to loss of all pump power
plasmascram at 150 s
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Assuming a controlled plasma shutdown 150 s after the onset of the pump trip a maximum

average temperature rise in blanket and first wall of 40'C has been reached.

The afterheat removal by natural convection cooling is quite satisfactory. The mass flow

decreases gradually to 210 kg/s for both loops together (at t = 1000 s), which is 1%
of the nominal flow. The heat transfer coefficient in the coolant tubes drops to
3000 W/m'K.
d) Total loss of coolant In one loop.
This event which might occur after e.g. a large break in the inlet main coolant line is
most severe when plasma power production is not stopped. After shutdown the intact
loop guarantees heat removal even in natural circulation condition. Before shutdown all
the nuclear power produced is transfered to the intact loop. Assuming no shutdown and no

action on the secondary flow to increase the heat transfer through the heat exchangers,

the coolant and blanket temperatures rise considerable, see fig. 7-
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Fig.7. Blanket response to loss of cooling
in loop 2
The coolant inlet temperature rises up to near saturation within about 150 s. Due to the

considerable steam formation the mass flow decreases drastically at about 150 s after
the onset of the event. After a first phase of nucleate boiling departure from nucleate

boiling and transition to film boiling might occur in the upper part of the blanket.
After 200 s the heat transfer coefficient drops below 2000 W/m* K in the upper half of
the blanket. Before this point has been reached the reactor must be scrammed.
3.

TWO-DIMENSIONAL TEMPERATURE DEVELOPMENT IN FIRST WALL AND BLANKET

3.1. Initial conditions and steady state temperature contours

Using the code MARC [3] x-y plane-symmetric calculations for the first wall and r-z
rotational-symmetric calculations for the blanket module have been performed to evaluate

the local temperature behaviour in the structures after coolant disturbances as described
in 2.2. Some sensitivity calculations have been carried out for thermal conductivity in
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LiPb. overpower production and passive thermal radiation cooling. For the blanket module
3-dimensional calculations are also being executed but these have not been completed yet.

The power densities used in the first wall and blanket are representative for the midplane
in the outer blanket and were taken from FURNACE calculations [1]. The neutron wall loading
at midplane is 1.2 MW/m* , resulting in a maximum volumetric nuclear heat production in the

stainless steel of the first wall of 18 MW/m'. For the radiation heat flux from the plasma
on the wall surface a value of 0.2 MW/m1

has been taken. The first wall configurations FW1,

FW2 and FW3 as given in fig. 2 have been analysed. The steady state temperature profiles in
the FW and the blanket are given in fig. 8 and fig. 9. For a 0.2 MW/m! radiation flux the

maximum surface temperature is 507"C (for FW1),

for a 0.3 MW/m1

radiation flux the surface

temperature increases to 560*C. For the interface SS-LiPb in FW1 these temperatures are
402*C and ^3^'C respectively. In the blanket module the maximum temperature in the module
wall is 380°C, the maximum temperature at the interface of stainless steel with LiPb is
369*C. The reference value for the thermal conductivity of LiPb is 16 W/mK. For a lower

value of 12 W/mK

the stainless steel temperature increases by ca 3*C.
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Fig.8. Temperature contours in FW,
nominal steady state

3.2.

Fig.9. Temperature contours in blanket,
nominal steady state

Temperature development after coolant disturbances
The upper bound of all transients is a sudden lack of any cooling. For the blanket

module and the first wall the resulting adiabatic temperature rates and times to reach
melting are given in table 2 for the case of nominal power production and for the case
with shutdown. The time dependency of the afterheat production is taken into account [7].
(The decrease in decay heat is slow; at t = 1 hr J0%, at t = 1 d 30*. and at t - 30 d 23*).
Taking into account passive thermal radiation cooling to a surrounding which might be
cooled at a moderate temperature safe shutdown is guaranteed, see fig. 10. (An isolated
first wall box cooled only by thermal radiation from the back plate to the shield does not
reach an equilibrium state and first melting takes place after 11 hrs.).

For the different coolant accidents as described in 2.2. the temperature histories within
the structures of first wall and blanket have been calculated taking the time dependent

heat transfer coefficients and coolant temperatures from the RELAP calculations as input
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Table 2.

Adiabatic temperature rates in FW and blanket.
Blanket

FW1

FW2

FW3

module

panel

panel

panel

average power density (MW/m1 ) in SS

10.5

15

15

13

adiabatic temperature rate (*C/s)

3 to 4

4.8
205
-

4.2
230

at nominal power

time to melting of wall (a)

7-2

295
250

time to melting cooling tube (3)

135
-

after shutdown
average power density at shutdown (MW/m1 ) SS

LiPb

0.409
0.0055
0.07
7-0

0.079
0.001

adiabatic temp, rate at t»0 (*C/s)
time for first melting (hr)

4.1

800.0

0.409

0.35

0.09
4.5

0.08
4.5

5000

4500-

4000

4000

350.0- -_.

3000

2500

2500

ZOO.O -

3000

• • i • •

00
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20
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4.0

50

Fig.10. Shutdown radiation cooling
for the MARC calculations. The MARC calculations specifically show the spatial distribution
of the temperature at midplane. E.g. fig. 11 shows the final temperature contours in the

blanket in case of a single coolant tube blockage. The maximum surface temperature is 542',
the max. interface temperature is 520'C, and the maximum temperature in the blocked coolant
tube is 550'C.

Fig.ll. Temperature contours in blanket for
sinele coolant tube blockage
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In table 3 a summary is given of the maximum temperatures reached in FW and blanket as far
as the transients have been followed in time.

Table 3- Maximum/minimum wall temperatures (*C) in coolant transients.

Blanket

FW1

FW2

FW3

continuing power

steady state (reference)
single coolant tube blockage (t»200 s)
flow decay in one loop (t»200 s)
flow decay in two loops (t«150 s)
20% overpower (t»200 s)

total blockage one loop

(t-150 s)

389/310
5^2/387
120/360
118/360
510/390

535/362
530/350
519/330
760/395

188/288
670/367
520/320
511/321
527/296
680/372

517/290
703/370
518/328
518/318
561/291

202/201

208/206

210/207

209/206

110/370

508/315
713/387

shutdown

natural convection in two loops (Tcoolant.20Q.c)

1.

CONCLUSIONS
The present calculations have shown that the thermal response of the first wall and

the blanket of NET to the most conceivable coolant disturbances are relatively slow so that
safety systems can be actuated in due time (up to 150 s) before damage to the first wall

and blanket occurs.
The basic idea of two parallel coolant loops provides a good safety measure, since the
maximum local temperature rise in the first wall and the blanket in case of loss of the
coolant flow in one of the coolant loops is limited to 10*C while the plasma is burning.
Passive shutdown cooling by natural convection or thermal radiation to low temperature
surroundings is sufficiently adequate to keep the structural temperatures low.
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Abstract
One of the important safety issue of a fusion reactor is the behaviour of
the blanket and the first wall on accidental conditions. The first choice of blanket
for NET (Next European Torus) is an integrated first wall-blanket segment design with

Li Pb
as breeder, cooled by pressurized water. Starting from this option, a
methodology of safety analysis is defined, in order to be able to point out weak point
of this design and to emphasize recommendations capable to increase safety. Possible
initiating events are identified and the most dangerous is studied (loss of coolant
inside blanket module or inside first wall).

The data bases of failure rate from french facilities statistical studies
(PWR and LMFBR) are adapted to specific fusion reactor problems (LiPb corrosion,
cycling working of fusion reactor and irradiation induced damage influence). Event
trees for blanket, first wall and overall segment are built up and calculated.

The risks,i.e. occurence probability time detriments, are analyzed on three
points of view: machine damages, occupational hazards and environmental impact.
On the machine consequences four levels are identified. From last level,

machine damages may be considered very important : possible ingress of torus chamber
by I.iPb'and water,etc ...(overall probability occurence of about 5 E-4 a year).

Finally, the event tree after segment failure is developped and it points
out that hall contamination may be very large (up to 1.5Kg of activated erosion dust,
about 10 g of tritium and volatile activated products coming from the breeder).
Probability of such contamination is of the order of E-4 a year.
Nevertheless, if occupational impact may be severe, it has been found that

environment impact can be maintained to a level rather low (2 mRem for the M.E.I) as
far as the last barrier (wall of the reactor building) withstands.

I. INTRODUCTION

One of the critical issue for a fusion reactor is the choice of the
breeding blanket, as well for the necessity to produce tritium in situ, as for
safety goals of the reactor. Actually, the first choice of NET /!/ is a liquid
Li
Pb
euthectic. The purpose of the present study is to evaluate the safety
of such blanket design (Fig.l). The blanket-firs t wall integrated design (Fig.2)
necessitates to evaluate the overall safety of these components. The failure rate
of the First Wall (F.W.) is very important to assess : this component faces the
plasma and, whatever the plasma confinement will be, interactions between plasma

and F.W. cannot be totally avoided (sputtering, arcing, possible disruptions...)
and thus, it is important to ensure reliability of F.U.
II. SAFETY GOALS OF NET
Keeping in mind that NET is still in the predesign step, the safety

a.

objectives are :
to help designers to design the machine as safe and reliable as possible, i.e.:
to decrease the probability of accident and to minimize the consequent

of accident on the machine itself, in order to increase maintenability
and availability.
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Lo

Blanket access

modify

design

in order

to

increase
safety,
without
changing operating objectives.
Lu abbess, as> far

safety

as possible, the

ind protection

systems,

in

order to know radiological impact
for public and workers
Two main kinds of studies
tii'c performing in order to cope with
these goals •

- general
studies
of
overall safety of the reactor,
- particular
studies
of
each systems of the reactor
This paper is devoted to a safety
analyses of the F U.

Blanket system

of NET
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BLANKET
ANALYSIS :

AMD

FIRST

WAT L

SAFETY

III 1. Methodology

Starting
dp sign,

let say

analysis

Fie 1

NET MACHINE

of

from
NET

risks

a specific

IIIA /!/, an
induced

by

a

failure is performed by

event tree

method

which

Modifications,

increase

safety

are

ran

recommended,

Torus confinement

then a sensitivity analysis will be

Blanket modulus

made as far as risks may be considered low enough to be acceptable

Shielding

is event tree one.

(ALARA

III.2

Divertor

principle)

Identification

The

of

method

used

initiating

events
The top events that it must be

Coils

considered are :

a.

Loss of cooling water from F.W.
cooling loop,
- inside F U

segment

- outside F.W. segment

b.

Loss

of

cooling

water

from

blanket coolant loop,

- inside blanket segment
- outside blanket segment
c

Loss of flow in F U

d
e

Loss of flow in blanket
Loss of secondary cooling system.

f

Loss of secondary flow

g. Loss of plasma stability,
h. Loss of LiPb loop .

LiPb

PLASMA
Fig.2 : First Wall Scheme
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- inside F.W /Blanket segment

- outside F.W./Blanket segment.

Ic is obvious chat some of chese evencs are not indépendant and common mode

failures may appear
power

For instance, loss of flow may be induced by loss of electrical

or LOFA may induce LOCA

by increasing temperature, etc

But, in this study

these common modes are not considered
III 3

Choice of initiating event
As

an

example,

a

loss

of

coolant

accident

(LOCA)

inside

segment

(blanket/F W ) is chosen because
a it seems to be the nost conservative assumption,
b it can be calculated, accounting available data
IV

ACCTDFNT SCENARIO PROBABTTTSTTC SAFFTY ANALYSIS

A mechanical safety analysis has been performed /2/ /3/
point

out

that

these

modules

may

withstand

hammer

effect

in order to

induced

by

water

depressurization and LiPb/water interaction after a break of the coooling pipe
Nevertheless event trees are built up on the basis of the scenario

Pipe break --> Module break --> Segment break
Then, assumptions should be made in order to develop the scenario until

the environmental possible impact
IV 1

Data bases

Data bases of failure rate are taken mainly from statistical studies
(L M F B R
These data

PWR) of E D t /U/, NOVATOMC /5/ and C E A
are adapted to NET type fusion reactor,

/6/
taking

into account

the

corrosion effect, the cycle effect and the damage influence
The first effect can be neglected, because LiPb corrosion is only at most ten
times higher than Na corrosion

important

The cycle effect on the failure rates A is more

For SUPERPHENIX, A is chosen for a 3 minutes period

For a fusion

reactor, the cycle integrated on all the life time is 1 5 ran Using the PARIS
law, the corrective factor must be 1 24
Finally, damage effect is difficult to evaluate, as a conservative
value, a factor of 2 is chosen
Table I and II resume the failure rate values
This study is driven on two steps
1 Build-up and analysis of blanket and F W event trees
2 Build-up of event tree induced by such failure and consequence analysis
IV 2

Event trees
Two event trees are built up accounting for a pipe break inside the
blanket module (Fig 3A) or inside the first wall (Fig 3B) It has been taken into
account, on each event tree, laige or small water leakage, with detection and
preventive action possibilities (Fig
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TABLE I

Component s

Failure rate values for the First Wall

ata base

de s i gnat ion

Ind~-

obabi li ty

Detection

P

t-2 E3 h)

Pr even t i v r

dapt at ion

or Length

i

egcncnt

per year

Action
states

4895 welds

4 35 E-5

1 24

4E-5

Water pi pe

4896 welds

4 35 E-6

1 24

4E 6

Hall between

14400 m of

4 03 E-4

1 24

E-4

Water pipe

IE-6

•'sio

P

S10

2 2 E-3

( small le akage )

LiPb/LiPb

1 IE-7 *L10

P

1

E 5

weld

(leakage into FW)
Wall between
Li Pb/ segment

1920

m of

1 06 E-4

1 24

3E-4

3

E-6

weld

A

L10

S4

P

*L4

P

A

S7

P

A

S5

S4

2

E-2

6

E-3

1

E-2

L4
S7

P S3

A

L5

PL5

A

S8

P

E-6 iS6

P

( leakage into

2 2 E-4

S8

•5 e gmen t )

Wall between

LiPb / Plasma

2880 m of

9 34 E-5

1 24x2

2 3E-4

5

weld

( leak ag» to

S6

A

L6

P

A

b9

P

A

S1

P

A

L1

P

A

S2

P

L2

P

L6
S9

/
/
/
/
1
f
/
DOWN /
/
/
/
/
/
/

torus chamber >

/
1 24/10

Wall between

1

E 6

LiPb/LiPb
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I
I

2

E-3

6

E-4

1
UP /
I

1

E 3

1
1
I

U

( Leakage into FW}
1 24/10

Wa 11 be tween

3

E-7

LiPb/Segment
C lft«k age

A

S2

1.2

into

s egtnen t )

Wall between

1 24x2

LiPb/Plaam«

10

5

E-7

A

S3

P

S3

L3

P

L3

A

(leakage to
torus chamber )

/
1

Detection and

E-4

preventive

A

ac t ion

A

Vacuum duct ,

S11

X

For the

S12

312

L12

P

L12

1
1

E-3
E 4

A"

chamber

1

E-4

V
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P

/
/

0 2

P

va Ives , Torus

Vacuum

3

V

/
0 865

/

0 IS
p

vc

0 18

/

TABLE II

Number

Failure rate values for the

Failure rate per hour

Index

adaptation

Components

Blanket

»i

?

i

dei igna t ion

Probabi li ty
(t-2 E3 h)

Detection

per year

Ac 1 1 on

Prevent iv<states

Water pipe

1 8

E-4

1 24

2 3E-4

4 8E-6

1 6

E-5

1 24

Z

E-5

4

4 8

E-6

1 24

6

E-6

2 9E-4

*S10

P

X

L10

P

S10

9 5 E-3

( small leakage )

Water pipe

E-7

L10

8 3 E-4

( large leakage)
Modu Lus

864 Modulus

( small leakage )

Segment

48 Segments

1 6 E-5

1 24

2

3 9 E-5

1 24

4 8 E-5

E-5

*S4

P

A

S5

P

A

S4

5 8 E-l

/
/

S5

L2

P

L2

/

»L3

P

L3

/

X

S7

P

S7

84

E 4

E-6 iss

p

sa

2

E 3

4 2E-7

DCWN

( small leakage )

Segment

1

/
/

( small leakage

and detection

/
Segment

5 8 E-5

1 24

7 2E-5

1 5E-6

ALS

P

L5

3

E-3

( large leakage }

Modulus

/
/

7 9 E-4

1 24

9 8E-4

2

E-5

A

P

S3

/

4 1 E-2

(small leakage)

Segment

/
3 9 E-6

1 24

4 8E-6

1

E-7 *S6

P

2

4 7 E-5

1 24

5 8E-5

1 2E-6 *L4

P

2 4 E-3

S6

UP

E-4

( small leakage )

Segment

L4

(large leakage)

Detection and
preventive
action

,
p
»SI

1 E-4 *S2

P

*S3

P

0 18

S2

S3
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Failure
Ni

Confinement
f»
inside segment

00

Confinement
-Xl x t
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IV 3. Analysis

Table III summarizes the results obtained for the two aceidents considered

TABLE III

Se ;inent
Blanket First Wall

LEVEL

Reactor
Blanket First Wall

Failure modulus

1.8 E-3

Confinement inside

8 6 E-3

1 6 E-5

4 1 E 1 7 8 E-4

0 A -

Occurence Probability Results

8 5 E-2

modulus
B -

Confinement inside
segment

1 8 E-3

4 8 E 6

8 4 E-2 2 3 E 4

C -

Failure segment

2 3 E-6

8 1 E-6

1 1 E 4 3 9 E-4

Three levels of consequences are thus pointed out

LEVEL A
The water remains confined inside the module, or insj.de the
double shell of the F W No serious consequences appear, both for the machine and
on radioactive contamination. The LiPb remains inside the module, which may withstand The only consequence is that the segment has to be changed The occurence
probability is 4.1 E-l a year for the blanket and 7 8 E 4 a year for the First
Wall

LEVEL B ' The module of the inner shell of FW is considered broken
LiPb and water remain confined inside the segment Again, no radioactive consequences

The major problem raised by this accident is to be able to detect it

Now, it become hard to repair this segment This overall probability is 84 E-2
y '*• for the blanket and 2.3 E-4 y"1 for the F W
LEVEL C : The

segment fails

Now, consequences become severe for the

machine with ingress of the torus chamber by LiPb and water The occurence
probability is 1 1 E-4 for the blanket and 3.9 E-4 y"1- for the F W

The overall probability is :
Pc - 5 E-4 y'1
As regards the high damages induced on the machine and the large
difficulty to handle such broken segment to repair it, this value may be considered as too high. All consequences are not yet evaluated, but it is possible to
notice .
- No possibility to recover LiPb inside the torus chamber,
- Possible interactions of water with hot components of the plasma
chamber (divertor tiles), hydrogen production and risk of explosion or

fire, etc...
Nevertheless, the calculation emphasizes that the main contributions of
failure probability come from weld behaviour. Quality insurance may ensure that A
can be decreased (factor about 5) In addition, the reliability of leakage
detection system (^32 ~ about E-4 h" ) can be increased by means of redundancy or
using outside of the segment detection system (neutron trap for instance)
V. OVERALL SEGMENT RISK ANALYSIS

V 1

Accident probability
Fig. 6 shows the second part of the event tree after segment failure

Three levels of gravity are pointed out :
LEVEL D

The contamination remains inside the torus chamber

damages, no health physic consequences may be induced.
The overall probability is :

PD - 5.5 E-5 y-1
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LEVEL E
The contamination can be extended to the reactor hall (or other room)
by the vacuum circuit (failure of vacuum valve or non fast closing possibility)
PE - 3 5 E-4 y -1
I FVEL F
The contamination can be extended to the reactor hall through a break
of the torus chamber, mainly due to window failure (diagnostic or additional
heating system windows)

PF - E-4 y 1
V 2

a

Radioactive consequences

Occupational
It has been emphasized that until level D, no radioactive contamination
are spread outside the machine On the level E and F, the hall is contaminated A
fust evaluation gives l g of tritium (3 7 E9 Gbq) , corrosion products in water

(concentration 2 6 MBq/1), LiPb (5 6 E3 GBq)
But the most important contamination comes from erosion products (
Plasma-wall interactions) An expert evaluation gives 1 5kg of activated dust

Mn34, Mn56, Co57, Co58 and Co60

The total activity being 3 E3 GBq/g

For a

reactor hall volume of about 15 E5 m3 , the average concentration will be 3
GBq/m3, which must he compared to the DAC values (5E2 Bq/m3 for Co^^) Thus, this

fourth class accident gives rise to high hall contamination and obliges to forbid
personnel access before decontamination
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b

Environmental Consequences
As far as the last barrier (wall of the reactor building) withstands,
environmental impact can be maintained rather small, because only volatil or

light radioactive products may be released outside
emergency

clean up

systems may

be designed

Ventilation, filtration and

to minimise environmental contami-

nation For instance, filtration efficiency could be at least 99% and rhus, a
maximum of 15g of erosion dust can be released, this will induce a dose of about
l 2E 2 raSv to the MEI (Most Exposed Individual)
This dose may be considered
acceptable for such accidents The risk ocrurence probability times consequences
is thus also acceptable

V l CONCLUS TO\S

This preliminary risk analysis of the fust wall and blanket points out
rh.it

the

damages

»n the

reactor

can

be

rather

high

and

that

the

occurence

probability is too large, if it is used the present day failure value

Rut , a

sensitivity analysis shows that, if the major contr i but•on on failure probability
(

weld failure

ind leakage detection tailure rate) IE improved by a factor 5,

then the overall probability ran be decreased down bv a factor of about 50 (as
the no-Tber of barriers 2. tor FU ard 1 for bl inke*- segment)
On the other hand, the highest number which induces hall contamination

is the failure rate ot window (P - 2E-1 y

)

This viluo is taken from classical

accelerator windows, m u l t i p l i e d by a conservative number of 10, in order to take
into accont the hign neutron flux To decrease this value, nany solutions can be
envisaged, ' ^h as double wall ot windows or p i o r r o r i v e shell when windows aie
not

used,

etc

, T'ru > , the

ovciaLl

pi obob-11tv

ot

hall

contaminât 1 on

can

be

reduced down to a value ot E-6 v" 1 wnich is acceptable (out ot design value)
Finally, it can be concluded that such a large accident nay be maintained in low
probability range with n e g l i g i b l e environmental impact
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Abstract

The safety evaluation of the R-tokamak was carried out by applying
the "safety analysis and evaluation methodology" [11. The purpose of
this evaluation is to confirm the validity and usefulness of the
methodology.
The following results were obtained:
(1) Safety
characteristics of the R-tokamak design was clarified. In this process,
the General Descriptive Model for the R-tokamak was constructed. (2)
Design Basis Events for the R-tokamak were selected based on the
function based safety analysis and they were classified according to the
event categorization [21. Safety functions were investigated in
relation with the DBEs. In results, the validity and effectiveness of
our methodology were confirmed. (3) Tritium release to the environment
was analysed using the containment system model with the tritium cleanup
system. The result showed that the amount of released tritium was small
( less than 2 Ci ), and the pressure increase in the containment had a
key effect on the tritium release to the environment.

1. INTRODUCTION

The objective of our methodology development [11,121,13] is to
provide a guideline for the design of fusion systems from a view point
of safety. Since fusion systems are now under development and still
immature, we performed a general considerations on fusion safety and
presented rational guides for the safety design and evaluation, which
are applicable in any design stage of fusion systems.
This paper aims at confirming the validity and usefulness of our
methodology through a safety evaluation of a fusion system. The
R-tokamak 141, a conceptual design of D-T reacting plasma experiment
device, was chosen as a reference for the evaluation, since the data
base was likely to be available for us. Though the R-tokamak design
does not include some key subsystems inportant to safety, such as
tritium breeding blanket and super conducting magnet, the design has
enough safety-related issues; i.e. the use of tritium and neutron
generation due to D-T reaction, to confirm most of the results of our
methodology.
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2. APPLICATION PROCEDURE

The process of safety design and evaluation is shown in Fig. l.
The process is almost equivalent to the work flow of our methodology
study (see Fig. 1 in reference QJ). In "understanding of safety
characteristic", the system design is reviewed from a view point of
safety. Identification of energy and RI sources, and clarification of
the component/subsystem constitution are necessary.
"Investigation of system behavior" based on qualitative analysis is
needed to clarify the system behavior in the abnormal conditions which
should be considered in the safety design. "Safety analysis" in our

a a f e t y deaign phaae

Understanding oE a a f e t y
characteristic* in thé
dealqii

I n v e s t i g a t i o n of the
a y a t e m behavior

afety e v a l u a t i o n phi

' I Deaign of safety function r—j

DBEa efltablishMen

Safety e v a l u a t i o n baaed on DUba | /
and the event categorization

Fig. 1

Process of Safety Design and Evaluation

methodology study corresponds to this step. Function based safety
analysis [2] using a system model, such as General Descriptive Model
tl], can be a useful tool in the application of our methodology.
Design of safety functions should be made in relation with "DBEs
establishment". General DBEs, discussed in our methodology, is a useful
guide for these steps. Safety design and safety evaluation, though the
two may be carried out in different phases, is not independent of each
other.
In "Safety evaluation", the reasonableness of the safety design is
examined through the analysis of DBEs and the judgment based on the
event categorization.
The safety evaluation of the R-tokamak was carried out mainly along
the process mentioned above, but some parts of the process were
simplified. The evaluation steps are as follows:

STEP 1 To understand the safety characteristics of the R-tokamak
design,
1) The system design was described with a function, boundary and area
in the same manner of the General Description Model (GDM)
construction [13 and the GDM for the R-tokamak was constructed.
2) Energy and RI sources were investigated and classified.
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STEP 2 To investigate the Design Basis Events and safety functions for
the R-tokamk design,
1) System behavior was investigated in a qualitative sense on the
basis of the function based analysis and typical events were
clarified.
2) Design Basis Events (DBEs) were selected and categorized
according to the event categorization we proposed.
3) Safety functions were investigated in relation with the DBEs.
STEP 3 To confirm the reasonableness of the containment system design,
tritium release to the environment was analysed based on the
containment system model including tritium cleanup system.
3. SAFETY CHARACTERISTICS OF THE R-TOKAMAK

3.1 Design Description

The R-tokamak is a medium size D-T reacting plasma experimental
device planned by Institute of Plasma Physics (IPP) of Nagoya
university. The major radius and plasma current are 2.1 m and 3.0 MA,
respectively. Safety was an important aspect in the design, since the
use of tritium and neutron generation are inevitable in the experiments.
The subsystem constitution of the R-tokamak design is shown in
Fig. 2. The flows of material and energy among the subsystems are also
shown in the figure.
Tritium breeding blanket and related heat
transport/conversion systems are not included. The functions of the
subsystems, from ©
to @ , are equivalent to the prerequisite
functions in the GDM. The correspondence between these subsystems and
the GDM is shown in Table 1. The other subsystems are classified into
(1) diagnostics system, (2) auxiliary system supporting the
prerequisite functions and
(3) containment system.
The GDM
corresponding to the R-tokamak design was constructed as shown in Fig.3
according to the above results.
3.2 Energy and RI Sources
Energy and RI sources in the system are summarized in Table 2.
From the view point of the effect on the boundary integrity and RI
controllability, (1) plasma, (2)magnetic energy in the coil systems, (3)
neutral beam energy in the plasma heating system and (4) cryogenics are
considered as key energy sources in the R-tokamak.
Tritium and activated materials are the RI sources in the system.
Tritium used in the R-tokamak is about 10 g ( 105 Ci) in amount and
exists mainly in tritium storage system, tritium gas feed system, torus
vacuum pumping system and vacuum vessel.
TRITIUM STORAGE SYSTEM
Tritium is stored using Zr/Al getter and the
amount in one unit of the getter is restricted to 1800 Ci from a view
point of safety. Tritium adsorbed in Zr/Al getter is unvulnerable to
release at room temperature and is classified as immobile-RI tl].
TRITIUM GAS FEED SYSTEM
Tritium gas of 1800 Ci, which is the amount

consumed in one series of experiment, is filled up in the reservoir of
gas feed system. The tritium gas is pressurized to 1000 torr and is fed
into the vacuum vessel with piezo electric valve. The reservoir has the
maximum gaseous tritium inventory in the R-tokamak and is classified as
controlled-RI [1].
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Table 1

Correspondence between subsystems of the R-tokamak and GDM
G D M
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1.

Vacuum Vessel

2.
3.
A.

Toroidal Field Coil Sys.
Poloidal Field Coil Sys.
NBI Heating Sys.
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6.
7.
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12.
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NBI Vacuum Pumping Sys.
Tritium Gas Recovery Sys. (I)
Tritium Gas Recovery Sys. (II)
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TORUS VACUUM PUMPING SYSTEM Four sets of 4K cryo-sorption and two sets
of 20K cryo-condensation pumps are installed in torus vacuum pumping
system . Through D-T discharge and D-T discharge cleaning, tritium is
adsorbed on the cryo-panel. If regeneration of cryo-pump is scheduled
every one experimental series, the maximum tritium inventory of the
cryo-panels reaches to 1800 Ci at the end of one series of experiment.
The tritium may be released as gaseous tritium, if the cooling of
cryo-panel is insufficient. Therefore, this tritium is classified as
controlled-RI.
VACUUM VESSEL
Tritium of lOOCi is fed into the vacuum vessel for one
D-T discharge. The tritium is recovered through the torus vacuum
pumping system in the Zl/Al getter of tritium gas recovery system and
then stored in tritium processing/storage system. The gaseous tritium
in vacuum vessel, as well as the gaseous tritium flowing in pipes of
other systems, is classified as mobile-RI [13. On the inner surface of
the vacuum vessel and limiter surface, tritium of 1000 Ci is adsorbed.
The tritium is unlikely to be released just after the initiation of an
accident.

Induced activity in the structural materials is unvulunerable to
release and is classified as immobile-RI. Activity in air and cooling
material is classified as mobile-RI. This kind of RI source is not a
major concern when accidents occurred in the R-tokamak.
4. DESIGN BASIS EVENTS AND SAFETY FUNCTIONS FOR THE R-TOKAMAK

Typical events in the R-tokamak are investigated by the function
based analysis on the GDM for the R-tokamak. The typical events and
their effect on boundary integrity and RI controllability are summarized
as follows:
PLASMA DISRUPTION Plasma disruption may result in high heat load and
magnetic force on the components around the plasma. Integrity of the
vacuum area boundary and the components related to controlled-RI, such
as cryo-pumps and piezo valve of gas reservoir, are of major concern.
In the R-tokamak, high frequency of plasma disruption is assumed.
Therefore, since plasma disruption has to be treated as a normal
operating condition, the integrity of the system should be assured
against plasma disruption in the system design.
HEAT LOAD TRANSIENT DUE TO PLASMA HEATING FUNCTION

Since the heating

power of NBI is 5MW and the duration of the operation is 3 sec, NBI
shine through may result in the failure of the vacuum area boundary.
In the R-tokamak design, the vacuum vessel, as a vacuum area boundary,
is protected by installation of the beam damp (passive engineered safety
features as to be a physical barrier) and interlock system(active safety
features).
PRESSURE TRANSIENT IN VACUUM AREA
The failure of cryo-pumps may cause
the pressure increase due to evaporation of cryogenic material. Torus
vacuum pumping system and NBI vacuum pumping system use cryo-pumps
refrigerated by liquid helium and nitrogen. The integrity of the vacuum
area boundary and protection against the mobilization of adsorbed
tritium on the cryo-panel are of major concern.
PRESSURE TRANSIENT IN FUEL AREA The cause of this event is the same as
above. The integrity of the fuel area boundary and protection against
the mobilization of controlled-RI in the fuel area are of major concern.
MAGNETIC FIELD COIL TRANSIENT The failure of the magnetic field coils
may result in the magnetic field transient which induces eddy currents
on the components and magnetic forces. In case of the TF coils, the
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internal short circuit nay cause a large out-of-plane force to the coil
itself. The failure of the coil supporting structures due to this force
may result in the failure of the vacuum and fuel area boundary.
Therefore, the prevention should be assured in the design.
PRESSURE TRANSIENT IN CONTAINMENT AREA
The pressure increase in the
containment area may be caused by the release of refrigerant and cooling
materials. Since the pressure and the temperature of the nitrogen gas
in vacuum vessel heating/cooling system are low (0.2 Pa and 150 °C,
respectively), this effect is negligible. Since the total
inventory of
the liquid helium and nitrogen is estimated as 150 m3,this may cause a
large pressure increase in the containment area. The integrity of the
containment boundary is of major concern.
AIR-INLEAKAGE INTO VACUUM AREA This event is accompanied by the vacuum
area boundary failure and may also occur via the failure of the fuel
area boundary. In this event, the mobile-RI in the vacuum area may be
released and the resultant increase of heat load to cryc—panels may
cause the release of adsorbed tritium. In this case, protection of
hydrogen fire has to be taken into account, though the possible
concentration is enough low compared with the detonation limit.
Protection against the slow release of adsorbed tritium in the vacuum
vessel is also a matter of concern.
AIR-INLEAKAGE INTO FUEL AREA
This event is accompanied by the fuel
area boundary failure and may also occur via the failure of the vacuum
boundary. Effect on the mobile- and controlled-RI is the same as above.
In addition to that, prevention of chemical reaction of Zr/Al getter has
to be considered though this event is unlikely to occur.
On the basis of the typical events mentioned above, the DBEs for
the R-tokamak were selected in the same way described in reference [31.
Table 3 shows the DBEs and their category according to the event
categorization proposed in reference [2]. Here, the classification of
Table 3
Ca t egory

Design Basis Events of the R-tokamak

Event

Judgement C r i t u r l j

Heat load transient due to plasma
heating function (NBI)

Integrity of vacuum area boundary

Physical barrier (beam damp)
Energy dump by interlock

Magnetic field transient

Integrity of vacuum and fuel area
boundary

Physical separation

Integrity of containment system

Pressure control

Protection against mohl J iza tlon
of tritium on cryo-panul and
adsorbed on vacuum VCHBL-!

Isolation

Category-1
Pressure transient in containment area

Su f e ty Fjinc t ions

Energy dump

(breaks of refrigerant and
cooling pipes)

Air-inleakage into vacuum area

Fire protection

Category-2

Alr-inleakage into fuel area

Protection against mol>J 1 1 zu t Ion
of tritium on cryo-panel and in
Zr/Al getter

luolat ion

Fire protection
Cryo-pump failure

Cat egory-3

Cryo-pump failure with vacuum
boundary and/or fuel boundary
failure

Protection of vacuum und fuel
area boundary

Pressure control
Kecovury of t r i t i u m

Amount of released t r i t i u m to

Tritium cleanup system

the environment

(Containment system)

Gas reservoir failure
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RI source and boundary is modified to be appropriate for the R-tokamak.
RI sources are categorized into two classes according to their
inventories. Class-1 RI has the inventory of less than 1000 Ci and the
others are defined as Class-2 RI. Classification of boundaries is shown
in Table 4. In the categorization, Category-3 events are the events
where Class-2 RI is released into the containment area and are
postulated to confirm the adequacy of the containment system design.
Safety functions are also shown in Table 3. Here, no consideration on
the permissible value of released RI to the environment for each
category was carried out. The following recommendations for the
R-tokamak design were obtained:
(1) As the magnitude of stored energy in the energy source is generally
low in the R-tokamak, most of accidental energy releases were
tolerable in the component design. However, since the failure of
boundary may occur at the structural week parts; e.g. diagnostic
windows, vacuum seal, bellows and valves, they have to be taken into
account as an accident initiator.
Table

Classification of Koundar

trie K-

(2) The importance of the isolation as active safety features is
emphasized.
Especially, the isolation of cryo-pump is
crucial to the safety design.
(3) Casing of cryo-pumps in the torus vacuum pumping system and gas
reservoir of the gas feed system have to be designed in a
high quality, since they are the Class-2 boundary.
(4) Refrigerant materials, such as liquid helium and nitrogen, are
the key energy source which cause the pressure increase in
the containment area.
The isolating functions to mitigate
the pressure increase and the pressure relief functions to
prevent the rupture of cryo-panels have to be prepared in
the design.
5. ANALYSIS OF TRITIUM RELEASE TO THE ENVIRONMENT

The amount of tritium released to the environment depends on the
tritium release behavior in the containment and the design of the
containment system; e.g. the removal efficiency and the ventilation rate
of the Tritium Cleanup System (TCS), leak rate through the containment
boundaries.
Here, in order to confirm the reasonableness of the
containment system design of the R-tokamak, the amount of tritium
released to the environment along with the accident scenarios, which was
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postulated to result in the maximum source term in the containment area,
was calculated based on the containment system model including such
crucial design parameters.
5.1 Accident Scenario
The failure of the cryo-panel in the torus vacuum pumping system
accompanied by the vacuum boundary failure, which was postulated as the
Category-3 event, was selected as the event to be analysed, since this
event cause to give the maximum source term in the containment and also
cause pressure increase in the containment. Here, it was supposed that
the gaseous tritium of 1800 Ci was released immediately after the
initiation of accident and the evaporation rate of the liquid helium and
nitrogen is 10 NmVsec and continues for 100 sec.
5.2 Containment System Model

The containment system of the R-tokamak was modeled as shown in
Fig. 4.
Each containment area, named as "red zone", "umber zone"
and "green zone", has its own TCS and the pressure of each zone is kept
negative against the atmospheric pressure and lowered in this order by
the air ventilation systems. Air, ventilated from the green zone, is
released to the environment through the stack. In case of accidents,
containment is isolated from the system and the TCSs in the system are
operated to recover the released tritium.
Inleak
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Fig. A

Calculation Model of the R-tokamak Containment System

5.3 Results and Discussions
The results are shown in Table 5. Five cases of calculation were
carried out. Failure of TCS was assumed in red zone (case 1), umber
zone (case 2) and green zone (case 3) as a single failure of active
safety functions. In these cases, the tritium removal efficiency of the
faulted TCS was assumed to be zero. In case 4, the failure of the
containment isolation was assumed and therefore, the stack release was
considered. Case 5 is the case where all the active functions are
operated normally. Results of the analysis are summarized as follows:
(1) The maximum tritium release to the environment was no more than
2 Ci, even though the single failure of active safety functions
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Table 5

Results of Tritium Release Calculation
*1

Release t h r o u g h Stack
(Ci)

Ground Release
(Ci)

CASE 1

1.39 x ID' 4

1.294

1.294

CASE 2

2 . 5 0 x 1C"3

1.294

1.296

CASE 3

1.37 x 1CT1

1.187

1.33

CASE A

2 . 0 0 x 10~3

CASE 5

5.42

*1

x 10~3

2.73

x ICT2

1.125

Total
(Ci)

2.88 x 10~2

1.13

This value is tne sum of a direct release to environment
from the red-, umber- and green zones.

was assumed.
(2) Though there was some ambiguity on the assumption of the leak
rate through the boundaries, the pressure increase in the
containment had a key effect on the tritium release to
the environment.
(3) Though the amount of the released tritium was low, the result of
case 4 indicated that the containment design was not enough
optimized for the accident with pressure increase.
6. CONCLUSION

Through the safety evaluation of the R-tokamak, the following
results were obtained:
(1) The GDM for the R-tokamak could be constructed.
(2) RI sources could be classified into three categories; mobile-,
controlled- and immobile-RI.
(3) Typical events were clarified on the basis of the function based
safety analysis on the GDM.
(4) DBEs could be selected and categorized according to the event
categorization we proposed in the methodology study.
(5) Safety functions could be investigated by giving attention to the
effect on RI controllability and boundary integrity.
(6) From the results of the analysis on tritium release to the
environment, it could be concluded that the amount of released
tritium is small ( less than 2 Ci ) and the pressure increase in
the containment area had a key effect on the tritium release to the
environment.
Finally, it was concluded that the validity and effectiveness of
the framework of our methodology and our proposals were confirmed and
the application to the future design would be possible.
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Abstract

A synthesized methodology of safety analysis and evaluation for
general fusion systems is proposed. In the course of the methodology
development, its main frame has been constructed in order to take
account of all safety related-items and to ensure a logical consistency.
The safety-related items are devided broadly into two groups. One of
them is the public protection from radiological hazard, which is
introduced as a safety requirement from an external viewpoint for the
fusion system.
The other items are the matter from an internal
viewpoint and are related to the fusion system behavior in itself.
These items are composed of the understanding of a fusion system, the
safety ensuring principle and the function based safety analysis. All
of these items have been mapped on the frame, considering the mutual
relations among them, consistently.
To complete the methodology
development, the safety evaluation for the actual design of a fusion
system has been performed in conformity to this methodology. Thus, it
has been demonstrated that the methodology proposed here is appropriate
to the safety analysis and evaluation for the fusion system.

1. INTRODUCTION

The importance of safety aspects has been recognized to obtain the
societal acceptability in introducing of large scale advanced technology
such as a fusion system. In the past, it was thought that the safety
aspects were to be added to a system in its later stage of developments.
Therefore, the safety aspects were sometimes opposite factors to the
technology and economy. However, if safety is taken into account from
the early stage of the research and development of the advanced
technology, the safety aspect would be rather conformable with the
technology and economy in order to be furnished with rational safety.
Design of fusion experimental reactors in the next generation, of
which the self-ignition of D-T plasma is a main purpose, have been
already started. In these designs, radiological safety aspects have to
be taken into account due to larger RI inventory and neutron generation.
An appropriate methodology which ensures the rational safety is
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desirable. Here, safety characteristics of a fusion system, which are
different from those of a fission one, should be noticed in the
development of the methodology.
Various concepts have been proposed as the candidates for future
fusion reactors, and the priority of these candidates is still a matter
of controversy. A tokamak, for example, is the most representative
concept, while other types of the plasma confinement are also promising.
The choice of blanket and coolant materials are one of the critical
concerns
for designers.
Therefore, it is desirable that the
methodology of safety analysis and evaluation is applicable to various
types of fusion systems. Furthermore, it is desired to be applicable to
the fusion systems in any stage of the design status from the conceptual
to the detailed.
The main purpose for the proposed methodology of the safety
analysis and evaluation for the fusion systems is to pursue a reasonable
way, from the safety point of view, for the introduction of a fusion
system to our societal environment. The study was started in 1984, and
preliminary results were reported in 1985 [1],[2J.
In this paper, the framework of the methodology which we proposed
is described at first. The details of understanding of the fusion
systems are presented which are the major items to be considered in the
methodology. Furthermore, a brief review of safety analysis according
to this methodology are presented. The details of other items to be
considered and the application of this methodology are presented in
reference [3J/ [4] and 15], respectively.
2. MAIN FRAME OF THE METHODOLOGY

In this study, we first considered a framework in which all the
safety-related items of the fusion systems are involved and their
mutual relations are clarified. To construct the framework, first the
general characteristics and safety aspects of a fusion system were
investigated. They have, obviously, different aspects in comparison to
those of a fission system as mentioned later. Therefore, they required
development of a new model with which the general characteristics are
expressed suitably to do succeeding studies without logical
contradiction.
To understand a fusion system, we developed a system model in which
essential functions and amounts, forms and flows of materials as well as
energies in the system could be expressed. The schematic is shown in
Fig.l. In this process, we reviewed several conceptual designs for
fusion systems proposed until now to confirm the generality of the
system model. From this model development, the distributed nature in
function, energy and material is understood as intrinsic for a fusion
system. On the contrary, the concentrated nature is for a fission one.
These understandings evolved the system model to a general descriptive
model(GDM), in which a fusion system is considered to be constituted
from five system elements, i.e. vacuum, blanket, fuel, waste and
containment. Each system element is an assembly of area, function and
boundary. The details of the GDM will be described in Section 3.1.
Next, requests from the societal environment to a fusion system
have to be summarized into safety requirements. Up to the present,
environmental aspects of a fusion system have been discussed from the
potential advantage of a fusion system over a fission one. The safety
requirements for a fusion system, however, would be the same as a
fission system in principle. Therefore, the safety requirement for
fission systems, which is especially concerned with radiological burden,
such as ALAP and permissible dose in case of accidental release, can be
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used also for fusion systems. Main issues are how to represent the
requirement along with the design basis events(DBEs). We assume an
equi-risk curve as a perspicuous expression.
Both the safety
requirements from the societal environment, as an external viewpoint,
and the general characteristics of a fusion system, as an internal one,
are the two main items to be considered and to be harmonized in the
construction of a
reasonable methodology for safety analysis and
evaluation. These two items, as shown in Fig. 2, are taken into account
for the development of safety ensuring principle and function based
safety analysis.
It is worthwhile to mention here, that in the course of
developments of safety ensuring principle and function based safety
analysis, several principles and practices in the fission system safety
have been transferred with their intrinsic meanings in mind. Major of
them are defense-in-depth principle, DBEs, and probabilistic risk
analysis. In the development of the safety ensuring principle, the
targets (items) to be assured against the disturbance at the occurrence
of an abnormal event were obtained from the analysis of RI leak
structure. They are boundary integrity and the controllability for
radioactive materials in the system element. They are, of course,
essential targets to be assured also for a fission system. However,
there are substantial differences in assuring the targets. In the
fission system, the assurance can be fulfilled mainly by reactor shut
down and shut down heat removal. On the contrary, a fusion system is
hardly possible to integrate the safety functions in simple forms.
Therefore, understanding that an accidental release of energy could be
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one of the main accident initiators, we investigated amount, form and
release mechanism of energy in conjunction with detection, protection
and mitigation. Through the investigation, it becomes possible to
discuss the ways of providing safety features. The safety requirements
assumed by an egui-risk curve was incorporated into the process of the
event categorization.
As for the function based safety analysis, it is not fully
available to introduce event tree analysis as well as fault tree
analysis in this stage of fusion system developments due to lack of data
bases. In addition, event sequence construction starting from FMEA
requires many steps and wide branches until the termination of the
sequence. Therefore, the number of event sequences become so enormous
that even by logical computer program coded for a large computer can not
cope with them. This fact was one of the main motivations to propose
the GDM in this methodology. Based on the GDM, abnormal events are
selected in each system element and are treated as an initial event
propagating beyond the boundary of the system element.
3. UNDERSTANDING OF FUSION SYSTEMS

3.1 System Model Development
A model which represents general features of fusion systems is
necessary to develop the analysis and evaluation methodology. This
model is called as a general descriptive model (GDM). In this model,
engineered safety features except for containment are eliminated from
the model to focus only on intrinsic safety characteristics of the
fusion system. The following four constraint conditions are naturally
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assumed but the results still contain the generality in practice. (1)
D-T fusion reaction, (2) Built-in type Li-T fuel cycle, (3) magnetic
plasma confinement, and (4) electricity generation by thermal cycle.

To describe the fusion system independent of specific design, it is
appropriate to focus on functions essential to a fusion system.
Materials, energy and mass flows, as well as the functions, have to be
also focused for the purpose.
The fusion system, described by the above-mentioned factors are
shown in Fig. 1. In this figure, it is noticed that the fusion systen
is composed of four subgroups: (1) nuclear reaction related, (2) energy
conversion and fuel breeding related, (3) fuel processing related, and
(4) waste processing related. These subgroups are called as syster.
elements in this paper. Each system element is mainly characterized by
materials and functions which control the states or flows of materials
of concern.
This feature means that it is necessary to introduce
concepts of area and boundary in the system element. The area is a
space where materials exist and functions act. The boundary is defined
as border of the area, and it acts as the material boundary and also a
barrier against RT releases. From these considerations, we propose the
GDM of the fusion system as shown in Fig. 3. In this model, containment
system which has containment area and boundary is introduced as a
practical choice for isolation of the fusion system from the
environment. The GDM is composed of five system elements described
above and each system element is described by area, boundary and
function. This model is useful for the development of the methodology,
since the system element is an integrated expression of intrinsic
characters of the fusion system. In general, material is also confined
in the area by the boundary, but there are some exceptions. For
example, transportation of tritium between system elements across a
boundary exists, such as fuel feed to plasma from fuel area -ria vacuum
area. We have to attach importance to such an interface between syster.
elements, since it controls the flow and the inventory of tritium which
is a main RJ source in the fusion system.

3.2 Safety Characteristics

(1) Inherent Safety Relating to the D-T Reaction
The attainment of high temperature and medium density plasma having
appropriate confinement time is necessary for realizing the fusion
reaction. External magnetic fields and heating energy supplies are also
inevitable to maintain the plasma. Furthermore, decay heat level of the
fusion is generally lower than that of a fission reactor. Therefore, it
can be considered that nuclear reaction shutdown and decay heat rénovai,
which are most crucial safety issues in a fission reactor are rather
easy in a fusion system.
(2) Distribution of Energy and RI Sources in the System

Energy and RI sources are important for the safety analysis, since
the energy sources can be considered as accident initiators or
propagators. They are distributed sporadically over the systcir,. The RI
sources are mainly distributed within fuel, blanket, and waste
processing system. This diversity of the energy and RI sources is
contrasted to the fission reactor in which the energy and PJL sources are
concentrated in the core. For the fission safety, therefore, main
interest can be focused on the core because energy as an accident
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initiator and propagator, and RI as a potential hazard are mainly
localized in the core. On the other hand, the accident initiators and
the potential hazards are distributed over the system in the fusion
system, so that not only plasma core but also the entire system have to
be considered in the safety analysis.
(3) Variety of Energy Sources
Many kinds of energy sources exist in the fusion system and they
are classified into five kinds by its form as shown in Table 1. As
shown in Figure 4, each energy source is characterized by stored and
releasable amounts of energy, released energy form, and time constant of
the release phenomena. The following three are important for the
investigation of safety features: (1) detectability of precursor and
protection of energy release, (2) action for controlling the energy
release, and (3) mitigation possibility of effect due to the released
energy.

Table 1 Classification of Energy Sources

Electromagnetic

Plasma C u r r e n t
Coil C u r r e n t
RF Wave

Radiational

D-T Reaction Output
N e u t r a l Beam

Thermal

Plasma ( P e r t i c l e E n e r g y )
Decay Energy
Coolant
Cryogenic

Mechanical

Chemical

High P r e s s u r e
Rotation
Hydrogen
L i q u i d Metal
Framable M a t e r i a l

(4) Variety of RI Source Mobility

There are two kinds of radioactivities as major RI sources: induced
activity and tritium as fuel material.
Most of the former can be
considered to be solid state, and its mobility is low. Although
corrosion product in coolant and dust in the reactor building are
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mobile, their radioactivity is lower than that for the induced activity
in the structural material. Tritium existing over the system has
various chemical forms and physical states, and the mobility of tritium
depends on their form and state. In some cases, tritium is immobilized
by an active function such as adsorption by the cryo-pump. Therefore,
this kind of tritium is easily mobilized by loss of function. This kind
of tritium is called as controlled-RI. According to the mobility, which
is an important aspect of mitigation characteristics of RI releases to
the environment, the RI sources can be classified into three:
immobile-RI, controlled-RI and mobile-RI. Judging from several designs
[6], [7], [81 of the fusion systems, the following relations in their
inventories are derived: mobile-RI < controlled-RI < immobile-RI. This
relation means that the RI controllability is important for the fusion
system safety, as discussed in reference [4], The specification and
examples of these three RI sources are listed in Table 2.

4. Application
The methodology was applied to the R-tokamak to confirm its
validity. The R-tokamak, which has the major radius of 2.1 m, is a D-T
reacting plasma experimental machine planned by IPP, Nagoya University
and the conceptual design was reported in 1983 [9].
The safety evaluation of the R-tokamak was carried out according to
the methodology.
First, GDM corresponding to the R-tokamak was
constructed. Some safety functions and DBEs were obtained through the
function based safety analysis. The tritium leakage to the environment
was evaluated according to the DBEs. The results of this application
show not only that the R-tokamak is safe, but also that the methodology
is well founded and is effective for the study of safety-related
problems. The details of this analysis are described in reference [51.
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Table 2

Classification of RI Sources

Immobile RI: Low mobility RI source not controlled
by an active f u n c t i o n
Examples: Induced a c t i v i t y in s t r u c t u r a l m a t e r i a l
Absorbed t r i t i u m in s t r u c t u r a l material
T r i t i u m in breeding material
T r i t i u m in solid getter

Controlled RI: Potentially mobile RI but immobilized
by active f u n c t i o n through controlling
of its state
Examples: T r i t i u m adsorbed on cryo-pump
Liquid t r i t i u m in cryogenic isotopeseparator

Mobile RI: RI source easily released upon loss of
boundary integrity
Example: T r i t i u m gas in pipe
T r i t i u m in p u r g e gas

5. CONCLUSION

A framework of safety analysis and evaluation methodology for
general fusion system was proposed.
By this framework, all of
safety-related items involving the safety requirement from the societal
environment and the viewpoint from the internal of general fusion
systems can be picked up.
Moreover, the logical asseurbly of the
safety-related items in the methodology can be also scoped. Thus, a
guide for the safety analysis and evaluation has been obtained. Public
protection against radiological hazard can be performed by satisfaction
of the safety requirement which is credited with the defense-in-depth
principle, and some additional criteria. The following three items are
proposed as the internal viewpoints of the fusion system:
(1)
understanding of characteristics of the fusion system, (2) safety
ensuring principle to harmonize the view points from external and
internal, and (3) safety analysis to give a realistic safety guide.
From the understanding of characteristics of fusion systems, the
GDM could be constructed. The GDM is not only applicable to any fusion
systems but also has a great advantage to make easy the safety and
evaluation for fusion systems. In each consideration item, some guides
and methods were developed so that a series of the safety study of any
fusion systems according to this methodology can be carried out
consistently [31,14].
Further, safety analysis of an actual design
according to this methodology was found to be possible. Therefore, the
framework of this methodology proposed is useful for treating the safety
problems of the fusion system.
In actual safety design and/or evaluation, quantitative analysis of
system behavior for abnormal events is necessary.
Developments of
computer programs and data bases for the analysis are needed.
The
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conçu ter programs and the data bases to be developed can be clarified
from the general DBEs obtained in this work. Further, the continuous
refinement of the methodology is inevitable, and it should be made
mainly through the application to actual designs.
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Abstract

A function based safety analysis was carried out to understand the
system behavior of fusion systems in the abnormal conditions and to
investigate the Design Basis Events (DBEs) and safety functions for
general fusion systems. The General Descriptive Model (GDM) was used in
the analysis. The GDM is a system model for general fusion systems and
is composed of several system elements, where each system element is a
set of functions, areas and boundaries.
Typical events could be
summarized in a small number, 16, by focusing on the abnormal events in
each system element of the GDM. For investigating DBEs and safety
functions, event sequences were constructed by regarding the typical
event as the initiating event. A sequence was terminated if the6
probability of occurrence became less than the value, i.e. 10~ .
Finally, DBEs for general fusion systems, which envelop all credible
events important to safety, were summarized as 20 events.

1. INTRODUCTION

In the course of our methodology development [11, safety ensuring
principle, as guidelines to achieve the adequate safety protection for
fusion systems, was investigated on the basis of the characteristics of
fusion systems [2]. As a result, three principal items to be assured
are obtained: RI controllability, boundary integrity and containment
integrity. The safety protections from the two view points, i.e. RI
controllability and boundary integrity, were emphasized. An approach to
the safety assurance and evaluation for the fusion systems was proposed
as a guide for achieving adequate safety. This approach uses not only a
probabilistic way of thinking in the design and DBEs selection through a
event categorization, but also uses a deterministic way of thinking in
the evaluation.
Furthermore, in order to accomplish our methodology, it is
necessary to give a practical way to incorporate the safety ensuring
principle into the design and to clarify the general safety issues of
the fusion systems. For that purpose, it is inevitable to understand
the system behavior under abnormal conditions.
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In order to understand the system behavior, it msy be theoretically
possible to express all abnormal propagations in the system as the event
sequences from trie initiating event, but the following probiere exist in
this approach:
1) Abnormal events in fusion systems have the possibility of
propagating via many functions, boundaries and areas. Trierefere
,we must encounter enormous numbers of event sequences, even on
the GDM.
2) It may not be a rational and practical way to investigate the
safety f'unctions for each event sequence one by one,
In order to overcore the problems, a function based safety analysis was
performed. The function based safety analysis is a method of safety
analysis on the basis: of a "function-based" system model such as the GDM
and give a practical -r-.y to select typical events and DBEs for the
fusion systems.
2. METHOD OF FUNCTION BASED SAFETY ANALYSIS

The process of the safety analysis is shown in Fig. 1. The
analysis includes two steps; (l") Typical event selection, and (2) DREs
selection. In the following sections, the features of the GDM, on which
the safety analysis was carried out, and the procedure of these steps
are described.

( G e n e r a l Descriptive Model )

-STEP 1

T Y P I C A L EVENTS SELECTION

(1) Finding of abnormal events in each system element

and their e f f e c t s to the other system elements
(2) Summarization of abnormal events

( Typical Events for General Fusion Systems j

STEP 2

DBEs SELECTION

(1) Construction of event sequences from the typical
events
(2) Requests for safety f u n c t i o n s
(3) Summarization of credible events

( D B E s and Safety Functions for General Fusion Systems J

Fig. 1 Process of Function Based Safety Analysis

156

2.1 Features of General Descriptive Model

The General Descriptive Model (GDM) is a system model for general
fusion systems and is composed of five system elements, where each
system element is a set of functions, areas and boundaries. The GDM is
shown in Fig. 2. Five areas; i.e. vacuum, blanket, fuel, waste and
containment, correspond to the five system elements, respectively. Each
area has energy and RI sources as shown in Fig. 2. For the DBEs
selection, classification of RI sources according to the inventory is
necessary 12]. Mobile-, controlled- and immobile-RI are assumed as
Class-1, Class-2 and Class-3 RI, respectively 12],
The features of the GDM are summarized as follows:
1) Since the GDM is a general expression of fusion systems, it can
encompass many designs of fusion systems.
2) By introducing boundary and area in the model, the relative
locational relationships among the system elements can be made clear.
3) Barriers against RI release in abnormal conditions can be explicitly
expressed by boundaries.
4) The model expresses fusion systems by a small number of system
element which can encompass many components and subsystems. For
example, vacuum area boundary includes many components: vacuum vessel
, vacuum seal, bellows and pipings.
Therefore, the use of the GDM enables us to carry out the safety
analysis independent of a specific design and also to summarize abnormal
events in a smaller number, compared with ones obtained on a
component-based model.

Fig. 2 General Descriptive Model
( see reference 111 as to the notations in the GDM )
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2.2 Typical Events Selection
Typical events for general fusion systems are found out by the
following procedure:
1) Abnormal events due to all the internal causes in the system
elements are picked up for each system element. The effect of the
abnormal events on the other system elements are investigated.
2) Abnormal events caused by the effect of the other system elements are
also picked up and the effects on the other system elements are
investigated. The basic process for the selection of abnormal events
is shown in Fig. 3.
3) Typical events are summarized based on these abnormal events.
<

Internal Cause in

Loss of Function -—————>
Energy Release
< Effect from the other
System Elements>
Effect from System
Element(B)
Effect from System

Element(C)
Effect from System
Element(D)

< Effect of Abnormal Events >

< Abnormal Event >

System Element>

it

Effect on System

———> Element (B)
Abnormal
Event in
System
Element
(A)

———^
———k

//

Effect on System
Element (B)
Effect on System
Element (B)

7

Fig. 3 Basic Process for the Selection of Abnormal Events

The features of the analysis are as follows:
1) The analysis focuses on the abnormal events in each system element.
Since a system element of the GDM includes an area which is a unit of
region for containing common substance, it may be a convenient unit
to summarize the abnormal events on the basis of their physical
similarities.
2) Event sequences are not constructed in this step of the analysis.
3) The effects on the RI controllability and the boundary integrity in
the system elements are investigated as well as the effects on the
other system elements. These effects are important for the DBEs
selection.
2.3 DBEs Selection

In the next step of the safety analysis, event sequences are
constructed by regarding a typical event as an initiating event of the
sequence. DBEs and the related safety functions are investigated by
analysing the event sequences according to the event categorization we
proposed [21. Details of the procedure will be described in chapter 4.
3. TYPICAL EVENTS FOR GENERAL FUSION SYSTEMS

Examples of abnormal events in vacuum area are shown in Table 1.
In this table, the causes, the effect on the RI controllability and the
boundary integrity, and the effects on the other system elements are
summarized.
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Table 1 Abnormal Events in Vacuum Area

Cause

E f f e c t on the 111 Conh ollabilily

Abnormal
Kvcnt

Effect on (he Boundary

InU gi ity
Mobile III

Plasma
Power

1 FPSU LOF
2 Fl'EX LOF

Excurtion
(V 1)

Plasma
Disruption
(V2)

Vacuum
.ind 1'uel
Aren

Con (.rolled UI
T r i t i u m Ilegene

intion by Temp

Incicase of Ciyo
Panel

1 FPSU LOF
2 FPEX LOF
3 MMIE LOF

4PPFG-LOF

Vacuum

ami r u e l
Aica

I'i i l i u m Ilcgcne
ration by Temp
Increase of f i y o
Panel

Immobile III
I n i m m Desoi p
:ion by Temp
[IH rease of K i i s t
Wall and V a c u u m
Boundary

HBV BF

(AB) I u b s o f l i l a n k e t M a l e i i a l

III Mobilisation by

BVO BF

(A(') '1 r i t m m Release

Vapoi i7!ition nnd
P a r t i a l Melting of
FiistWall

= Loss of V a c u u m I n t c g t i t y

' A B ) 1 em p Pi ess Increase

nnv in

5 ( A F ) TVF BF by Temp Press Increase
6 (AC) Abnormal Magnetic Fields
7 (AC) Electro magneto Energy
Release
Plasma
Disruption

with
Pressure
Increase

(V3)

1 Mechanical Energy Release FPEX
2 Mechanical Energy Release FPSU
3 (AF) Mechanical Energy Release

E f f e c t on the o t h e r System
Klo m on Is

( A B ) Loss of B l a n k e t M a t e r i a l s

(AI 1 ) M e c h a n i c a l Enei gy Release
( A C ) Met h a m c a l Energy Release

Vacuum
and Fuel
Area

FPEX, FPSU and/or FFSP.FFST l>y
Temp-Press Increase
4 (AF) IVF-BF by Pressure Increase
5 (AF) Mechanical Energy Release
FPEX, FPSU by Temp Press Increase

Tritium Ucgone
ration by 'lemp
Increase of Cryo
Panel

RI Mobilization by

Vnpoii7ntion and

nvo BF

= Lobs of V a c u u m Integrity

(AC) T r i t i u m Release
(AC) M e t h ' i m r a l Fnergy

Rclease(vi«i BVO BF)

P a r t i a l M e l t i n g of

PirstWall
BBV BF

( A B ) I ossof B l a n k e t M a t e n a l s

IVD B F ( K x c p p t 1 )

(AI 1 ) M e c h a n i c a l E n e r g y Release

~ A b n o i mal Mass I low

6 (AC) Mechanical Energy Release
from FPEX, FPSU by Electro magnetic
Energy Release

(A!1 ) M e c h a n u . n l Energy RI lease
( A C ) 1 r i t i u m Release

1 Thermal Energy Release FP1IE
Neutral

2 (AC) Thermal Energy Release F P I I E
Beam Shinp by Electro Magnetic Energy Release
Through
(V 4)

Vauium
and I 1 uel
A KM

No Effect

RI M o b i l i ? ilion by
Vapor nation and
P.ulial Mt I t i n g o f
1 list W a l l and
V o ( u u m B o u n d ,i r y

BBV BF
( A B ) Loss of Blanket M n t e i i a l s
— Loss of B l a n k e t M a t e n a l s
BVO B I'
( A C ) ] n i m m Release
— Loss of Va< uum I n t e g r i t y

In the analysis, loss of functions and energy releases in the
system element concerned are treated as the internal causes.
The
expression of abnormal events are determined mainly by focusing on the
flew of material and energy and/ or the phenomena accompanied by energy
release; e.g. Air-Inleakage, Pressure Increase. Material and energy
flows due to boundary failures and parameter changes across the boundary
are t ne typical effect from the other system elements.
Abnormal events can be classified into two types. One (Type-A) is
an event which occur without ooundary failures. The other (Type-B) :s
ar, event accompanied by some boundary failures. Therefore, Type-A
events may lead to Type-B events upon boundary failures. However, trie
effect of Type-E events do not always depend or. tht preceding Type-A
events. For example, the effect of the Air-Inieakage into Vacuum Area
does not changed by the preceding events such as plasma disruption, N3I
shinethrough. As for the DBEs selection, the preceding events are net
important, if the consequence of the event is independent of the
preceding events.
By summarizing abnormal events from the view point of similarity of
ehe phenomena and their independency, 16 typical events for general
fusion systems were found out as shown in Table 2.
The meaning of the typical events, here, is as follows: A typical
event expresses abnormal phenomena which commonly appear in many event
sequences evolved from the initiating events and has an important effect
on the RI controllability and the boundary integrity.
An event
propagation through system elements may cause a ne// loss of RI
control] ability and ooundary integrity.
Therefore, some safety
functions wil" be required to prevent the propagation along witn the
guide baced jn our event categorization [21 , though detail of the
rocess will be JpscL^ed in chapter 4. It is only needed to follow the
propagation tnrougn ' vo or three system elements, since the further
propagation car. be tr.-i*-.c as an incredible propagation r'rom the "iew
point of the prot -ability c- ,cc::rrence. Therefore, t:v; obtained typical
'/n of DBEs and safetv functions.
•events arc useful for. trie
Taole 2 Typical Events for General Fusion Systems
^,r.m~l
\l-'n,t'iit

Y ir'i'im

F-j.'i
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Bluntest
Containment
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"jp" A

or JJ

! ' P l a s m a Powr E x c u r s i o n
2' I!r--. t I id T r a n s i e n t f l u e I')
P''i~rm [Ina'inij F.inrurm
'•} i P l - i s r n . i Misi u p t i o n
1 1 PT-S ïui p Increase

H) B i ^""inr '" " - i ' L . n L !'i," ik.i.^e
'î) A i r - I n . ijai: it,"

1 l I V f ^ s u r c Increase

2) ] î r ( i e i i " r ' ( A ( j o l n n t In l'jak<i[(e
3) Air t n i ' - a k a u - e

1) T ^ m p Press Increase

2) A i r - I n l e a k a g e

I ) ' I h o r i n n l - h y d r a u l i c Transient

2) Loss of Breeder, Coolant

H Magnetic Fields Transient
2) Pressure Increase

3) Breeder/Coolant Release

4. DESIGN BASIS EVENTS AND SAFETY FUNCTIONS FOR GENERAL FUSION SYSTEMS

DBEs are the events postulated to confirm the adequacy of the
safety design. For this purpose, DBEs have to be selected to envelop
all credible events[2] in the system. It is also desirable for DBEs to
be integrated in a small number by summarizing these events from a view
point of consequence, similarity of phenomena and related safety
functions.
Before selecting DBEs, the credible events in general fusion
systems are investigated by the following procedures:
1) To make the event sequence by regarding a typical event as the
initiating event of the sequence.
2) To mark the border, which is bounded on the next level of the
event category, in the sequence according to the event
categorization we proposed[2].
3) To request safety functions to assure the RI controllability and
the boundary integrity in order to keep the event
consequence within the border of the event category.
4) To terminate the event sequence if further event propagation is
recognized as incredible.
The total reliability of higher
than 10 ~6 /event of the safety functions is a measure for the
incredible propagation.
Here, the reliability of a safety
function is assumed to be 10~z/demand.
As examples of the event sequences, (a) Air-Inleakage into Vacuum
Area and (b) Breeder/coolant-Inleakage into Vacuum Area, are shown in
Fig.4.
The Air-Inleakage into Vacuum Area is regarded as a Category-2
event beforehand, since it is accompanied by the vacuum area boundary
failure which simultaneously causes mobile-RI release (Class-1 RI).
Controlled-RI (Class-2 RI) such as tritium adsorbed on the
cryo-panel of cryo-pumps may be released if no safety function is
provided with. The release of Class-2 RI is an event in the Category-3.
Therefore, some safety functions for the protection are required. The
isolation of the cryo-pumps is an example of such a safety function.
Since the same isolation function is also required between the
cryo-pumps and fuel area for the same reason arisen from the event
sequence of the Air-Inleakage into Fuel Area, the event propagation to
fuel area can oe regarded as incredible propagation from the view point
of the probability of occurrence.
The other crucial safety issue related to the event sequence is the
protection of nydrogen fire.
In case of the Breeder/coolant-Inleakage into Vacuum Area, the
integrity of vacuum area boundary, protection/mitigation for the
moDilization of controlled-RI (the same as in case (a)) and immobile-RI
(tritium contained in breeder, Class-3 RI) are the crucial safety
issues.
Though this event does not result in RI release into the
containment area directly, the event has to be categorized into the
Category-2 event beforehand, since the possibility of immobile-RI
release, which is the Category-3 event, arises directly from the vacuum
area boundary failure followed by the Breeder/coolant-Inleakage (in case
of liquid breeder design). Therefore, the integrity of the vacuum
boundary and the isolation of controlled-RI should be assured in the
Category-2 event and the protection/mitigation for the mobilization of
immobile-RI has to be assured in the Category-3 event.
For selecting the DBEs, these sequences were summarized still more,
since the same safety functions and items to be assured are included in
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Fig. 4 Examples of Event Sequences
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plural event sequences. For the safety evaluation, it may be rational
to select the severer phenomena as the design basis for the similar
events.
For example, both the Air-Inleakage and Breeder/coolantInleakage into Vacuum Area may result in the release of controlled-RI
(vacuum area) into the containment area, if the isolation of controlled
RI and the integrity of vacuum boundary failed. Both events can be the
candidates for the Category-3 events. However, in the evaluation of the
consequences, the latter event may give the severer conditions.
Therefore, the latter event can be regarded as a Category-3 event which
envelop the former.
The DBEs for general fusion systems and their categorization are
shown in Table 3. Nine Category-1 events, seven Category-2 events and
four Category-3 events were selected. Judgement criteria and related
safety functions are also shown in Table 3.
Though the selection of the safety functions is a designers'
option, the use of ISF/passive safety features should be taken much
account of, since they have some potential advantages [2J.
Considerations for prevention of the initiating events, such as quality
control and in-service-inspection, should be emphasized in the design as
a matter of course, though they are not included in Table 3.
In the evaluation of the DBEs, it must be assured that the amount
of released RI to the environment is kept within the consequence limit
of the event category. Though the safety functions related to the
containment system are not included in Table 3, the mitigation effect of
the containment system has to be considered.
Release of immobile-RI, large scale fire and missile are regarded
as Category-4 events, therefore the considerations of preventing them
have to be much taken into account in the safety design.
5. CONCLUSIONS

A method of safety analysis, the function based safety analysis,
was developed in order to clarify the safety issues of fusion systems.
The method gives a practical way to select the typical events and the
DBEs of fusion
systems. The method also includes the practical
guideline for the safety design along with the approach we proposed[21.
The DBEs and the safety functions for general fusion systems were
investigated on the basis of the function based safety analysis. The
following results were obtained:
(1) Typical events could be found out and summarized in a small number
, 16, by focusing on the abnormal events in the system element of
the GDM.
(2) DBEs for general fusion systems were summarized into 20 events;
i.e. 9 Category-1 events, 7 Category-2 events and 4 Category-3
events.
The DBEs and the safety functions obtained from this analysis could
be considered as guidelines in actual designs and evaluations for fusion
systems.
A quantitative analysis on the system behavior will be
required to set up the DBEs and the safety functions in the application
of our methodology.
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Table 3 Design Basis Events for General Fusion Systems

Events

Category

Judgement Criteria

Safety Functions

1

1
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nteg'itv o j 33V. 3VO
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Heat ^oaa T r a n s i e " * cue to
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Energy a a m p o u e to interlock
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P r e s s u r e control
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Thermal-nvCrauiic Transient

Integrity of BBV

Cooling

Magnetic field Transient

Integrity o* boundaries, functions

Physical separation Energy oamp

(Integrity of containment systen)

Pressure control

Integrity of BWO

Pressure control

Pressure Transient ir
Containment Area

Ten oe rat u re/Pressure
Increase in Waste Area
Air-mieakage (AV)
3

ressure Transient wit n MoDi-

ization o f Controlleo-RI(AV)

Protection aaamst mobilization of controilea-R 1
(AVJ,

Fire protection

integrity of vacuum Dounaary

Isolation

Pressure control
Recovery of tritium

B reeaer/Coolant-ln leakage

Protection against mobilization o: controhed-

(soiatior

(AV low pressure)

RI(AV)

Reouction of released material

Protection/mitigation for mobilization o1

Category-2

Air-lnleakage(AF}

mobile-Rl, controlled-R!, immoDile-Rl (AF)

isolation

Fire protection

Pressure Transient with Mobiization of Controlled RI(AF)

Coolant-release into Containment Area(when coolant is
not abreeder)
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(Integration of containment system)
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Integrity of fuel boundary

Inleaxage(AF)
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mobile-Rl, controlied-Rl, immoDile-RI (AF)

Pressure control

Recovery ot tritium

Pressure control

Isolation

Fire protection
Breeder/Cooiantlnleakage{AV)wtth vacuum
bounoary failure and Isolation
Failure of Controlled-Ri

Category-3

immobile-R! (AB)

Protection/mitigation tor mobilization of

isolation failure of Controlleo-

immobile-RI (AF}

Rl and/or immobile-RI(AF)

Fire protection

Containment area (Liquid)

Air-lnleakage(AW)

Cooling

Fire protection

Atr-lnleakage(AF}with

Breeder-release mtc
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Abstract

In order to ensure safety of a fusion system, it is required that the
amount of radioactivity released to the environment should be controlled
below an acceptable limit under any circumstances. This safety requirement
can be satisfied by realizing adequate safety protections into the fusion
system. The safety ensuring principle, which is a guideline to endow the
fusion system with such adequate safety protections, has three aspects: what
should be protected under normal and off-normal conditions; how the safety
protections can be realized; and what level of assurance should be required
to the safety protections.
Here the defense-in-depth principle, the
advantage of inherent and passive safety features, and risk consideration
are taken into account. Through the examination of RI leak structure, three
principal items to be protected are obtained: (1) RE controllability, (2)
boundary integrity and (3) containment integrity. To materialize the safety
protections under these items, an approach is proposed to prioritize safety
features: inherent, passive and active safety features. Also an approach to
safety assurance and evaluation is proposed to realize just enough level of
the safety protections, which includes an event categorization with the risk
consideration.

1 INTRODUCTION

In the safety analysis and evaluation of fusion systems, it is
necessary to make clear the basic principle to protect the public from the
radiological burden. For this purpose, an accurate characterization of the
fusion systems is required in order to comprehend the mechanism of abnormal
occurrences leading to the radiological hazard[1]. A fusion system can be
defined as a "distributed system", where the energy sources and radioactive
materials are not concentrated but distributed throughout the system. This
characteristic contrasts well with the concentrated system like a fission
reactor in which most of radioactive material is concentrated in the reactor
core. A fusion system, as a distributed system, involves lots of initiators
and propagation processes of the abnormal occurrences.
Another
characteristic of the distributed system is the variety in amount, form and
leak path for radioactive materials leaking from system to the environment.
It would lead to unnecessarily overburdened safety protections to realize
the safety protections one by one against all possible abnormal occurrences.
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It motivates us to find out a principle to integrate the variety of
initiators and propagation processes. The principle for the integration can
be established by comprehending the mechanism of the abnormal occurrences.
It enables us to incorporate the safety protections to ensure just enough
level of safety for the fusion system.
The safety ensuring principle is examined from three aspects: what
should be protected in a fusion system upon the abnormal occurrences, how
the safety protection can be realized, and what level of assurance should be
required for tne safety protections for integrating the wnole system. In
the course of clarifying the contents of the safety ensuring principle, the
following items are taken into consideration: fusion system characteristics,
defense-in-depth principle, advantage of inherent and passive safety
features and risk consideration.
The first part of this paper describes the "three principal items"
which govern the basic countermeasures to attain adequate safety
protections for the fusion system,. In order to obtain these items, RI leak
structure of the fusion system is examined from aspects of source term and
leak patn, regarding the infrastructure of RI mobilization and the
material-boundary constitution against RI transportation as the fundamental
cnaracteristics for incorporating the safety protections.
Then, it is dealt witn how to protect the three principal items from
being jeopardized through an approach where the advantage of inherent and
passive safety is emphasized. For this purpose, it is useful to comprehend
the mechanism of jeopardizing the three principal items, assuming loss of
function and abnormal energy release from energy source as the two main
initiators causing the abnormal occurrences.
The oetectability and
controllability can be effective measures for categorizing the abnormal
energy releases to conduct the safety protections, since detection and
control are the key actions for protecting and mitigating the abnormal
energy releases. The safety protections against energy releases, however,
have to be complemented b\ safety protections against RI releases, since
t±e\ may not always unplerrcrc necessary safety protections against the RI
releases.
Finally, an approach to safety assurance and evaluation is proposed,
wnich utilizes an event categorization with the risk consideration. The
event categorization consists of four categories oased on the consequence
and the reliability of safety protections. This approach offers a way of
selecting design oasis events (DBEs) for tne fusion system and a measure to
confirm the adequacy of the safety design.
2 THREE PRINCIPAL ITEMS FOR ENSURING FUSION SYSTEM SAFETY

It is described in this chapter what should be protected against
abnormal occurrences in a fusion system, which leads to an integrated
standpoint of ensuring safety for the distributed system. The consequences
for the abnormal occurrences can be expressed in terms of source term and
leak path. The RI leak structure, as depicted in Fig. 1, shows the
relation between source term and leak path schematically.
2.1 RI Leak Structure and Three Principal Items
The source term! and the leak path are two major aspects which play the
important roles in causing the radiological hazard. Tne RI leak structure
can present tne overall relation between the source term and the leak path.
Hence, the RI leak structure is analyzed in order to obtain the three
principal items. For considering the source term, it is useful to specify
the RI sources into three kinds focusing on their mobility, since the
mobility has a significant impact on the source term. The three kinds are
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Figure 1 The Three Principal Items and Rl Leak Structure

(i) mobile-RI, (ii) controlled-RI, and (iii) immobile-RI. The mobile-RI is
mainly gaseous tritium circulating throughout the system and it is
vulnerable to release upon the boundary failure. The controlled-RI exists
locally in the system and unvulnerable as it is. An example of the
controlled-RI is liquid tritium adsorbed on cryo-panel which is actively
controlled by a function. The immobile-RI is also unvulnerable viewed from
its release time constant and controllability against mobilization. For
instance, induced radioactivity and tritium absorbed in solid material
belong to this kind. Judging from the several conceptual designs proposed
so far, the inventories of the specified Rl sources follow a relation such
as: mobile- < controlled- < iinmobile-RI. This means the importance of
preventing the unvulneralbe Rl sources from being mobilized, retaining the
degraded Rl source and mitigating the consequence of the released Rl.
These countermeasures to the Rl sources are summarized as the "Rl
controllability". Hence, in other words, it is crucial to maintain the "Rl
controllability" for reducing the source term.
Thus, the "Rl
controllability" is the first principal item for ensuring safety of the
fusion system.
Characterization of the leak path can provide a clue to comprehend the
transportation of the mobile and mobilized Rl sources. Although the fusion
system has several leak paths under normal and off-normal conditions, the
cause of generating major leak path can be ascribed to boundary failure.
The leaks existing even under the normal condition are attributed to
permeation of tritium and other Rl releases.
Under some off-normal
condition, the leak path can be made primarily due to the boundary failure.
There are two cases for such a leak path: one where the leakage is
preserved within the containment and the other where the leakage bypasses
the containment; the former one is a controlled release, for example,
through a stack, while the latter one is a ground release. Based on these
discussions, the second principal item to be maintained is the "boundary
integrity".
A containment can be introduced as a practical choice required for
satisfying the defense-in-depth principle.
The containment can
functionally back the former two principal items up, besides it physically
separates the public from a fusion system. Here, the third principal it err,
can be proposed as the "containment integrity".
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2.2 Three Principal Items and Multi-tiered Structures against PI releases
Even if the boundary integrity has been lost, for example, the system
can be protected through maintaining RI controllability, and vice versa.
Furthermore, the containment functionally backs the integrity and
controllability up. Hence, a multi-tiered safety protections against RI
source releasing from system to the environment can be realized by
incorporating the safety protections based on the three distinct viewpoints
represented by the three principal items. The safety protections for the
RI controllability and boundary integrity satisfy the secondary and
tertiary levels, i.e. protection and mitigation, in the defense-in-depth
principle. While the primary level, prevention, is assured by ordinary
countermeasures like quality control and in-service-inspection. Thus the
safety protections for maintaining the three principal items conform with
the defense-in-depth principle. Namely, it is important to materialize the
safety protections focusing on the RI controllability and the boundary
integrity.
3 APPROACH TO SAFETY PROTECTION

In the previous chapter, it was discussed what should be protected
upon abnormal occurrences. Here, it is discussed what kind of approach and
safety features can materialize the safety protections. The premise of the
safety protections is not only to reduce the RI inventory as the hazard
potential but also to decrease the amount of energy source which can
initiate and propagate the abnormal occurrences. It is considered as the
primary strategy of the safety protections in order to endow the design
tolerance with system components.
However, entrusting the safety
protection completely to the design tolerance would not be always
reasonable nor realizable, viewed from the economy, technology, operation
and maintenance, etc. Therefore, safety features must be incorporated to
complete the safety protections. In this context, an approach is proposed
to incorporate the safety features: (1) inherent safety features, (2)
passive safety features and (3) active safety features.
The inherent safety feature endows a capability of safety protection
with the functions originally required to perform the essential objectives
through devicing the design, without adding function proper to the safety
protection. If the enough level of safety can not be attained through the
inherent safety features or if it is considered unreasonable from
economical, technological, demonstrative, operational and maintainable
points of view, some additional safety features proper to safety protection
must be necessary. Such additional safety features are the engineered
safety features, which have two possibilities: passive and active safety
features. The former one not only can simplify the design but has high
reliability, while the latter one requires the consideration on the
reliability.
By these features, the outline of safety protection is drawn in
compliance with the three principal itans. For that purpose, three causes
are introduced to examine the mechanism jeopardizing the three principal
items. The three causes are loss of function, energy release and abnormal
state, here the abnormal state means the abnormal state in process
parameter, the missile generation and so on. The relationship between the
three causes and the three principal items are schematically shown in
Fig.2. Among these causes, the loss of function and the energy release can
be regarded as two main initiators of the abnormal occurrences. As shown
in Fig.2, there are various propagation processes jeopardizing the three
principal items. Also the fusion system includes various kinds of energy
sources in their energy forms, amounts and release time constants.
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The Jeopardizing Mechanism of the Three Principal Items

Therefore, it is appropriate to analyze first the energy release in order
to arrange the possible safety features against energy releases and then
against RI releases. These safety features are put in order viewed from
the RI controllability and the boundary integrity in order to realize less
overburdened safety protections.

3.1 Protections against Energy Releases

An energy release is specified by energy amount, form (i.e., thermal,
electro-magnetic, radiological, mechanical or chemical), and time constant
of releasing.
For understanding an abnormal energy release from the
standpoint of safety protection, it is important to consider the safety
protections from two measures: detectability and controllability of the

energy release. The protection against the energy release is examined
through precursor detection and, moreover, the mitigation is checked over
both the energy source and the effect caused by the released energy.
Namely, the abnormal energy release is classified on the basis of the
following three points: (i) release precursor, (ii) release control,
and (iii) load mitigation. Through these three points, the energy release
are classified into five levels as shown in Fig.3. As denoted in Fig.3,

Protection

precursor
detection

release
control
Mitigation

effect
mitigation

Necessity ofJSfV passive safety
Effectiveness of active safety

Figure 3 Detectability and Controllability for Energy Release
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the necessity of lower-level safety features, i.e. inherent and passive
safety features, for the safety protection increases as the level
increases; while effectiveness of active safety has the contrary aspect.
This tendency depends basically on the release time constant. Based on the
discussion so far, the possible safety features are arranged according to
the each energy release level as shown in Table 1.
The energy release due to disruption is classified into the level 5.
It would be inevitable to enforce the design tolerance of the first wall
depending on the current state of the art, though there is discussion about
precursor detection and protection against disruption. For the level-4
energy release, for example, release of coil current due to quencn,
precursor is likely to be detected and there is high possibility for
successful protection; but, if it fails, release control and load
mitigation may be hard. For the generation of decay heat, level 3, it is
fundamental strategy of safety aesign to reduce the activated material by
means of inventory reduction and material choice, while the decay heat
should be removed through, for instance, natural and/or forced coolant
circulation.
The rather long tune constant for release allows to
accommodate active safety features.
For the level-2 energy release,
detection of precursor and termination of energy generation are important;
and physical barrier like a beam damper can be incorporated as a passive
safety feature against this type of energy release. Tne energy releases
like hydrogen fire and coolant effluence are classified into the level-1.
There is much possibility for incorporating passive and active safety
features, since the level-1 energy releases can have rather long time
constants of releasing and may need release trigger such as ignition to
catch fire.

3.2 Protections against KL Releases
Although the safety protection has been discussed against energy
release, it must be complemented by the safety protection against RI
release. The basic approach is already described in section 2.1. For the
mobile-RI source, there are possible countermeasures such as reducing the
circulating inventory itself and localizing the RI source. Cooling and
isolation systems can be possible safety features to protect the
controlled-RI upon the abnormal coccurences. As for the immobile-RI like
activated structural material, material choice is a key issue to reduce the
induced radioactivity. The utilization of fall-out and plate-out features
and active safety features to recover the tritium can mitigate the RI
sources releasable to the environment.
3.3 Safety Protections versus RI Controllability and Boundary Integrity

The safety features against energy and RI release could be optimized
from the viewpoint of the RI controllability and the boundary integrity, so
that the multi-tiered safety protections against RI releases should be
ensured through the RI controllability and the boundary integrity. Such
safety protections are in compliance with the secondary and tertiary levels
in the defense-in-depth principle. The rearranged safety features are shown
in Table 2, and they form the basis to incorporate the less overburdened
safety protections into the fusion system.
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Table 1 Energy Sources versus Safety Features

ISF/Passive Safety

Level
of Energy

Releases

Energy
Sources

Plasma Current

Level 5
Level 4

Plasma Thermal Energy

Level 2

Eddy currents and

stress /heat load on

High Pressure Components

surrounding
structures

Pressure

Missile generation

Pressure, Rotation

Damp

Physical

Resister(for

Barrier
Physical
Separation

coil quench)
Physical

Effect
Mitigation

Separation

Pressure/temperature

Cooling

Cooling

increase in areas

D-T Reaction Power

Increased heat

Neutron flux Plasma temp

Neutral Beam

generation and
resulting heat load on
structures

Beam power

ß-hmitof

Physical

plasma

birrieKbeam Termination

Energy

damper)

RF power
Pressure/trmpprature
incrcTse in areas

Pressure, Temperature

Refrigerants

U)

Release
Control

structures
Current

Breeder/Coolant

Effect
Mitigation

Physical
Birner((limi
ter)

Negative spike

Eddy currents and
stress /heat load on

Decay Heat

Release
Control

surrounding

RF Wave
Level 1

Precursors

Coil Current

Rotating Components
Level 3

Phenomena

Active Safety

Hydrogen Fire

Hydrogen density

Liquid Metal Fire

Liquid metal leakage

Atmosphere

Isolation
Pressure
Control

Pressure
Control

Isolation

Pressure
Control

Firp
Protection

Table 2 Safety Features for Ensuring Boundary Integrity and HI controllability
Inherent/Passive Safety

Features

Boundary Integrity

•{J- limit of plasma

•Cooling
•Physical Separation

•Cooling

•Interlock

•Atmosphere

•Isolation
•Pressure Control
•Energy Termination
•Fire Protection

•Localization
•Fall Out /Plate Out

•Isolation
•Cooling

•Physical Earner

•Damp Résister
El Controllability

Active Safety Features

•Recovery

4 APPROACH TO SAFE1Y ASSURANCE AND EVALUATION

Two different methods have been developed and applied for the safety
evaluation of nuclear power plants, that is to say, probabilistic and
deterministic methods. The probabilistic method utilizes "risk" as a measure
for the level of assurance.
Though there are some criticisms on the
probabilistic method: e.g. the insufficient data base for failure frequencies
of components, and the ambiguity included in the results, the enormous effort
required to perform probabilistic safety analysis for a whole system, it
should be emphasized that the use of a qualitative measure like risk can
provide us with a useful guideline for the reasonable design from a viewpoint
of safety. In the deterministic method, the decision is made on the basis of
the evaluation of selected design basis events(DBEs) which cover all possible
events under the regulatory guide. This method has an advantage that it
requires relatively small number of evaluations, compared with the
probabilistic approach. When this approach is applied to the fusion systems,
however, it must be answered: "How the design basis events can be selected for
fusion systems?"
On the basis of these discussions, an approach to safety assurance and
evaluation of the fusion system is proposed.
This approach utilizes a
probabilistic way of thinking both in design and selection of DBEs, while
deterministic in evaluation. Here, an event categorization is discussed which
can be a guide to assure the adequacy of safety features and DBE selection for
fusion systems.
4.1 Event Categorization
The basic principles of the risk-based approach are as follows:
(1) The risk of a fusion system should be low enough compared with
the risk experienced in the daily life.
(2) The frequency of abnormal occurrence should be lower as its
consequence increases. This principle requires the uniformity of
safety assurance against all credible accidents.
In order to incorporate the principles into the fusion system design, an
event categoriztion is introduced as shown in Table 3.
In the event
categorization, abnormal events are classified into four categories on the
basis of the expected consequence. The frequency of abnormal occurrence is
defined for each category based on the assumption that an active safety
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Table 3 Event Categorization

Definition

Category

includes events which have the possibility

Category-1

of causing Class-1-boundary failure

frequency

Released Rl

(I/year)

(Ci/ event)
comparable to normal
condition release

<10-2

includes events which release Class-1 Rl
and /or have the possibility of releasing
Class-2 Rl
includes events which have the possibility
of causing Class-2-boundary failure

Category-2

includes events which release Class 2 Rl
and /or have the possibility of releasing
Class 3 Rl

Category-3

102-1CH

-103

10-4-10-6

-105

<10&

>105

includes events which release Class-2 Rl
events with large scale fire, missile and /or

Category-4

failure of Containment System are treated
as events beyond DBE

feature has a reliability of 10~ 2 /demand. This means the designer is required
to provide 'tt-11 independent safety functions to protect the occurrences of
the abnormal events in Caterogy-N. The Category-4 events are regarded as the
"incredible" events due to their low frequencies ( < 1 0 ~ 6 ) .
The definition of each category includes the classification of Rl sources
and boundary which are shown in Tables 4 and 5, respectively. The Rl sources
are classified into three categories based on the inventory and mobility. The
mobility of Rl sources is an important aspect for safety design. Though the
mobile-RI can be easily released upon boundary failure, there r era in some
back-up functions to protect the release of controlled-RI and immobile-RI,

e.g.

isolation,

function

to prevent mobilization on.

It

is

required,

therefore, that the designer determines the Rl source inventory, considering

the mobility. In the proposed classification, the Class-1 means the lur>it of
the mobile-form inventory, Class-2 the controlled-form inventory.
The boundary is classified into two classes.

A boundary whose failure

can directly cause a Category-2 event is classified into the Class-1.
Class-2 boundary is defined
Category-3 event directly.

as the

boundary whose

failure

The

can cause a

This event categorization requires to realize a safety feature for
prohibiting the event from proceeding into the next Category and for ensuring
the uniformity of the safety assurance.

The concept of "risk aversion" may be

used naturally.
Table 4 Classification of Rl Sources

Table 5 Classification of Boundaries

definition

Inventory ( Ci )

mobility

class-1

-105

mobil-form

class-2

-107

controlled-form

class-3

>109

immobile-form

class-1

Boundaries whose failure can
cause category 2 events
directry

class-2

Boundaries wl ose failure can
cause Category 3 events
directly
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4.2 Basis of DBE Selection

The EBEs are postulated to confirm the adequacy of the safety design
including inherent and engineered safety features. For this purpose, DBEs
have to be selected to cover all credible events in the system. Furthermore,
it is desired to select a small number of DBEs by summarizing all credible
events from the viewpoint of the consequence, the similarity of phenomena and
the related safety functions.
Since abnormal events in fusion systems have the possibility of
propagation through many functions, boundaries and areas, we must encounter
enormous number of event sequences without clear definition for "credible
events".
The event categorization proposed here can provide the clear
definition for them. The detail of the DBE selection is described in the
"function based safety analysis on fusion systems"[2]. In the reference
paper, it is shown that the summarization can be performed easily by paying
attention to areas in the general descriptive model(GDM).
5 CONCLUSIONS

The safety ensuring principle for fusion systems has been proposed from
the three aspects: what should be protected upon abnormal occurrences, how the
safety protection can be materialized, and what level of safety should be
assured to the safety protection. The following conclusions are obtained:
(1) Three principal items to be protected upon abnormal occurrences are: RI
controllability, boundary integrity and containment integrity. Safety
protections for maintaining the three principal items can constitute
multi-tiered barrier against RI release.
(2) The basis for incorporating the safety features to maintaining the RI
controllability and the boundary integrity are obtained through the
examination of the abnormal energy releases and RI releases.
(3) An approach to safety assurance and evaluation is proposed, through
whicn the design of safety protections can be made reasonaDle in the
course of integrating the whole fusion system.
The safety ensuring principle offers the basis for realizing the just
enougn safety protections or safety design strategy, whose details are
investigated by the function based safety analysis.
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COMPUTER CODES FOR SAFETY ANALYSIS*
D.F. HOLLAND
Idaho National Engineering Laboratory,
EG&G Idaho, Inc.,
Idaho Falls, Idaho,
United States of America
Abstract

Because of the complexity of fusion facilities, computer calculated
predictions w i l l be required for safety analysis. Although many sophisticated
codes are a v a i l a b l e , several features of fusion test facilities and commercial
power plants are unique and consequently new codes must be developed. The
Fusion Safety Program at the Idaho National Engineering Laboratory has
i n i t i a t e d development of a number of computer codes to analyze fusion safety
concerns. The Tritium Migration Analysis Program (TMAP) is capable of modeling
tritium implantation and permeation in solids as well as chemical reactions
involving tritium. The code can model tritium movement within the reactor
system. Another code, LITFIRE, has been developed to predict the consequences
of a l i t h i u m fire inside a reactor building. The code performs a
self-consistent calculation to determine chemical reactions, temperatures, and
pressures. Because of the complexity of heating and cooling systems in a
fusion facility, the transient analysis code ATHENA was developed to perform
thermal hydraulic calculations of a system with multiple fluid loops with
different fluids. The code can model fusion energy sources, two-phase flow,
and MHD effects. The DSTAR code is used to model the evolution and
consequences of plasma disruptions. A self-consistent solution is required
involving the plasma, magnetic fields, and the material from the limiter. To
determine consequences of accidental release of electromagnetic energy, the
MSCAP code was developed for safety analysis of magnets. The code models both
the magnet and the associated electrical circuit to determine the consequences
of such off-normal events and arcs and shorts. The code capabilities discussed
are complete but additional development is continuing to enhance the codes and
also verify the calculations by comparison with experimental measurements.
When completed and verified, these codes w i l l provide the safety analysis
needed to assure the safe operation of fusion experimental and commercial
faci1ities.

* Work supported by the US Department of Energy, Assistant Secretary for Research, Office of Fusion
Energy, under DOE contract No. DE-AC07-76IDO1570.
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INTRODUCTION

The safe operation of fusion facilities
requires the ability to predict behavior during
off-normal conditions. Only with reliable predictions can strategies be developed to ensure
that the facility can be maintained in a safe
condition. Actually, testing a facility during
all potential off-normal conditions would be
prohibited by the tremendous cost and time required. With the advent of fast computers,
complex safety analysis codes have come to play
an increasingly important role. When these
codes are verified by tests on scaled-down
facilities, they are a valuable tool for predictions required for safety analysis. Many
excellent safety analysis codes have already
been developed for other technologies. Since
these codes represent a sizable investment of
time and resources, the fusion community can
benefit by u t i l i z i n g this expertise. For this
reason, the Fusion Safety Program has enlisted
the capabilities of the code development experts at the Idaho National Engineering
Laboratory (INEL) as well as other laboratories
and universities.
In reviewing conceptual designs of fusion

facilities, it is clear that the analysis requirements are frequently beyond the scope of
existing code capabilities or represent a totally new area for computer modeling. The
presence of tritium, a feature common to all
fusion designs, requires containment under a
variety of conditions ranging from cryogenic
tritium in fuel pellets, to high temperature
gas in the blanket, and to higher temperature
ions in the plasma. Although sodium reactions

with air, water, and concrete have been modeled
for l i q u i d metal fission reactors, this work
must be extended to other materials, such as
l i t h i u m or l i t h i u m lead, other contact modes,
and other environments. At present, thermalhydraulic codes can predict water behavior in a
simple loop; but a fusion reactor may consist
of m u l t i p l e fluid loops containing unusual
materials, such as cryogenic helium or liquid
metals. Predicting the consequences of plasma
disruptions is certainly unique to fusion as
well. The proximity of large inventories of
radioactive material to superconducting magnets
under h i g h stress and with large amounts of
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stored electromagnetic energy also poses some
unique safety analysis requirements. These
features of fusion facilities, as well as many
others, raise the need for additional code
development.
Computer codes for fusion safety analysis
have been under development in the United
States for about a decade. This paper w i l l
discuss five codes that are currently under
development by the Fusion Safety Program. The
purpose and capability of each code w i l l be
presented, a sample problem given, followed by
a discussion of the present status and future
development plans.
TRITIUM BEHAVIOR
Tritium is a radioactive gas that is very

m o b i l e in many of its forms. Under normal conditions, tritium w i l l be contained by use of
gloveboxes and the reactor containment b u i l d ing. Tritium loss can occur in normal operation by permeation from hot structures, such as
the first wall or blanket, and under accident
conditions from a variety of accident scenarios. If elemental tritium is released, concern
then focuses on the rate it is converted to the
more hazardous water form and the effectiveness
of cleanup systems.

The Tritium Migration Analysis Program
(TMAP) models tritium movement and inventories
under both normal operation and accident conditions. To handle such problems as tritium implantation on the first w a l l , flow across surfaces is modeled as recombination and dissociation between t r i t i u m molecules and atoms. For
problems where the flow is controlled by diffusion, s o l u b i l i t y laws are used to obtain sur-

face concentrations. Flow inside solid
structures is controlled by diffusion and trapping. Since these processes are very sensitive
to temperatures, the a b i l i t y to solve for the

temperature d i s t r i b u t i o n in structures was
incorporated into TMAP.
TMAP has the c a p a b i l i t y to model chemical

reactions for tritium inside enclosures and
determine the inventory of all the chemical

forms. By linking an enclosure to walls and to
other enclosures, it is possible to model such
problems as tritium uptake and release from
walls, tritium leakage from a facility, and
tritium removal by a cleanup system.

To demonstrate TMAP's modeling capabilities, an elemental tritium release and subsequent cleanup was analyzed for a hypothetical
fusion facility.•*• The release was assumed to
occur inside a partially confined secondary
enclosure in the test cell. The model allowed
for tritium uptake and release by the paint on
the test cell wall. Both the partially confined enclosure and the test cell were filled
with air in which reactions converted part of
the elemental tritium into tritiated water.
The cleanup process was initiated in the test
cell immediately after the release in the
enclosure. Figure 1 presents the concentrations of tritium and tritiated water in the
partially confined region. Because of the high
tritium concentration caused by holdup of tritium inside the secondary enclosure, conversion
to tritiated water occurred rapidly, peaking at
0.7 h. During the next 10 h, the concentration
decreases due to mixing with the air in the
test cell. At that point, the effect of the
cleanup system in the test cell is seen. Finally, the nearly constant concentration at the
end results from tritium release from the paint
in the test eel 1.
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The current version of TMAP, designated
Mod-1, is on the National Magnetic Fusion
Energy Computer Center (NMFECC) Cray computer
system and is available to all users. The
users' manual has recently been completed and
is available through the Fusion Safety
Program. Future additions and modifications
w i l l be determined by on-going validation and
model development studies and feedback from
users during the next few years.
LIQUID METAL REACTIONS

Lithium in some form will be required to
breed tritium in a fusion reactor. Because of
its good heat transfer characteristics, breeding potential, and low activation level, l i q u i d
lithium metal makes an attractive candidate for
both breeder and coolant. Unfortunately, the
hot l i q u i d metal is very reactive with air,
water, and concrete. The proximity of large
amounts of l i q u i d lithium near highly activated
structures raises the possibility of a radiation release as a result of the heat generated
in chemical reactions. The fraction of the
activated inventory that could be released is
sensitive to the time history of the temperatures that would exist during the reaction. To
determine the temperature history, a combustion
model is required that accounts for all the reactants present, the heat capacity of all
structures, and mass and heat flows.
Considerable effort has been devoted to
analysis of sodium fires for the liquid-metal
fast breeder reactor. This experience was used
as a basis for developing the code, LITFIRE,
for analysis of lithium fires. LITFIRE is being developed by the Massachusetts Institute of
Technology (MIT) under a contract from the
Fusion Safety Program. Reactions occur in a
combustion zone where lithium vapor reacts with
the oxidizing gases. The code traces the movement of heat released from the hot liquid-metal
and combustion zone to the surrounding structures and eventually to the atmosphere. Heat
flow can occur fay conduction, convection, and
radiation. Structures such as metal catch pans
and steel floor liners, and the containment gas
can be included in the thermal model.

i

In addition to heat flows, LITFIRE accounts
for mass flows and chemical reaction rates.
The mass flow model includes product formation
0
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Figure I. Calculated secondary enclosure concentrations of gaseous
triiium (T2) and trjtialed waler (HTO) following a 100-kCi
elemental triiium release.

and removal, aerosol production and removal,
cell leakage, lithium vapor diffusion to the
combustion zone, and convection of the containment atmosphere to the combustion zone.
Chemical reactions included in the model are
lithium reactions with oxygen, nitrogen, and
carbon dioxide. Lithium lead reactions with
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air, oxygen, and nitrogen are also included.
Reactions with water vapor are being added to
the code. The reaction rates are based on measurements of the reaction kinetics performed in
parallel with the code development. Other features have been incorporated into LITFIRE to
extend its range of applicability. A two-cell
model allows for the possibility of reactions
inside a confined region such as a containment
vessel or reactor structure. Also, LITFIRE has
been extended to include concrete reactions.
The reaction rate depends on the release rate
of water from the concrete, which is based on
an empirical model obtained from concrete heating experiments.
An example of LITFIRE's capability is a
calculation for a lithium spill in a prototypical fusion facility.2 The parameters for

the s p i l l and the test cell configuration are
shown in Figure 2. The history of the temperature at various points in the test cell is
shown in Figure 3. Since the temperature in
the combustion zone exceeded 1200 C, there is
the potential for volitization of activated
structure. The calculation for the pressure in
the test cell showed that the pressure peaked
at 193 kPa after about one hour.
A version of LITFIRE is operational at the
NMFECC, and a users' manual is available from
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Figure 3. Temperature history under air atmosphere at the initial

lithium temperature of 600°C.

Professor Kazimi at MIT.
Reaction with water
vapor is currently being added and the most
recent version of LITFIRE is scheduled for release at the end of 1987.
A revised users'
manual w i l l be issued later.

TRANSIENTS IN COOLANT LOOPS

A review of conceptual designs completed in
the last decade shows a wide assortment of
coolant geometries and materials. The two
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m
579m
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6.0 m
Total floor area
Total volume
Wall area

3860 01«=
250725 m3
17050 m2

Total lithium mass

396000 kg
Lithium spilled
22000 kg
Initial lithium temperature 600"C

Figure 2. Parameters and test celt for lithium spill calculation.
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primary cooling requirements for fusion reactors are the superconducting magnets and the
reactor first wall and blanket. Coolant failures in the cryogenic cooling system of magnets
could damage the magnets and, if sufficient
l i q u i d h e l i u m is released into the b u i l d i n g ,
result in a harmful pressure transient. The
first wall and first wall components, such as
limiters or divertors, are exposed to very high
heat flux. Effective cooling of these structures is critical. Because of the dual role of
the blanket, i.e., heat transfer and tritium
breeding, blanket structures are frequently
complex and contain a wide variety of materials. Materials that have been proposed as
coolants include water, lithium, lithium lead,
helium, and molten salts. Because most of the
radioactive inventories are located in the
first wall and blanket, it is essential to be
able to predict behavior under off-normal
cooling conditions.
Because of the long interest in the safety
of light water reactors, excellent codes have
been developed for analysis of the behavior of
water cooling systems. One series of codes
developed by the INEL, the RELAP series, is
capable of modeling a sophisticated cooling
system and was very successful in predicting

'

experimental tests results. This code was used
as the starting point in developing the
Advanced Thermal-Hydraulic Energy Network
Analyzer (ATHENA) code for fusion applications. ATHENA can model the transient
thermal-hydraulic behavior of a fusion reactor's first wall, blanket, primary and secondary cooling systems, cryogenic systems, and
other related systems for a tokamak or other
fusion reactor concept. A wide variety of
fluids can be modeled. All fluid properties
are represented in the code by polynomial
expressions. Two-phase properties are now
available for water, helium, and lithium.
Lithium lead alloy is available as a liquid
only. Ideal gasses may be used alone or in a
mixture of up to four with or without any twophase coolant.

To model the flow of liquid metals such as
lithium and lithium lead through the strong
magnetic fields in a fusion reactor, the ability to model the MHD pressure drop was incorporated into ATHENA. The l i t h i u m lead cooling
system model shown in Figure 4 was used to
illustrate this capability. 3 The transient
studied was a complete loss of power to the
pumps. To model this event, the pump model was
replaced with a normal pipe at time zero.
Figure 5 shows the resulting pressures at several locations. As a result of the large resistance to flow produced by the MHD forces,
the lithium lead stopped flowing in 0.3 s. The
resulting deceleration of 0.45 g's would have
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v 1.2MPa
703 K

Lumped
tubes
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Figure 4. Model nodalization
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placed severe forces on the p i p i n g system.
Although more refinement is needed in the pump
model, this result is useful in identifying
safety concerns.
The ATHENA code is a v a i l a b l e to all users
on the NMFECC Cray computer. An operating manual has recently been completed which can be
obtained through the Fusion Safety Program.
Code development w i l l continue as new fusion
applications arise. Resources are a v a i l a b l e at
the INEL to assist users, and a newsletter w i l l
be published periodically.
MAJOR PLASMA DISRUPTIONS

Magnetic field ~"—~i

Top mamlold

—

23 MPa
627 K

Balance of
primary
24 MPa
630 K
2 5 MPa
637 K

Plasma disruptions are expected to occur in
tokamaks, either from plasma instabilities or
as the result of external events such as a
plasma control failure. A major plasma disruption can cause structural damage, such as
severe surface erosion, and stresses either
from thermal gradients or induced magnetic
forces. In present tokamaks, the disruption is
frequently observed to occur in two phases.
During the first phase, called the thermal
quench phase, more than three-fourths of the
plasma kinetic energy is lost. In the second
phase, called the plasma current decay phase,
the energy contained in the magnetic field of
the plasma is lost. As the disruption progresses, the limiter surface experiences an
increased plasma particle heat load that causes
a rapid surface temperature rise and limiter
surface ablation. As this ablated material
enters the plasma, it undergoes rapid ionization while simultaneously emitting radiant
energy. This plasma-impurity interaction reduces the local plasma temperature and creates
an intense radiant heat source above the ablating surface. As the plasma continues to lose
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energy, the piasma column shifts to maintain
magnetic equilibrium between the plasma and the
external field coils. In addition, the resistance of the plasma increases, causing the plasma current to be displaced inductively into the
surrounding conductive components of the vacuum
vessel. These toroidally flowing eddy currents
interact with the high poloidal magnetic field
of the tokamak to create large bulk material
forces.
To model major plasma disruptions, the code
designated DSTAR has been developed by the
Fusion Safety Program in collaboration with the
Princeton Plasma Physics Laboratory (PPPL).
The Tokamak Simulation Code developed at the
PPPL is used in OSTAR to predict the evolution
of the fields and the transport of the plasma
during the disruption. The actual disruption
is modeled as the growth of a region within the
plasma which results in enhanced diffusive
particle loss from the plasma when this region
intersects the limiter. A model of the limiter
in DSTAR determines the thermal response of the
l i m i t e r and the flux of ablated limiter material entering the plasma. The DSTAR model for
impurity transport within the plasma includes
impurity ionization, recombination, and radiant

emission which are determined by incorporation
of an atomic physics model developed at PPPL.
Finally, an eddy current model is included in
DSTAR to provide a self-consistent field solution and to determine forces on the structures.

To illustrate the performance of DSTAR, a
calculation
was performed for a large tokamak.4 Figure 6 depicts the outline of the
plasma as it initially forms within the vacuum
vessel. The limiter and inboard first wall
shown in the figure are clad with beryllium.
Figure 7 shows the radiation contours in the
plasma early in the disruption. At the bottom
of this figure is the predicted limiter vaporization flux profile. As the disruption progresses, the plasma moves downward as a result
of a vertical i n s t a b i l i t y , inducing eddy currents in the structure. The structural force
distribution that results is shown in
Figure 8. The magnitude of these structural
forces confirms that an understanding of the
consequences of major disruptions is essential
for safe operation.
DSTAR is available on the NMFECC, and a
users' manual can be obtained through the
Fusion Safety Program. Development work still
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Configuration Tor plasma disruption calculation showing
radiation contours (top) and limiter vaporization flux
(bottom).

Figure 7, Radiation contours (lop) and limiter vaporization flux
(boitom).
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continues on the code, and studies are continuing to verify certain aspects of the code by
using disruption data from existing tokamaks.
MAGNET CIRCUIT ANALYSIS
Large magnet systems, either normal or
superconducting, are a feature common to all
fusion reactor conceptual designs. The magnets
must be large to provide space for the plasma,
breeding blanket, and protective shielding
while providing the high fields needed for
plasma confinement. Because of the size and
high fields, the magnet systems store a large
amount of electrical energy (up to 50 GJ) and
are exposed to high mechanical forces. Most of
the radioactive inventory in a fusion facility
is in close proximity to these magnets. In
addition, tritium lines and coolant manifolds
must penetrate the region adjacent to the magnets. Of concern to the safety analyst is the
potential for the magnet system to initiate an
accident that would release radioactivity to
the public. Such an accident scenario could
start with a fault in the magnet system, such
as an arc or short, improper functioning of
circuit elements, or failures in the magnet
cooling system. The resulting transient in the
magnet system could induce eddy current forces
in the adjacent structures or high stresses on

the magnets when magnetic forces become less
balanced. These off-normal forces, if considered in the design, could result in structural
failure of the magnets and possibly generation
of missiles. The result could be not only very
costly reactor damage, but raise the potential
for radioactive release.
Initial modeling of transients in superconducting magnets has focused on the growth of
normal regions in the magnets and behavior of
cryogenic coolants. The Fusion Safety Program
supported work at Argonne National Laboratories
(ANL) in these areas. To complement this work,
INEL is now developing the Magnetic System
Circuitry Analysis Program (HSCAP), to investigate the consequences of off-normal behavior to
the magnet system. Existing c i r c u i t codes
lacked the sophistication to model all magnet
components and the a b i l i t y to handle the variety of time transients involved.
MSCAP solves voltage loop and current equations for steady-state and transient
responses. The code models resistors, capacitors, inductors, mutual inductances, voltage
sources, and simple diodes. Each electrical
element can have properties that are constant
or arbitrary functions of time, element current, or element voltage. Also, all element
properties can be modified during the transient
to allow for trips or the influence of another
elements. The code allows for a system of
mutual inductances that can be used to simulate
a system of magnets in a shorted condition.
To illustrate the c a p a b i l i t i e s of MSCAP, a
magnet accident was simulated for a magnet system based on the conceptual design for the
Fusion Engineering Device (FED).^ This accident assumes that a short developed in one of
the magnets at some time before a fast discharge of the magnet by the emergency fast discharge resistor system. Figure 9 shows the
time response of the current in the shorted
portion of the coil. The negative current
values indicate that the current direction was
opposite to direction during normal operation.
As can be seen in the figure, at transient i n i tiation the short experienced a rapid reverse
current spike, with peak values proportional to
the number of shorted turns. The normal operating current was 20 kA.
Development of the code has been completed,
and MSCAP is currently operational at the
NMFECC. A users' manual is in preparation and
w i l l be issued at the end of 1987. Future

development depends on budget constraints.
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write Dr. Douglas F. Holland, Manager, Fusion
Safety Program, EG&G Idaho, Inc.,
P. 0. Box 1625, Idaho Falls, ID., 83415 or call
(208) 526-1365.
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CONCLUSION

Development of these codes represents a
sizable investment over almost a decade. At
the same time, code development has continued
in other laboratories both in the United States
and elsewhere. Almost certainly some of this
activity was duplicative. Coordination of the
code development efforts and exchange of safety
analysis codes would be a benefit to all countries involved in fusion safety concerns. For
more information concerning safety analysis
codes developed by the Fusion Safety Program,
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Abstract
In the frame of the CEC/ENEA Association Contract for Fusion Activities
a systematic

technique of analysis is applied to the "First Wall and Liquid

Lithium - Lead Blanket System" of the NET plant for the accident scenarios
identi fication.

A

rough qualitative

performed,

so

and quantitative

that to put in evidence

iteration of

the analysis

its possible and more

has been

interesting

outputs for the plant designers. The main results of the work are described in
this paper.

INTRODUCTION

In the frame of the CEC/ENEA Association Contract for Fusion Activities,
ENEA/DISP

(Italian Technical Board for Nuclear Installations) and NIER-COOP

(Consultant), supported by the ENEA Frascati Research Center, are performing a
methodological safety analysis of the NET Plant.
The

aim

of

scenarios related

the

analysis

to the

is

different

to assess
plant

the overall

normal and

plant

accident

off-normal operating

condi tions.

During the first 6 monthes of 1986, the activity has been concentrated

to one concrete example in order to demonstrate the practicability of the
analysis method.
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It was agreed with the NET-TEAM to choose the "First Wall and 17Li S3Pb blanket systems"

at present under way of designing in Garching.

A Rough qualitative and quantitative iteration of the analysis has been
performed on the above mentioned systems,

for the normal running conditions,,

so that to put in evidence its possible and more interesting outputs for the
plant designers.

The quantitative analysis has been carried out starting from the "Pipe
break

inside

the banana unit"

intiating event,

selected among

the ones

concerning the medium or large LOCA accidental area.
The main results of the work has been recently presented at the 14° SOFT
(2)
(Avignon 8-12/9/1986).
The

methodological

flow

sheet

applied

in

the

safety

analysis

ib

presented in the following part 1°.
In this part,
analysis are

devoted to the qualitative analysis, the different steps of the
related

to

the boxes

of the

flow sheet

to which

they are

referred, by marking them with the same identification number.
A similar presentation is adopted in part 2, devoted to the quantitative
analysis, as an example.

At present,

as requested by the NET-TEAM,

ENEA/DISP and

NIER are

performing a rough qualitative safety analysis of the plant as a whole,

in

order to evidentiate the most critical points to be investigated in following
more accurate iterations.

(1) NET STATUS REPORT - December 85.
Doc. CEC, NET Report
(2)

S. Sarto, G. Cambi; G. Zappellini

"Firts Wall and 17LÏ-83PB blanket systems accidental analysis for
NET" - 14° SOFT (Avignon 8 - 12/9/1986)

186

PART 1 - QUALITATIVE ANALYSIS
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BASIC FUNCTIONAL SPECIFICATIONS AND CONCEPTUAL DESIGN
are referred to

NET STATUS REPORT December 1985

IDENTIFICATION OF OPERATING MODES (STEPS & STATES)
Tab.

!

- NfT Plant Opemting Modes

OPERATING MODE

MODE DESCRIPTION

A

NET PHASE I

Working operations without tritium

B

NET PHASE II

Working opeiations with tritium (average burn pu]be = lud s l

c

NET PHASE III

Working operations with tritium (average burn pulse = SOU ^,

D

NET PHASE IV

Working operations with tritium (average burn pulse = 100U s)

The NET Plant has been broken up into functional
plant areas.
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envisaged for the b2
Incidental
Plant
Area are listed on
the right.

ACTIVE PROTECTIONS

PASSIVE PROTECTIONS

U'

• l

' >

'

EVENT TREE ANALYSIS
Output cf

/V/L'j'VVL'•'::.' " Computer- Code

The incident sequences were evaluated by means
of the Event Tree technique using the MICOLNASTASSIA computer code. The programme is able
to connect logical sequences to physical
transients, but in this case it is only
applied to the logical sequence analysis.
An Input/Output example of the code is given.

ui uf MICOL-NASTASSIA Computer Code
INCIDENTAL

»RE* B Z

I N 5 E * OF I N 1 T I S L EVENT

HOC» I N S I D E

:

BLANKET

SEGMENT!

l.OOOE-02

'

— T f^ Lfl Ul CU

T P E R A T IONS

\

coNiMN>"F.NT B A K R I E R S

i

PLAS1A

->

'-I-P9 O E P R E S S U K K A T I O N

<•

-(.lire

l.OOOE-06
l.OOOF-0*

OUENCING

BLANKET

SECHENT

l.OOOE-03
I .OOOE-03

ISOLATION

ACCIDENT SCENARIOS
Output of MICOL Computer Code
I I-Ptt

S T A R T I N G StOUENCE
OUTPUT

FAILED OPERATIONS
1

l.OUOi£-02

2

I.OOOE-05

3

l.OOOE-OS

5

1.0006-06

« l.oooE-os

6

1.0ÛOE-0 1 )

7

l.OOOE-09

1
10
11
12

l.OOOE-06
t.OOOE-ll
I.OOOt-H
l.OOOt-lt

14
15
14

I.OOOE-li
l.OOOE-15
l.OOOE-18

8 1.OOOE-12

13

l. 0 0 0 6 - 1 2

3
3
2
2
2
2
I
l

INHIBITED O P E R A T I O N S
NO
NO
N(l
NO
NO
NO
NO
NO

*
4
3
3
3

3

l

^

i

i

HAS AN

i

MAS A N

0

HAS AN I N D E X

t nAS AN

d

l

IKUtX s
l „ U O Ü F - O ö ANÛ F 11 L 11
L l - P f l DtPR?S5u-t U*T [IN
F f c l L f ü BLANKhl SFLMtM l î Û L A T j O h
(HlU* l.ÜflOf-Ot,
PLAbMi QUt S C l N C
•

l.OOUF-09

FA1L60

4

l

l

•.

SEQUENCES

Ot PRFSSUHI ZATION

MAS

NO
NO
ND
NO
NO

;

I«DLJ<

»LANGET

Sf O U t N C E

l]

AND F A I L t O

%^C^kNT

:

:

1ÎULAÎlRN

i . g o t j f - n ? ANO h u l i f c " :

P L A S M A iufSClNO
L l - P B 3cP(tr S(>UP U AT ION

CUNIAINIcN!

IU HAS

fAILtl1

AN I N O É * L . O O U E - 1 ^ AND F A l L t f) :
PL A S H A J U E N C l N C
Ll-PH dtPftFiSUftIZATJON

NO
SFtutKCF

A-JO

.,

MAS AN

HA^HItKS

NlïtK
:
I.C l û t - I l AND E A l L L lî :
CÛNr*:NMFKT H A O R I l t t S
E ( , l t F O etASlCF 1 iEtjMENl
1SÜIAIIÜN

KHÉX

=

l.ünür-l)

ANU F A I L E O

:

CONIAlNrlfNT r^ A S R U R S

L I - P 9 Oc *n-S .UR HAT i ON

The plant accident conditions (i.e. the
plant accident scenario) are given by
the expanded Output of MICOL Computer
Code.

Ll-PH

D E PRt- SSL-fl l ! A T I O N

E A I L F L J B L A N K E T SFL.NENT
U

MAS AN I N H £ X *
l.üOÜf-K ASD F A 1 1 E O
CON I A I N M E N T n^-H I t « S
fL ASHA

MAS

AN

iNDtX

=

QütSt lNC

l.OnOf-l*!

ANO F A I L t O

CGNIAISrtfNT f i J K I t R S
C l A i M A ULiNCl N O
F A I L E O Ö L A i K f T iEOHENT

Analysis will be
extended
to all
Incidental Areas for all Plant Areas
and will give the

MAS

AN I N O t x

-

l .UDO t- - l •) AND

:

ISOLATION
FAILED

:

TUN!
»1N-1FKT H A B « l L « S
f1 L A jrt A QUI NL I NC

L I-P6

SEQUENCE

lo

MAS

'ItPÄ

SSu-t l l AI l OK

AN IN Dt ( =
l . Ü > 0 F - l B ANO
f ONI II »IHCHT H A R R l E r f S

F Al L t D :

P L A S M A cjui^tiNC

l l-l*H 01 PR^ SS^« I I At ION
f A l l F L ULAUt.fi S F G H f s T I S C L A f l O f t ,

OVERALL PLANT ACCIDENT SCENARIO

THE METHODOLOGY IS ABLE TO PROVIDE SUGGESTIONS FOR THE DESIGN OF COMPONENTS
ftND SYSTEMS DEVOTED TO SUPPLY PROCESS FUNCTIONS OR SAFETY FUNCTIONS
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BLANKET

TOROIDAL FIELD COILS

FIRST WALL

INNER POLO i DAL COILS

SHIELD
CRYOSTAT

DIVERTOR PLATES

PLASMA EXHAUST

OUTER POLOIDAL COILS

VACUUM PUMP

VD

NET PLANT SCHEMATIC OVERVIEW

ON

16 Access port»

D ivertor sectors
(48 in number, 3 for
each access port)
Blanket segments
(48 in number. 3 for
each access port)
Vacuum vessel and shield
16 Toroidal field toils

NET F . W . / B L A N K E T S E G M E N T S C H E M A T I Z A T I ON

PART 2 — QUANTITATIVE ANALYSIS

GENERAL REMARKS
The following analysis is based upon a first quantitative and iterative
examination of an "incidental area" from both a probabilistic viewpoint

and in the light of the effects it may have. The area (or group or
initiating causes) under consideration is a LOCA inside the b l a i ^ c t
segment.
As safety analysis has to be evolved in close conjunction with assign
analysis our basic objectives are the following:

. to describe all the possible incident sequences expected vvitr.in un
incidental area, using clearly defined assumptions for any protective
action taken into consideration;
. to

supply

the

designer

with

definite

indications

of

the

physical

transients and incidental conditions for evaluation of the design;
. to supply the designer with quantified indications of the quality
level required for the systems and components (estimated redundancies
etc.) in order to attain the safety targets.

The

section

of

analysis devoted

to

incident

sequences

is

studiec

oiore

closely under the following headings:

(1)

D E F I N I T I O N OF AN I N I T I A T I N G EVENT

©

PHYSICAL TRANSIENT A N A L Y S I S

(D

PHYSICAL CONSEQUENCE ESTIMATION

(3)

I D E N T I F I C A T I O N OF P R O T E C T I V E A C T I O N

©

PROBABILITY EVALUATION AND UNCERTAINTY A N A L Y S I S

©

EVENT TREE ANALYSIS

CD

INCIDENTAL SITUATION ANALYSIS AND COMPARISON
W I T H SAFETY CRITERIA

The sequences, commencing with an i n i t i a t i n g e v e n t , have to fc^ ^
comprehensive as possible, in order to cover all the possible i n c i a ~ r , t _ . J
areas.

Both physical transients and logical combinations have to bs c o n s i d e r e d
in this analysis; the calculation methods and .T,,-or Is

quantitatively

applied in this f i r s t iteration may also only be a p p r o x i m a t e .
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D E F I N I T I O N OF AN I N I T I A T I N G EVENT

The Initiating event considered in this example
was chosen from the b-group: "loss of cooling
water
from Blanket Main Coolant Loop" in
the b-1 situation
(inside the F.W./Blanket
segment).
The event under consideration is a pipe break
inside a "banana-tubu".

The event referred is to the NET 3A design
with AISI 316 unwelded helicoidal pipes hanging
in the Blanket Module (Fig. 1).

Fig. I - Blanket

PHYSICAL TRANSIENT ANALYSIS
In ehe immediate, medium and long term the
behaviour of the physical parameter transients,
which take place at the loss point, are to be
considered.
The basic phenomena involved are mainly mechanical
in the short and medium term, but mechanical
and chemical in the long term. Only mechanical
effects are examined in this first iteration.
The
pressure
variations
in t ho banana tube
(Li-Pb side) and consequently in the B.M.P.S.
are the most representative physical parameter
in the above. The hydraulic water hammer will
be considered for the short term.
Without any active protective action, and if
the first barrier
(banana tube) doesn't fail
the physical transient may be
described
as
shown in Fig. 2.

3)

PHYSICAL CONSEQUENCE ESTIMATION

In the first barrier does not fail in the immediate A-C term, the main uv.ys
that tritium may be released are the following:
A - Release from pressurized B.M.P.S. in the short (A-D) and medium term.
B - Loss in the primary cooling water circuit, due to tritium permeation
at high pressure, in the medium or long term.
C - Tritium diffusion into the primary cooling water through the pipe brt-ak,
outside the Blanket segment (after the A-D) term.
D - Tritium release into the segment box or vacuum shell or outside (loss
of the barriers) , due to a total or partial loss of refrigeration .if tor
the medium term (A-D term + operating time).
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^

I D E N T I F I C A T I O N OF PROTECTIVE ACTION

Protective action is called up in order to prevent a possible release of t i i t i u m .

It is classified as passive or active action.
PASSIVE^ PROTTCTIVE_ACTKW

1. First Barrier

(banana-tube)

2. Second Barrier (F.W./Blanket segment shell)

3. Third Barrier

(vacuum shell)
ACTiyE_PRpTECTiy£ ACTION

4. Plasma quenching (activated,automatically,by pressure detectors in the LiPL

system or,manually,by operators)
5. B.M.P.S. depressurization (activated,automatically,by pressure dctectoi-, ir
the LiPb system or,manually,by operators)
6. Failed segment isolation (activated by hydrogen detection in the M^in Coolant
Loop, at segment level)

3)

PROBABILITY EVALUATION

a) Reliability data for the initiating event
. Constant failure rate A
. Designed availability for NET Phase III =0.25
. Number of helicoidal pipes per blanket module = 2
. Number of module per segment: inboard side = 5 ; outboard side = 11

. Number of blanket segments = 48
. Data Source:

A = L.M.F.B.R. ; B = Wash-1400

b) Unavailability evaluations

The unavailability values for protective action are listed in Tab. 1 .

Tab.

2 - Unavailability (probability/demand) for protective action
PROTECTIVE ACTION

UNAVAILABILITY

hydrogen detection
pressure detection

3.9 x 10
2. x 10

blanket segment isolation

2.

x 10

plasma quenching (automatic)
plasma quenching (manually operated)
B.M.P.S. depressurization (automatic)
B.M.P.S. depressurization (manual)
pressure module containment (banana tube)
F.W./Blanket segment shell containment
vacuum shell containment

3.3
1.5
1.
1.5
2.5
2.5
2.5

x
x
x
x
x
x
x

10 ''
10
10~2
10~2
10~ 3
10~2
10 2
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EVENT TREE ANALYSIS
Incident sequences were evaluated
by means of the Event Tree
technique,through the application
of the MICOL-NASTASSI^ computer
code .

LOSS

Uf

lfOt<

COJLING

Of

HATE«

FRIJ

INI Tl AL c V E N T

Ht l N B L A N U c T

CCOLANT

LGJP

( P l i11

6.0COE-0'

O P P X 4 T UNS

The programme is able to link the
logical sequences with the physical transient
(phenomenological
paths) .
However,

gramme

in this case, the pro-

was

only

utilized

for

sequence analysis.

1
2
3
<,
5
G
7
d
9
10
11
U

Fij.

P R E S S U R E MHDULf C O N T A I N M E N T ( I M M E D I A T E !
i = . j . / B L A N K E T SEGMENT SHELL CONTAINMENT
VACUUM SHELL CONTAINMENT
L | - ? t l P R E S S U R E D E T E C T I O N . QUFNCHINf, C A L L
« L A j ' H A UUFNCH1NC ( A U T O M A T I C A C T U A T I O ' 4 1
^ L A i M A UL'ENCHIHO ( M A N U A L L Y O P I K A T L f i l
I I - H 3 PKFSSUKE DETECTION. OEPKESSuR. L A L L
L I - H I ) OfcPRI-SSUl I 7 A T I D N ( S U T U R A T . A C T U A T I f l N )
U-PU OLPRESSU-UZATION (MANUALLY U P t R A f E O I
H> lAQGt-N U r T f C T l O w
iLAN<ET SLGMLNT I S O L A T I C N (AJTOM. A C T U 4 T I O H I
BLINKET ÏLOMFNT
I S O L A I IljN ( M A N U A L . l y P L R A T E O I

bo JH -a ^
uOor -0",
i l it- )•»
l O O l ->>s

u out -n s
üOüf -0^

3 - Loss of joolinj uat^i' frcm Main

The input data for accident scenario
evaluation
is
show in
Fig. 3.

(pipe break in segment tlanket)
M1COL-HASTASSIA

input, data.

OUTPUT SEQUENCES

AILtU QHtHATIQN

I N H l b l T L G Of-ERATIQMS

;7it-^a

The logical incidental paths (output sequences) are shown (Fig. 4).

UL-Üi
Ut-l>7

UE-L9
iifc-OV

._,(_-1

For each sequence
are presented:

the

following

items

ut-i

- probability of occurrence ;
uL-iJ.»
9t-i."b

^E-12
-1 1

- failed protective action ;
- protective action which is Ing.cally
inhibited (e .g .: failure of protectiveaction n. 4 "LiPb pressure detection
quenching

call",

inhibits

protective

action n. 5 and n. 6).
it>fcjL.jL-<->4
-•t-L.d
^E-'>O

A detailed description is given for each
sequence (Fig. 5).

**t-!O

•^e — >a
o£-

^

st- .

This output gives the

ACCIDENT SCENARIOS
•vvvt-

a.Kjt-

arising from the initiating t-vc-nr: undei

consideration.
The code is also able to automatically
supply all the sequences which present

given failed protective action (or i
given set of failed protective action),
i.e. the accident scenarios.
1UI«*.

Fij.
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INDtX O

4 - Loss of cooling uater from Main Blankst Coolant
LOOD (p^pe break in sejmttnt blanket)
MICÛL-MASTASSIA output sequences

EVENT TREE ANALYSIS
MICOL-NASTASSIA

Computer Code Output

1 HAS AN I N D E X -

b.o«."i>E-u2 AND F A I L E D :

NONE

2 HAS AN INDEX =

1.5oiiE-O4 AND F A I L E D :

PR-ESSURt MODULE CuNTAINTIENT ( I M M E D I A T E )
SEL'ULNCC

3 HAS

AN

INDEX »
7.75<"l-O6 AND F A I L E D I
PRESSURE MODULE C O N T A I N M E N T ( I M M E D I A T E I
F . W . / b L H N l E T SEGMLNT SHELL C O N T A I N M E N T

4 HAS AN I N D E X

•

9.375E-UB AND F A I L E D 1

PRESSURE MODULE C O N T A I N M E N T

(IMMEDIATE)

F . W . / b L A N I E T SEGMENT SHELL C O N T A I N M E N T
VACUUM SHELL C O N T A I N M E N T

i HAS AN I N D I X »
L l l U

l.2">ie-ii"i AND FA 11 ID :
l Kl V-UliL

D l l l L T I I I N , L'UINLMINIi L U L L

SEQUENCE

6 HAS AN

INDEX 2.nUnE-uS AND F A I L E D I
PLASMA QUENCHING ( A U T O M A T I C A C T U A T I O N )

Stuu NLC

7 HAS AN INDEX '.U"OE-u7 AND F A I L E D :
PLASMA QUtNCHING (AUTOMATIC A C T U A T I O N )
PLASMA C'UENCHINu

SEUUEMLE

(MANUMLLY

OPERATED)

8 HAS AN I N D E X 1 . 2i " IE - US AND F A I L E D :
L I - P B FHES&UKE D t l E L T l D N , DCPRESSUh. C^L

9 HAS AN I N D E X

»

-.4<ioE-U9 AND F A I L E D !

LI-PB HvLbSUKE D E T E C T I O N , QUENCHINb LAl L
L I - P U M>t'->SUI,L D r i L C T I O N , DfPRLSSUR. L M L l

HI HAS AN INDEX =• 1. m " iF-i '9 UND F A I L E D :
F L A S M A ÜLILNCH1NG ( A U T O M A T I C A C l U A T l u N )
L l - K E . F K t d S U h E DLTLC.TIUN, DtPRESSUh. CAUL

©

INCIDENTAL PLANT CONDITIONS (ACCIDENT SCENARIO)

The incidental situations arising from the MICOL-NASTASSIA Event Tree Computer

Code analysis are shown below.
IDENTIFICATION

DESCRIPTION

A(b.l)

Tritium release contained within Blanket module

B(b.l)

Tritium release contained within F.W./Blanket segment shell

C(b.l)

Tritium release contained within vacuum shell

D(b.l)

Tritium release not contained

E(b.l)

Non-1-ôs Blanket module and BMPS not suddenly depres^unzed

F(b-l)

Non-loss Blanket module and BMPS not at all depressurized

G(b.l)

Non-loss Blanket module and Blanket segment not isolated

H(b.l)

Sudden non-loss Blanket module and plasma not quenched
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(Z)

COMPARISON WITH SAFETY TARGETS - DECISION MAKING

Based on a first rough analysis the safety targets listed in Tab. 2 are retained.

Tab. 2 : Maximum acceptable frequency (event/year) for incidental plant
B.M.P.S, NOT DEPRESSURIZED

IMMEDIATELY

IN LONG TERM

1CT3

10-

BLANKET SEGMENT

PLASMA NOT

NOT ISOLATED

QUENCHED

lO'" : i(T5

10"°

Moreover, for any single accident which could give rise to a large uncontrolled i«_
lease, the maximum acceptable frequency should be 10*~7 per year.
The incidental frequencies listed in Tab. 3 are derived from the event tree

for

"LOCA in Blanket Wain Coolant Loop" incidental area.

Tab, 3 : Estimated frequencies of incidental plant conditions and
with safety targets

ESTIMATED FREQUENCY

INCIDENTAL SITUATION

Plasma not quenched

(probability/year)

ACCEPTABILITY

-5

A

1.2 x 10

B

-7
6.8 x 10

A

6.0 x 10

B

3.3 x 10

YES

Blanket segment not
isolated

A

-t*
2.4 x 10

NOT

B

1.3 x 10

YES

B.M.P.S. not
depressurized

A

-L*
2.1 x 10

NOT

B.M.P.S. not suddenly
depressurized

B

-5

-5

-6

1.2 x 10

NOT
•3

YES

YES

CONCLUSIVE REMARKS
THE ANALYSIS SHOWS THE NEED FOR A NOT-WELDED IN SEGMENT BLANKET

COOLING PIPES AND FOR A VERY SHORT PLASMA QUENCHING TIME
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AFTERHEAT ASSESSMENT FOR CONCEPTUAL
TOKAMAK REACTORS
A.J.H. GODDARD, S. JAYATISSA
Mechanical Engineering Department,
Imperial College of Science and Technology,
London, United Kingdom
Abstract

Afterheat represents an important consideration in design
of conceptual fusion power reactors, particularly during
normal or unplanned shutdown. Afterheat calculations have

been undertaken for various generic designs, but with
special reference to the Culham DEMO reactor.
These
calculations have included the redistribution of heating by
gamma ray transport.
Selected temperature response
calculations have been undertaken.
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INHERENT/PASSIVE SAFETY IN
FUSION POWER PLANTS*
S.J. PIET, J.G. CROCKER
Idaho National Engineering Laboratory,
EG&G Idaho, Inc.,
Idaho Falls, Idaho,
United States of America
Abstract

The concept of inherent or passive safety for fusion energy is
explored, defined, and partially quantified. Four levels of safety
assurance are defined, which range from true inherent safety to passive
safety to protection via active engineered safeguard systems. Fusion
has the clear potential for achieving inherent or passive safety, which
should be an objective of fusion research and design. Proper material
choice might lead to both inherent/passive safety and high mass power
density, improving both safety and economics. When inherent or passive
safety is accomplished, fusion will be well on the way to achieving its
ultimate potential and to be a truly super-ior energy source for the
future.

INTRODUCTION

Acceptance of fusion as an energy source for the future requires
development of fusion plants with attractive economic, safety, and
environmental characteristics. One of fusion's inherent advantages is
the potential for being safer than other technologies. We should work
toward making the potential become reality such that fusion safety
should be easily demonstrable and improve economics. Fusion safety
should not be hard to prove nor require many expensive, complicated
active engineered safety systems. Hence, achieving inherent/passive
safety should have major public acceptance and economic benefits.

The concept of inherent safety is a reaction to this challenge,
with the goal to ensure that no major accident can occur that could lead
to unacceptable public health consequences. This paper is intended to
explain and briefly examine the concept of inherent/passive safety.
DEFINITION
To provide a common basis for discussion, the following definition
of an inherent/passively safe facility is presented.
An inherently or passively safe facility is one that has been
designed and constructed with passive safety features such that the
public is protected from any prompt or early fatalities under all
credible accidental circumstances.
* Work supported by the US Department of Energy, Assistant Secretary for Research, Office of Fusion
Energy, under DOE contract No. DE-AC07-76IDO1570.
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This definition incorporates an unambiguous consequence limit of no
prompt or early fatalities, i.e. keeping the maximum public acute dose
below 2Sv (200 rem).
More stringent safety assurance limits can be
considered but are felt to be unnecessary to allay fears of catastrophic
accidents. One would be 250mSv (25 rem), required in the U.S. by
lOCFRlOO^ for fission reactors for a much less inclusive set of
events. Another limit might be to try to avoid emergency evacuation
planning as required for light-water fission reactors. Although
Ref. 3 is especially vague, one can infer that if maximum public acute
exposures were below 10-50mSv (1-5 rem), such emergency planning should
not be required under present regulations. It is felt that assurance
that acute fatalities are not possible, as required in the present
definition of inherent safety, is the most important requirement.
Indeed, the level of safety assurance is probably more important than
the actual consequence limit chosen.
The limit of no prompt or early fatalities also limits the
statistical cancer risk, i.e. latent fatalities, for worst case
accidents to about 2% chance of fatality for the maximum exposed
individual and below about 0.1% chance of fatality for the surrounding
population. (In addition, other criteria, e.g. risk-based safety goals,
would limit the frequency of this latent consequence to extremely low
values.) Inherent/passive safety requires that safety is achieved by
passive design features, rather than active engineered safety systems,
to enhance demonstrability and reliability. Passive features include
material choice.

Inherent/passive safety can be further understood in the context of
probablistic risk assessment. Fig. 1 shows
a possible risk-based safety
goal with the risk l i m i t set at 2 x 10~6/yr for the maximum esposed
member of the public, which is 0.1% of the normal cancer risk in the
U.S. Hence, the risk goal is that fusion accidents would increase no
• 25 mrem/yr, EPA
limit on effluents

10-1
10-2

f

Risk-based
safety goal

10-3

u
c
0)

Inherent safety

consequence
bound

10-6

Semi-quantitative
frequency cutoff

10 -7

0.01

0.1

1

10

100

1000

Consequence, maximum individual dose (rems)

Fig. 1. Risk-Based Safety Goal,
Modified by Concept of
Inherent Safety
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one's cancer risk by more than 0.1% of the prevailing risk. Fig. 1 also
shows a point representing the current U.S. Enivonmental Protection
Agency (EPA) limit on routine radioactive airborne effluents, 250ySv
(25 mrem/yr.)^ The concept of inherent safety alters the risk limit
curve having the effect of truncating the high consequence, low
frequency tail of the curve.
The inherent safety l i m i t has two variables - maximum consequence
and low frequency cutoff. Specification of the frequency cutoff is
another way of specifying the degree of safety assurance or how
inclusive the definition of "credible events" might be. The more
restrictive the definition (lower frequency), then the more challenging
the goal and the more satisfying the goal is to the public and potential
licensing officials. The best one can consider is if there were no
frequency cutoff, i.e. no public acute fatalities even under incredible
events. This likely requires that the inventory of radioactivity in the
fusion plant be below that required to cause public acute fatalities
even if all were released. This defines safety assurance level 1
fulfilling the best interpretation of the phrase "inherent safety".

Next, one might consider the envelope of "credible events" limited
to some estimated frequency of occurence, perhaps to a frequency of
about 10'vyear. For example, the cutoff would define the frequency
of natural phenomena that have to be considered as credible initiating
events. All active failures within the plant would be considered
credible. Designing to this goal implies passive safety, since one is
depending on passive features of the design rather than only the
inventory limitation. This constitutes levels 2-3 of safety assurance;
the distinction between the two categories of passively safe is further
explained later.
A less inclusive definition of "credible events" would be some still
higher frequency cutoff. Detailed analysis of active protection systems
would be acceptable. This constitutes safety assurance level 4 where
protection is ensured via active engineered safety systems. This
approach, used in the fission industry, requires significant safety
analysis, testing, and expensive equipment. It is inherently difficult
to analyze the response of active systems to low frequency events, and
still more difficult to "prove" the analysis results to the public and
licensing officials.

BENEFITS FROM INHERENT OR PASSIVE SAFETY

Inherent/passive safety may not be easy to achieve; there must be
strong reasons why one would try. Possible benefits of achieving high
levels of safety assurance include:

1. Public Acceptance. Most other competing energy technologies can
not achieve inherent safety. If fusion could achieve and
demonstrate high levels of safety assurance, it would be seen as
quantitatively and qualitatively better than other energy
technologies. Other technologies that are very safe, e.g. fission,
have fallen into a quagmire of having to "perfectly" analyze
complicated accident scenarios. Fusion inherent/passive safety is
intended to avoid this problem.
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2.

Economies. The envelope of materials and components that would have
to be safety-grade would be expected to be much less than if active
engineered safety systems are needed. Fewer safety-grade components
should translate into considerable cost savings and possibly higher
overall availability. An inherently safe facility might not require
either a containment building or evacuation plans. Considerable
savings should result from a significant decrease in construction
and licensing time.

Some economic results concerning passive safety are now available,
although much more should be done to investigate the economic benefits
from improving safety. Preliminary results^ from three different
studies for different confinement schemes, by different organizations,
with different assumptions, have indicated that the impact of achieving
passive safety on economics could range from nil (no harm!) to a 50%
improvement, resulting from fewer safety-grade requirements.
These studies have not yet included other possible economic benefits
from improving safety. First, the direct reduction in cost for not
having to have various safety-related active protection systems, e.g.
emergency cooling systems, is often not included. One reason is the the
cost of such systems have generally not been quantified.

Second, another possible major cost improvement from improved safety
is decreased failure rates, i.e. increased reliability, increased
availability. Conceptual design studies often assume high availability
factors, e.g. 80% in the Blanket Comparison and Selection Study
(BCSS). Improved safety must be part of the effort to obtain such
valuable high availabilities.
Third, another possible large impact is if improved safety saves
construction/licensing time. Most fusion conceptual design studies are
assuming short construction times, about 6 years until operation. This
requires that licensing is not a rate limiting step, i.e. licensing is
off the critical path towards operation. Improved safety will help
ensure that this optimistic assumption proves true. Depending on
assumptions for the length of construction/licensing and interest and
escalation rates, the impact of safety on economics could easily be a
factor of 2. For example, the cost increases a factor of 2.3 if
construction/licensing is increased from 5 to 10 years with 5% inflation
and 10% interest rate on borrowing money.
Inherent or passive safety may not be an absolute requirement for
fusion, but there are strong reasons to believe that achieving
inherently safe designs can provide major benefits, both in public
acceptance and in economics. On the other hand, achieving improved
safety via active protection systems (level 4) could harm fusion
economics. Inherent safety is the pathway toward demonstrating safety
while also improving economics.
APPROACHES TO INHERENT/PASSIVE SAFETY

Several approaches to inherent/passive safety exist - toxin
reduction, energy source reduction, and design fault tolerance
(Fig. 2). More details can be found in Ref. l. These approaches are
complimentary; partial success by one may allow another to complete the
job.
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2. Approaches to Achieving
Inherent Safety

LEVELS OF SAFETY ASSURANCE

Because of the uncertainty in the words "credible" and
"demonstrable," four possible levels of assurance in achieving inherent
safety are defined, as introduced above. Total protection designs
achieve the highest possible level of safety assurance (level 1) - it is
physically impossible for public acute fatalities to occur because the
radiological and chemical toxin inventory is low enough. Fusion might
achieve this level via low short-term activation materials, if the
tritium inventory were also below about 5 kg. Silicon carbide (SiC)
is a possible example of a low short-term activation material, along
with graphite, lithium oxide, and helium coolant. Total protection
(level 1) is true inherent safety.
In principle, level 1 can be achieved even if the toxin inventory
were high enough to cause public acute fatalities, vf no energy sources
existed to disperse the inventory even under incredible events. Given

that some energy sources cannot be eliminated by designers, e.g.
earthquakes and magnetic fields, it does not appear likely that level 1
can actually be achieved simply by energy source limitation.
Safety assurance levels 2-3 represent types of passive safety. The
difference between level 2 and level 3 is the approach toward passive
protection. For level 2, more easily demonstrable, the approach is to
make the design tolerate severe phenomena even if the geometry were
altered. Thus, one primarily depends on material choice, inherent
properties of materials, and radiative heat transfer. Level 2 is called
"large scale passive protection" because the design approach is to focus
on the larger scale issues - material choice and perhaps building
confinement strategy - rather than the smaller scale issues of design
details. Only the large scale components have to function to ensure
safety. If the design is adequately protected when some severe
phenomenon breaks all the cooling pipes, then the design is likely to be
level 2.
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For level 3, the approach is to depend on the design geometry
staying intact. Thus, a level 3 design is much less forgiving than a
level 2 design. Level 3 designs require seismic qualification to ensure
that such behavior as natural circulation continues as planned. This
approach requires extensive analysis of severe earthquakes and other
common-mode initiators. Level 3 is called "small scale passive
protection" because this approach must consider all the small scale
aspects to the design and how they respond to severe perturbations. All
safety-related components, large and small scale, must function
adequately to ensure safety. Thus, all such components would have to be
appropriately safety qualified.
Safety assurance level 4 is where protection is ensured via active
engineered safety systems. This approach, used in the fission industry,
generally required a significant amount of safety analysis, testing, and
safety grade equipment. It is inherently difficult to analyze the
response of active systems to low frequency events, and still more
difficult to "prove" the analysis results to the public and licensing
official s.
It should be recognized that level 4 includes a wide spectrum of
concepts that have different degrees of reliance on active safety
systems. For example, some could require only one active safety relief
value, but would otherwise qualify for classification as level 3. Other
concepts could require numerous safety systems with stringent activation
and operating requirements and could not be reasonably expected to
qualify for level 3. Concepts that require reliance on active safety
systems should not be considered as unsafe; however, the demonstration
of safety adequacy is generally less transparent for concepts that
require numerous active safety systems. Containment buildings are
generally considered to be active safety systems because of numerous
penetrations, doors, seals, and interlocks.
In summary, level 1 is true inherent safety; public acute fatalities
are physically impossible even from incredible events. Levels 2-3 are
passive safety. Level 2, large-scale passive protection, is easier to
demonstrate. Level 3, small-scale passive protection, requires
extensive analysis of all safety-related components in the facility to
ensure adequate behavior after severe initiating events. Level 4 is
protection via active engineered safeguard systems.
UNIQUENESS OF FUSION ENERGY

The fundamental reason why fusion has the potential to achieve
safety assurance level 1 is that the hazardous inventory is controlled
by material choice, rather than the basic energy production process
itself. Fission always has fission products and actinides. Fossil
fuels always have combustible materials and hazardous organic combustion
products. Hydropower involves storage of water at high potential
energy. Thus, the ability of material selection to reduce the hazardous
inventory and decay heat for a given operational power density is a new
degree of freedom for fusion, which makes it unique versus other
potential energy sources. Low short-term activation materials with
limited tritium retention (below several kg) could achieve level 1
(inherent safety) for fusion.
One should search for newer materials and/or design options to take
maximum advantage of this special opportunity and potential for fusion.
210

In this regard, maximizing fusion's potential requires emphasis on low
short-term (safety) and low long-term (waste management) activation
materials, rather than basing fusion on steels or copper alloys.
MASS POWER DENSITY

Considerable attention is being devoted by the fusion community to
increase the Mass Power Density (MPD) to improve economics. Ideally,
one would like to have both high MPD and inherent safety. The free
variable for fusion is material choice; low decay heat materials offer a
way to have high MPD during operation while having low decay heat after
shutdown. Clearly, this adds constraints on system design and materials
research - but perhaps fewer than having various active engineered
safety systems and a quagmire of safety analysis.
On the other hand, one of fusion's possible competitors does not
have this flexibility. The fission community is attempting to achieve
what the authors term level 3 safety via lower MPD and lower unit
output. For fission, the hazardous inventory and decay heat are fixed
per power produced, to first order.

Fusion has the new degree of freedom to decouple MPD during
operation from hazardous inventory and decay heat. Thus, with the
proper materials, fusion can achieve inherent or passive safety without
decreasing MPD or reducing the power output. The decay heat per unit
power output can vary orders of magnitude by the choice of materials.
A high MPD/inherently safe concept would require low short-term
activation materials, emphasizing elements like helium, beryllium,
carbon, oxygen, lithium, magnesium, and silicon. It would be very
interesting to see an attempt to design a magnetic fusion plant with
such materials. Cascade8 is an inertial fusion conceptual design with
such a focus. One possibility for magnetic fusion is a pool
geometry, with a SiC vacuum vessel surrounded by a flibe (LiF-BeF2)
molten salt pool. The flibe would serve as both coolant and tritium
breeder.
SUMMARY
Fusion has the clear potential for achieving inherent or passive
safety. However, this potential will not be realized automatically.
Unless materials and design options are selected with inherent/passive
safety as an objective, it is likely that the fusion designs will fall
into level 4, requiring active engineered safety systems, considerable
analysis and experimentation, and a likely decrease in public
acceptance.

On the other hand, with the proper materials, fusion can achieve
inherent or passive safety without sacrificing high MPD. As detailed in
Ref. l, use of very low short-term activation materials like SiC can
lead to true inherent safety (level 1 safety). Designs with
vanadium-alloy appear capable of achieving a high degree of passive
safety (level 2 safety).
Ongoing research conducted in the United States will help to better
quantify the various issues associated with inherent and passive
safety. It is recommended that conceptual design teams actively accept
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the inherent safety challenge and potential, and work toward maximizing
the level of safety assurance. Inherent or passive safety would then
join economics and other criteria as objectives of fusion research.
When inherent safety is accomplished, fusion will be well on the way to
achieving its ultimate potential and to showing that it is truly
different and superior as an energy source for the future.
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A COST-BENEFIT APPROACH
TO SAFETY CONSIDERATION
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Abstract

A discussion of the use of cost-benefit analysis is provided and an
approach proposed for application to fusion reactor design considerations.
Advantages and disadvantages of this method are outlined. An assessment is
given of the cost effectiveness of emergency detritiation systems for 1NTOK.

1. Introduction

Fusion's ultimate acceptance as an energy source may depend on its
potential safety and environmental advantages. In particular, it will
depend on whether achieving ambitious environmental and safety goals in
fusion reactors can be managed economically. Since many technology
options for accomplishing these design goals may be considered, a
cost/benefit methodology is useful in the design decision process. This
is true for near-term fusion devices as well as future power plants.

Several approaches to cost/benefit analysis exist [1-10]. Some of
these are directed towards routine operation; others are concerned with
accident conditions. Some can be applied to both situations.
1.1

Practice for Routine Conditions

The approach to cost/benefit analysis most commonly used for
assessing routine situations involves comparing the cost per unit dose
saved to a monetary limit per unit dose. This maximum justified
spending on safety improvements, is generally derived from health data
on somatic radiation damage. Values ranging from $20 per man-rem to
$2000 per man-rem for routine exposures have been estimated in the
fission industry [1, 11-14]. The numerical value of this expenditure
ceiling may not be constant with time and should be periodically
reassessed with current values of the costs of illness and the risks of
radiogenic disease.

In the United Kingdom, a value of $200 per man-rem has been applied
in dose reduction decisions [15]. In other instances in the U.K., a
variable value has been recommended, increasing from $40 per man-rem at
doses less than 4 mrem, to about $1000 per man-rem for individual doses
in the range of 50 mrem to 500 mrem [16]. This would tend to direct
resources for reducing radiation exposure towards individuals receiving
higher doses who are at higher levels of risk. The idea of a variable
value of the expenditure ceiling which depends on the dose incurred is
illustrated in Figure 1. The wide range of values currently proposed
for determining acceptable spending on safety is shown in Figure 2.
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A quantitative evaluation of a set of protective actions developed
for French pressurized water reactors was performed by Lochard et al.
f^]. By evaluating investment costs and the change in operating costs
directly attributable to the protective action as well as the dose
avoided by the measure, the Implicit value of the man-rem can be
evaluated. This was done for several protective measures already
instituted at the French PWRs. The values obtained from their study
ranged from $130 per man-rem to $8^00 per man-rem.

The U.S. NRC established a policy of safety/cost tradeoffs after
recommendation by the President's Commission on the accident at TMI-2.
The NRC adopted a single monetary value per unit of collective dose
averted, $1000 per man-rein [5J, which is in line with ICRP's proposition
214

that a collective dose-equivalent is an adequate representation of
health detriment. This implies that any system or procedure for the
reduction of dose at a nuclear facility may be considered to have
reached its reasonable end point if further reduction fn this dose level
would result in additional costs in excess of $1000 per man-rem.
In circumstances where the total detriment has been dominated by
the operational benefits of a dose reduction measure, a value of $25,000
per man-rem has been employed as a guideline in decision making
[2,12,13]. Holland [3] examined the impact on decision making of using
values of $1000 per man-rem and $5000 per man-rem for costs associated
with public doses. He employed a single value of $15,000 per man-rem
for occupational dose costs (based on estimates of the increased
personnel costs resulting from exposures).
1.2

Practice for Accident Conditions

Siddall [8] proposed a methodology applicable to both routine and
accident situations. He defined an optimum expenditure on nuclear
safety where the cost of saving extra lives in the nuclear field is
equal to the cost of saving extra lives in other activities in the
community (such as diseases and illnesses, vehicle accidents, fires,
suicides, etc). He argued that the components of any safety activity
should be carried out in the order of diminishing effectiveness and the
activity should be terminated when it will not save as many lives as if
the money is spent in some other way. He deduces that large numbers of
statistical lives could be saved at a cost less than $300,000 per life.

Cost/benefit analyses will be incomplete if costs are balanced only
against anticipated reductions in public risk. Risks to the plant and
the avoidance of large financial losses from nuclear accidents should
provide a strong incentive for plants to be built and operated at very
low risk to the public. Starr and Whipple [10] have shown that the
expected costs of plant damage and lost power production are large
compared to public risk resulting from accidents. They indicated that
the expected public risk costs are only about one-fiftieth of the
utility risk costs due to plant damage and replacement power. In these
situations, it may be more appropriate to define the expenditure ceiling
based on tolerable financial loss (e.g., 1% of the investment at risk).
The allowable spending would increase as the economic risk of the events
increases so that resources would be allocated to those events
presenting the highest financial risk. High risk events may be frequent
with moderate financial impact, or occur infrequently but result in
significant financial losses.

1.3

Pros and Cons of Cost/Benefit Analysis

The application of cost/benefit analysis to alternatives impacting
safety and the environment runs Into difficulty when some variables are
introduced which are subject to social objectives and priorities that
may override purely financial considerations. One solution, as
discussed above, is to assign an arbitrary monetary value to these
factors to give them approprate weight in the assessment. Another

approach abandons the cost/benefit relationship by setting fixed limits
on certain environmental parameters and requiring absolute compliance
regardless of cost. Some feel that abandoning cost/benefit analysis for
decisions based on the best available facts with reasoned good judgement
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will best serve the interests of both industry and the environment
[17]. The advantages and disadvantages of cost/benefit analysis are
summarized in Table 1.

TABLE 1

Advantages and Disadvantages of Cost/Benefit Analysis

Advantages
provides rational, systematic
practical guidance to aid in

decision making

Disadvantages
incomplete due to unavailability
of all necessary data and broad
distribution of potential
benefits

helps to balance regulatory,

economic, environmental and
operational constraints
identifies the alternative
which most effectively reaches
a given objective

inaccurate due to difficulty in

quantifying certain benefits in
monetary terms
considers cumulative effects and
often concludes that unpopulated
and undeveloped areas can

tolerate more pollution/hazard
than urban areas
no flexibility for changing
conditions with time
may Ignore benefits which are

small to an individual but which
affect many people and are
therefore huge in aggregate
difficult, lengthy process

2.

A Proposed Approach for Fusion

Some recent work has been performed to develop a cost/benefit
approach particularly suited to fusion reactor designs [18]. This
methodology considers incremental benefits and incremental costs of a
dose reduction action under either routine or accident conditions.
Expenditures to ensure that exposures would be below regulatory limits
are assumed to have already been committed, and design changes to
further reduce the health effects are addressed. All operations,
maintenance and waste handling costs affected by the proposed design
change are evaluated. The expenditure ceiling is defined based on the
expected magnitude of the hazard and the existing socio-economic
conditions. Discussion of this approach follows along with an example
in which several emergency detritiation options are assessed.
2.1

Determination of the Expenditure Ceiling

To ascertain whether spending on further dose reduction measures is
justified, an acceptable upper bound on expenditures is needed. The
ceiling on expenditures is taken to consist of two parts: (a)
occupational and (b) public components. The maximum justified spending
for occupational safety for normal operating conditions, a , is
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given by:
L

R° M

ct° = (—£—)(——)
E

LIM

$/man-rem

(1)

E
LIM

where

L

= labor cost ($/man yr)
= occupational exposure limit (rem/yr)

R

= actual exposure rate (rem/yr)

N = exponent chosen to express dose response for harm Induced
by radiation (0.5)
Similarly, the ceiling on for expenditures public safety under
normal plant conditions is given by:
LP

ap = (———
EP

LIM

Rp
If———)

($/man-rem)

(2)

£P

LIM

where
L^ = per capita income ($/man yr)
c
EPTM = public exposure limit (rem/yr)
RP - actual public exposure rate (rem/yr)

If a design modification for reducing accident consequences is
proposed, an upper bound for spending can be determined for a postulated
accident scenario. The celling on occupational safety expenditures for
accident consequences are defined in a similar way. For example, the
accident related occupational ceiling, a reduction is given by:
K,
a°
=
(—-£—]
C—2
——
r
a
r-O
r-O
LIM, a
LIM, a

($/man-rem)

(3)

where
R

= maximum occupational exposure rate after the accident
(rem/yr)

If the dose reduction measure is aimed at only one group (workers
or public), the appropriate costing formula should be used. If both
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groups are affected, an overall expenditure ceiling, which considers
both occupational and public components, can be evaluated:

and
D
(5)

aT

where
a, a = overall ceiling on safety expenditures for normal and
accident conditions respectively $/man-rem.
D ,D

- occupational dose saving for normal and accident
conditions respectively.

D , D = public dose saving for normal and accident conditions
P
P respectively
DT, D

T

= total dose saving for normal and accident conditions,
respectively

The ceiling on expenditures considers socio-economic factors,
exposure limits, and the actual magnitude of the health risk. The
socio-economic factor that plays a role in the occupational component of
the expenditure ceiling is the cost of replacement manpower, Lc.
This cost will vary from country to country, and regionally within each
country. The regulatory occupational exposure limit per indidivual,
E. TM, is 5 rem/yr. This poses a restriction on the utilization of a
worker. Replacement manpower cost is an appropriate means of evaluating
the ceiling on dose reduction expenditures because at, or near the
limiting level of exposure, it will be necessary to replace the workers
thus adding to the needed manpower.
The degree to which any society can afford to spend on safety

measures is dependent to some extent on the lifetime earning potential
of the individuals at risk. Wealthier countries can spend more on
improving safety than poorer countries. Hence, the socio-economic
parameter indicating the willingness or ability of the society to
further reduce the exposure detriment would be per capita income, L .
The effect of human response to radiation exposure is reflected by
the exponent N in the expenditure ceiling formula. It has been found
that the dose response curve for harm induced by radiation follows a

linear, no threshold relationship at low dose rates, and a quadratic
relationship at higher dose rates [19]. The assumption of a quadratic
relationship over the entire range has been used here, as indicated by
the value of 0.5 for the exponent.
In accident situations, it is permitted to exceed the dose limits
for routine conditions (5 rem per year). An individual may incur a dose
of 25 rem in an off-normal situation, provided this does not cause the
lifetime dose ((N-18) x 5 rem, N = individual's age) to be exceeded
[20]. However, if it is thought to be unacceptable to exceed the
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exposure limits for normai conditions, even in the event of an accident,
then the limiting exposure rate Lj\M a, of 5 rem/yr should be used. The
public exposure rate lPTM (5 mrem/yrj will not be affected by this
consideration.

2.2

Costs Associated with Improved Safety

The implementation of a dose reduction measure will often result in
a change in the annualized plant costs. The total cost, C,-,
associated with a new design to reduce doses incurred during normal
plant conditions is comprised of four major components: the annualized
capital cost, the operating cost, the maintenance cost and the waste
management cost:
C

T = CC + CTO + CTM + CTW

($/ r)

*

(6)

The capital cost represents the net cost of materials and
installation for those items directly responsible for improved safety.
The other parts of the cost are composed of several elements. These
elements include the cost of equipment required for carrying out tasks,
the change in labor costs for all affected jobs, the change in health
effects costs due to radiation exposure, the change in overhead costs,
the change in replacement power costs and the change in waste disposal
costs.
It should be noted that the change in cost can be either positive
or negative. If the net cost is negative, then it is beneficial both
economically as well as safety-wise. In some cases, there may be little
or no savings in terms of Labor, materials and overhead. The motivation
for the design change in these cases would solely be the avoidance of
health detriment.
The total cost of an accident safety measure is comprised of two
components: the capital cost and the costs incurred subsequent to the
accident. Since the accident related costs will only be incurred if the
accident does actually occur, they should be multiplied by the
probability of occurrence of the accident to determine the appropriate
economic risk. Hence, the total cost (Ca ,)
l is given by:
C

aT = CaC + P ' Ca

where
C p - capital cost of the accident consequence reduction
measure ($)
C

= change in the accident related costs compared to the
case where no accident consequence reduction measure has
been used ($)
p = probability of the given accident occurring.
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The capital cost Cac represents the cost of materials and
installation for those Items directly responsible for reducing the
accident consequences. Several cost elements may contribute to the
accident related costs, C . Onsite costs include plant
decommissioning costs, capital investment loss and health effects
costs. Possible offsite costs include health effects costs, land and
property decontamination costs, population relocation costs,
agricultural product disposal costs and land interdiction costs. A
discussion of the models for fusion applications is given in reference
[13]. Many of these have been adapted for from models developed for LWR
economic risk analyses [21].

2.3

Dose Savings Resulting from a Dose Reduction Measure

For normal plant conditions, the total dose reduction, DT, is
given by:
DT = E ADTx
(man-rem/yr)
x

(8)

where
AD_

- dose savings (Including occupational and public
components) during operation, maintenance and waste
handling (man-rem)

For accidents, the total dose reduction, D .,, is given by:
DaT = ADD + ADR + ADAQ + ADQW +• 0^

(man-rem)

where the first three terms are related to on-site doses:
AD„ = change in dose incurred during onsite plant
decontamination procedures (man-rem)

AOp = change in dose incurred during plant repair procedures
(man-rem)
AD.Q

= change in dose incurred during accelerated
decommissioning operations (man-rem)

and the last two terms are related to offsite doses
AD«... = change in the total dose incurred by decontamination
workers at off-site locations (man-rem)

D

a

P
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= change in public dose from a given accident scenario
when an accident consequence reduction measure has been
used (man-rem)

(9)

2.^

The Design Decision Process

With the cost of employing a dose reduction measure and the
associated dose savings known, a value for the exposure reduction cost
can be determined. For normal plant conditions this is given by:

CT

0 = (-}

($/man-rem)

(10)

For accident situations, the assessment must be performed from the
perspective of a particular accident scenario, which may occur with a
certain probability. This probability has been incorporated in
determining the total costs for a dose reduction scheme. Since the dose
will only be incurred if the accident does in fact occur, the dose must
be multiplied by the probability of the accident occurring to determine
the health risk. For a particular consequence reduction measure, the
effective cost can be evaluated from:
($/man-rem)

(11)

The procedure for determining if a design change is cost effective
is straightforward. It simply involves comparing the figure of merit
to the expenditure ceiling. If the additional cost for the benefits
obtained (i.e., 3 or 3 ) is less than the maximum acceptable
expenditure for these Benefits (a or a ) then the dose reducing
design change is justified. If the net cost for the benefits exceeds
the expenditure ceiling, then the proposal is not cost effective. If
several alternatives are being compared, the most cost effective option
is the one having the lowest value of 3.
3.

Assessment of the Cost Effectiveness of Emergency Detritiation
Systems for INTOR

Tritium control is a major concern for 0-T fueled fusion reactors.
In the event of an accidental release of a significant quantity of
tritium, some provision must be made for returning the hall atmosphere
to acceptable tritium levels. To illustrate the above described
methodology, several emergency detritiation systems for INTOR will be
examined for a given accidental release of tritium. The source term was
considered to be the cryopumps, from which a release of 25 g (2.4 x 10
Ci) of tritium was assumed to occur. Although some radioactivity has
been released, it is expected to be well contained in the reactor
building. Hence, no offsite consequences will result.
Four clean up options were examined for the 25 g release,
consisting of zero (A), one (B), two (C) or three (D) detritiation
units. All systems were assumed to remove tritium at an efficiency of
90%. The reactor building volume into which the tritium is released was
taken to be 50,000 m3. The capital cost considered includes the cost of
the detritiation system, the cost of the building to contain the system
and the cost of the tritiated water recovery unit. Approximate capital
costs associated with each clean up option were taken from Reference 22
and are summarized in Table 2. As expected, the shortest clean up time,
requiring the largest number of clean up units (option D) results in the
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TABLE 2
Cost of Alternative Designs for
the Oetrltlatlon System

Option

Option

Option

Option

_________________________\______B________C________D

N o . o f Clean U p Units
Capital Cost (MS)

0

1

2

3

0

210

255

300

Clean Up Time (mm)

1066x10*

4,533

2,26«

1,511

Duration of Remote Work (mm)

8 558 x 107

3,639

1,819

1,440

Duration of Contact Work (mm)

7

\ccident Related Costs (MS)
Economic Risk (MS)
Dose Incurred (person Sv)

Health Risk (person Sv)

2 102 x 10

894

447

71

804

0350

0179 0 1 2 2

0080

210

255

300

439

1 88x 10~5

9 3 5 x 10~6

148x10"°

935x10''°

148x10-'°

4 39 x 10~'

1

1 88 x 10~

9

highest capital cost. A shorter ciean up time would correspond to an
improved reactor availability and a reduced period of potential worker
exposure. Hence, it was necessary to determine if these benefits
outweighed the increased cost.
In order to estimate the cumulative dose incurred during repair, it
was assumed that a crew of 5 men would enter the reactor building after
the t r i t i u m level had been reduced to 500 yCi/m . The crew would then
perform the necessary repair tasks to return the plant to normal
operation. Additionally, any other maintenance tasks, unrelated to the
accident could also be carried out at this time. In this way, the
downtime would be used to its f u l l e s t . Once the tritium level had
achieved 52.5 uCi/m ( w i t h i n 5% of the steady state operating tritium
level of 50 uci/m ), all maintenance operations would be terminated and
the reactor would commence operation.
The reactor has been designed to allow personnel entry into the
reactor building following at least 24 hours subsequent to shutdown.
The delay of entry will allow the induced gamma background to decay to
an acceptable level. This stipulation only comes into play when
assessing option D, since for the other systems it is the tritium
concentration which controls the time of worker entry (for option D, the
tritium level falls below 500 uCi/m before 24 hours has passed).

3.1

Expenditure Ceiling

A maximum value for spending on accident consequence mitigation
(a°) is needed, as defined by Eq. ( 3 ) .
Assuming that the 25 g of
tritium is released in the form of HT, and applying a dose conversion
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factor of 7.717 x 10~75v/m*n [23], R°, the dose rate immediately after
the after the release would* be 3.70 x 10" Sv/min. Note that this
dose rate exceeds the exposure limit for normal conditions of 9.51 x
10~8 Sv/min (0.05 Sv/yr). Labor costs were assumed to be 57,000
$/person yr [24]). Using this value and the previously mentioned dose
rate, a value for a was found to be 7.11 x 10 $/person Sv.
a
3.2

Costs Associated with the Detritiation Options

Subsequent to the accident, the reactor would be shutdown until
acceptable tritium levels had been achieved. The value of this loss of
operating time was considered to be equal to the needed replacement
power using the model proposed by Buehring and Peerenboom [25]. The
replacement power costs were determined to be 744 M$ for option A ,
0.321 M$ for option B, 0.160 M$ for option C and 0.107 M$ for options D.
Two distinct decontamination phases were defined: the remote
clean-up phase and the contact clean-up phase. During these phases,
decontamination costs incurred include the cost of removal and disposal
of radioactive wastes, labor costs, decontamination equipment operating
costs and health detriment costs. The decontamination costs were
calculated as $6.00 x 10 for option A, $2.93 x 104 for option B, $1.83
x 10 for option C and $1.53 x 10 for option D. The shorter clean up
time (option D) gives the lowest decontamination cost. This results
from the fact that the equipment is operating for a shorter period of
time, resulting in lower operating costs.
It is expected that replacement power costs would dominate the
costs resulting from the accident. However, in the case of INTOR, which
is designed to produce only 620 MWth, the magnitude of the replacement
power cost was found to be comparable to the decontamination costs.
The accident being examined does not result in a significant
release of radioactivity to areas external to the plant. Consequently,
there were no offsite health effects or health care costs to be
considered.
The total costs associated with each of the options being evaluated
are required. This consists of the capital cost and any costs incurred
subsequent to the accident. Table 3 lists the accident related costs.
Since these costs will only be incurred if the accident occurs, they
must be multiplied by the probability of the accident occurring to
obtain the appropriate economic risk. Similarly, the doses given in
Table 3 for each option should be multiplied by the accident probability
to give the health risk. It was^assumed that the probability of the
given accident occurring was 10 , over the 30 year plant lifetime
(i.e., failure frequency of the pump was assumed to be 3.3 x 10~°
yr~'). Since option A would be the situation if no action was taken,
the cost effectiveness of the other options was evaluated relative to
this case. The change in economic and health risks associated with each
of options are found in Table 3.

223

TABLE 3

Incremental Economic Risks and Health Risk Reductions
for Detrltlation Options B, C and D

Option

3.3

Increase in

Reduction in

ßa

Economic Risk

Health Risk

Expected Cost

compared to

compared to

($/person Sv)

Option A

Option A

(S)

(person Sv)

B

2.09 x 10T

4.39 x 10

C

2.54 x 10r

4.39 x 10 -4

D

2.99 x 10r

4.39 x 10

_ A

_ A

4.76

X

10 10

5.79

X

10 10

6.82

X

10 10

Conclusions Regarding the Emergency Detritiatlon Options
for INTOR"
———————————————————————

Values for ß for clean up options B, C and D are also given in
Table 3. Comparing these to 7.11 x 10 $/person Sv, the value
calculated for the expenditure ceiling it is apparent that, for the
accident being studied, none of the options are cost effective.
The minimum probability of occurrence of the given accident, up to
which it is justified to spend the extra money for options B, C and D
can be determined by equating ß to a and substituting known
quantities, these probabilities can be found. It would be justified to
invest 21.0 M$ in option B (one unit) if the accident occurs with a
probability of at least 2.52 x 10'2. For option C (two units), the
minimum probability of the accident occurring for which the initial
expenditure 25.5 M$ is justified is 3.05 x 10-2. The capital
expenditure for option D (three units) of 30.0 M$ would be justified if
the accident were to occur over the plant lifetime with a probability of
at least 3.59 x 10~ . From these results, it can be seen that the
methodology allows for increased expenditures for more probable events.
It Is also evident that the outcome of the analysis is quite
sensitive to this accident probability. If the probability of the
accident occurring exceeds 3.59 x 10~S then all three options would
be justified. Option B, consisting of a single detritiation unit,
should be selected since it has the minimum value of ß .
Conclusion

•
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An appropriate cost-benefit approach to safety assessment will
facilitate the choice of designs that optimize the use of
financial resources in the next step machines as well as future
power plants.

An approach that considers the potential for cost savings due to
reduced financial risk as well as cost expenditure to avoid
accidents in power plants should be applied to optimize choice
of the technology development path of fusion.
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Ispra
Abstract

This study is aimed at determining the acceptabiiity of each natural
element as a constituent for fusion reactor materials, for the purpose
of limiting the long-lived radioactivity, so that the material could

be recycled, or disposed of by near-surface burial.
The availability of a new and complete activation cross section li-

brary, REAC-ECN, allows to perform activation calculations for all

the stable elements. The results show that there is little incentive
in developing elementally taylored steels for the purpose of recycling.

More interesting and feasible is the development of a steel with an
optimized composition that would allow to reach SLB (shallow land

burial) conditions also for the first wall.
A better knowledge is still needed in some fields: the level of a

few critical impurities in raw materials and in the steels produced
with them, the acceptable concentration of long-lived nuclei in SLB,
and the accuracy of the cross sections for some important activation

reactions.

1.

INTRODUCTION

Previous studies /!/ have shown that a large fraction of the radioactive

inventory of a fusion reactor is carried by the structural materials.

The reduction of this fraction is the goal for the development of lowactivation materials.

The hazard of radioactive materials is not a concern until they remain
confined within stable and non-mobile components located in places which

are not accessible to man. The risk occurs when the contact with man
becomes possible, for instance during maintenance operations, or when there

is a release of radioactivity to the environment.
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Maintenance operations will have to be performed by remote handling
devices for all components inside the toroidal field coils. In case of
accidental release of radioactivity, the most severe problems are those
related to tritium releases /!/. No accident scenario has been found up
to now which is capable of mobilizing important amounts of structural
materials and to bring them through the different confinements and

barriers present in the reactor to the external environment.

The release of radioactivity and the contamination may occur from disassembled components when they are withdrawn from the intermediate storage
for possible recycling or for ultimate disposal.

A component which is disassembled because of failure or because normally
expired at the end of its expected life, or when the plant is decommissioned, will have to remain in an Intermediate Storage (IS) for the
time needed to the decay heat to become negligible. It will be withdrawn
from the IS when:

a) its activity becomes small enough so that the waste may be declassified and the material may be considered a non-radioactive scrap;
b) the contact dose equivalent rate becomes low enough to allow reworking, then - if there is an economic interest - the piece can be
recycled and reused;

c) the piece is transferred into the Final Repository (FR).
From the point of view of the potential environmental impact and cost,
it is highly desirable that the induced radioactivity decays in a relatively short time, so that the disassembled parts could be withdrawn from
the IS for recycling and reuse within not more than 100 years, and that
- when this is not possible - the final disposal could be performed
by Shallow Land Burial (SLB) and not in other, more sophisticated
and expensive repositories.

The structural materials presently used in JET, and those proposed for
NET,

do not meet completely these requirements. The analysis carried out

in /!/ has shown that about 3% of the steel used in NET (200 tons) will
need a deep geological repository; 75% will be suitable for reuse and
the remaining 22% should satisfy the conditions for which SLB could
provide the proper waste strategy.

Considerations of cost, safety and public acceptance require that the
development of new materials for fusion reactors bring to the reduction
of the long-term radioactive inventory, in order to meet the conditions
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for recycling or SLB, that will be defined in some more detail in the
next sections.

2.

RECYCLING

It is not necessary here to describe in detail a recycling scenario,
but only to define the assumptions, in agreement with the present norms,

that could provide useful indications - although approximate - about

the possibility of reusing fusion reactor materials after a suitable
cooling time.

After the decay into the IS, the material could be considered suitable
for recycling when the contact dose equivalent rate becomes lower than
2.5-10~5 Sv/h.

In this case, it could be worked and machined in a con-

trolled workshop.

We assume that recycling consists in melting and reworking into new
components. If the new component is not destined to a nuclear power
plant, then the material to be processed is mixed in a fraction 1/10 or
lower to non-radioactive scrap. The radioactive gas (e.g.

H3 and C14),

possibly liberated during the steelmaking process (either release of
dissolved gas during melting, or surface oxidation) must be kept within
acceptable levels.

3.

FINAL REPOSITORY

According to the rules that are presently applied in EC countries /2/,

for the protection of people and exposed workers from ionizing radiation, the production, handling and use of radioactive material may not
need licensing if the density of radioactivity does not exceed 100 Bq/g.
All materials that are not reused, because they do not fit recycling

conditions, or because there is no economic interest, and that are above
the minimum level of 100 Bq/g,

for times exceeding the life of the IS,

must be disposed of within a FR, that is a facility for ultimate disposal
of radioactive material without the intention of retrieval.

The most simple example of FR is the burial in a near surface underground
repository, or Shallow Land Burial (SLB). When the concentration of radioactivity is high, other

more sophisticated and expensive, solutions
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have to be considered,

such as disposal in a deep oceanic repository or in

more or less deep geological sites.
Norms concerning FR are different from one country to another, rather
incomplete and focused on the fission wastes. Reference will be made
in the following to the US code that is best known. The disposal of radioactive material in SLB in the USA is controlled by the document of the
Nuclear Regulatory Commission known as 10 CFR 61 /3/.
An SLB is a repository at least 5 m below ground surface, provided with
natural or engineered barriers to avoid intrusion for at least 500
years (Class C waste) . It is suitable for wastes that decay to acceptably safe levels within 500 years. The level is acceptably safe if an
inadvertent intruder, who builds a house on the disposal site and grows a
garden and eats fruit and drinks water from a well drilled at the site,
unaware of the radioactive waste, shall not receive a dose higher than
the level accepted for the public (5 mSv/a) .
Wastes are classified first by the long-living isotopes C14, Ni59,
Nb94 and Tc99, whose allowable limits are given in the first part of

Table 1 (actinides are not included here). If the waste does not contain these nuclides, then the relatively short-lived isotopes of the se-

cond part of Table 1 are next considered. If the waste contains a mixture of nuclides, then the condition

L

is applied. The sum extends to all nuclides of the table: C^ is the

concentration in the waste and L^ the allowable limit (Bq/cm-^) for the
ith nuclide.
Since acceptability of rad-waste for SLB is based on concentration of

radionuclides, it is possible to dilute the waste to reduce the activity
by unit volume below the allowable limit. The cost would increase pro-

portionally to the total volume. These norms do not fix any limit for
radioactive nuclide not explicitly mentioned in the table. According to
them, there would be no limit, for instance, to the use of Ag in fusion

reactor materials since the long-lived nuclides produced by silver are not
mentioned in those tables. The same could be said for Bi, Pb, Al and many
other elements. Actually, these norms are focused on fission wastes and

may not be simply extended to fusion reactor materials. In order to
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assess whether fusion wastes would be suitable for SLB, it is necessary
to determine the radioactivity concentration limits for many other nu-

clides not mentioned in Table 1.

TABLE 1 -

Concentration limit for long-lived nuclei in SLB (10 CFR 61)
and derived quantities

Part 1 - Half-life T larger than 500 years
Nuclide

T(a)

C14

Li

ALI

LI /ALI

LjT/ALI

5.7 103

2.96 106

.33

1.9 103

Ni59

7.5 104

8.14

9.0 106
9.0 107

.09

6.8 103

Nb94

2.0 104

7.40 103

-

Tc99

2.1 105

1.11 105

4.0 106
1.0 107

.011

2.3 103

1129

1.6 107

3.0 103

2.0 104

.15

2.4 106

Part 2 -

Nuclide

106

Half-life T shorter than 500 years
T(a)

Li

L

2

ALI

L2/ALI

L^/ALI

Ni63

96

2.6 108

7.0 106

3 107

.23

.83 103

Sr90

29

2 .6 108

2 .0 103

2 106

.001

3.8 103

Csl37

30

1 .7 108

1 .7 103

4 105

.004

1.3 104

LI

Concentration limit, Bq/cm3, when the waste enters into the
Final Repository.

L2

Concentration value, Bq/cm , after 500 years.

ALI

Annual Limit of Intake by ingestion for the public.

4.

CONCENTRATION LIMITS FOR LONG-LIVING NUCLEI IN SLB

The values of the concentration limits listed in Table 1 have been determined through calculations that describe different intrusion scenarios.

They take into account the external contamination produced by the
emission of gamma-rays from the waste and the internal contamination from
radioactive nuclei that - through the long-lasting action of tap water
and transport in the soil, enter into the food chain. It is highly
desirable that similar calculations be repeated for all the other interesting nuclides, so as to complete Table 1 with the values needed to
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determine the waste strategy of fusion reactor materials. Since these

values are, at present, lacking, an approximate procedure has been
devised to estimate the concentration limits for the interesting nuclei.

We consider only metallic wastes and we assume that the physical and
chemical parameters are the same for all the radioactive nuclides of
interest. The allowable concentration should depend mainly on three
parameters :
- the gamma source density S
- the biological hazard Y

- the half-life T.
Among the nuclides in the first part of Table 1, Nb94 is the only one
that emits gamma-rays. If the external contamination has not to exceed
that produced by the limiting concentration of Nb94, then the gamma source

density S (MeV/g.s) should not exceed the value produced by the limiting concentration for Nb94 (7.4-103 Bq/cm3). since this isotope emits
1.58 MeV per disintegration, assuming a material with the density of
steel we have the relation

S 4 1.5-103 MeV/g.s

S is computed considering the gamma-rays emitted by the nuclide and by
its descendants.
The biological hazard can be expressed in terms of the ALI (Annual
Limit of Intake) value. Since we are considering the possible ingestion
of nuclides by the public, we have to select the corresponding value
for the ALI /4/. Two quantities are of interest:

Y = C/ALI cm"3
H = C-T/ALI a/cm~3

C is the concentration of radioactivity in Bq/cm3, of the nuclide con-

sidered, T and ALI are the corresponding half-life (years) and annual
limit of intake (Bq).

Considering the values of H and Y for the limiting concentrations reported in Table 1, we note that these values could be approximately
determined by imposing that one or the other of the two following relations be satisfied:
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or

Y < .10 cnf-

or

H < 2.0-103 a/cm3

For nuclides with T > 500 a, it is irrelevant whether these quantities

are determined when the waste is put in the FR, or 500 years later. For
nuclides with T< 500 a, S and Y are determined at 500 years time, while
H is determined at time zero.
Another limit imposed to the initial concentration is:
C 4 2.6-108 Bq/cm3

if all the other restrictions are satisfied. This is the maximum value of
the concentration allowed according to Table 1, and could be related to

the operations of filling the repository.

The concentration limits computed according to these rules are given
in Table 2. It should be clear that these are only a tentative guess;

it is needed to provide preliminary information on the acceptability of
the waste produced by different materials in future fusion reactors.

TABLE 2 - Concentration limit proposed for long-living nuclei in SLB

Nuclide

C

l

C

2

Nuclide

BelO

1 105

(b) 2.6 108

Agl08m

A126

5 10 3

(a) 3.7 103

Snl21ra

Si32

1 10 6

(b) 2.2 107

Csl35

C136

1 10 5

SmlSl

Ar39

6 10 7

EulSO

Ar42

Tbl58

Ca41

2 .6 108
1 10 5

Ti44

1 107

Hfl78m

Mn53

1 106
5 10 3

Fe60

Hol66m
(b) 2.2 107

Irl92m

Kr81

1 10 5
1 10 7

Zr93

5 105

(b) 7.4 106

Mo 93

1 10 6

(b) 1.1 106

Se79

Rel86m

C

l

1 10 5
1 108

C

2

(a) 1.1 105

1 105
1 108
1 10 8
2 105
7 10 3
1 108

5 105
5 104
(b) 1.9 105

Bi208

1 10 5
5 10 3

Bi210m

2 10 4

(a) 7.4 104

Pb205

(a) 3.7 103

GI

Concentration limit (Bq/cm3) proposed in this work.

C2

Values proposed by other authors: (a) Ref./5/; (b) Ref./6/.
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Similar estimates have been performed by other authors for some nu-

clides /5,6/,- they are also given in Table 2, for comparison.

5.

THE REAC-ECN ACTIVATION CROSS SECTION LIBRARY

From the knowledge of the activation cross sections of the isotopes

and of the decay properties of the radioactive nuclides, it is possible
to predict the long-term behaviour of the radioactivity of an element
that has been irradiated in a component of a fusion reactor. In particular, it is possible to determine the maximum weight fraction (MWF) of

each element in a mixture, so that the post-service activity does not
exceed a given value.
The activation cross section data available in Ispra since the beginning of this year were not complete; data for many isotopes and elements were lacking, and activation calculations were possible only for

a limited set of elements. In particular, it was not possible to know
the effect of some tramp impurity elements such as Eu and Tb. To overcome this difficulty and fill the gap of lacking data, we asked the
collaboration of the ECN laboratory at Petten, who is in charge of the

management of the European Fusion File (EFF) and has the expertise in
the field of nuclear data evaluation. The work carried out in the frame
of a research contract /II/ has brought to a new activation cross section file, called REAC-ECN, obtained with a number of additions and

changes to the REAC library /12/. The new file contains data for all

stable nuclides and all unstable nuclides with T greater than one day.
More than 6000 reactions are taken into account.

6.

ELEMENT ACCEPTABILITY FOR RECYCLING AND SLB

With the help of the data described in the previous section, it is now

possible to determine the long-term behaviour of the radioactivity in

a material irradiated in a fusion reactor.
Let us suppose that a first wall made with pure Al is operated for a

total integral wall loading of 10 MWa/m^. We may compute the decay of
the accumulated radioactivity vs time and determine the contact dose
equivalent rate. The result shows that after a cooling time of 100 a,
it is more than three orders of magnitude larger than acceptable for
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recycling (according to the conditions defined in Section 2) and that
A126 produced by the reaction A127(n,2n) is the limiting nuclide. The

activity of this nuclide is also about hundred times larger than that

allowed for SLB. One can now determine the maximum allowable weight
fraction (MWF) of Al in the first wall so that recycling or SLB, respectively, be possible.
This calculation has been performed with the code ANITA /13/ for all the
stable elements, and the results are reported in Table 3.

It gives

for each element the maximum weight fraction (MWF) that could be

present in the new component, so that - after service in the first wall
i~\

for an equivalent life of 10 MWa/m

- the conditions for recycling (R)

or shallow land burial (SLB) are satisfied, respectively. The calculation
was done with the NET parameters for a blanket with 17Li83Pb as a

breeding material. MWF is expressed in weight percent (where indicated)
or in ppm (where not indicated) . The condition for R or SLB may be considered satisfied if, for the new material,
element

MWF

=

The sum extends to all the elements of the material except those for
which there are no restrictions (NR) . WF is the weight fraction of the

element in the material. The table reports, for comparison, also estimates from other authors /7,8,9,10/. The radioactive nuclides most res-

ponsible for limiting the allowed concentration are also indicated.

The calculation of the dose rates takes into account all the gamma-rays
and the X-rays with energy above 10 keV. In the case of beta decay with

no emission of gamma- and X-rays above 10 keV, bremsstrahlung radiation

is taken into account.
For a few elements there exist discrepancies between the result of this
and of other studies. In particular, for Ti, Co, Sn, Sb, Hf, Ta, W.
They should be mainly originated from differences in cross sections

and/or in the branching ratios; they also depend on differences in the
neutron spectrum assumed in the calculations.

The data listed in Table 3 have to be considered as a first approximation, useful to make selections and to orient the research on new ma-

terials in the direction of the low activation materials. For nearly
all the elements, the conditions for SLB are more relaxed than those
for R. There are a few exceptions such as N, S, Cl, Zn, Br: in these

elements, the long-living nuclides do not emit gamma- or X-rays.
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TABLE 3

Maximum weight fraction allowed in the FW to fulfill 2the requirements
for Recycling and SLB, after 10 MWa/m

RECYCLING

Element

LLN

MWF

MWF

1 H

NR

NR

2 He

NR

NR

3 Li

NR

NR

4 Be

NR

NR

5 B

NR

NR

6 C

NR

NR

7 N

NR

0.1%

8 0

NR

NR

9 F

NR

NR

10 Ne

NR

NR

1.1 Na

NR

NR

12 Mg

NR

100-500

A126

14 Si

20%

A126

15 P

NR

16 S

NR

MWF

C14

.1%

( 8)

30

( 10 )

.5%

(7^

A126

3.6%

NR
NR

36

17 Cl

5%

Cl

18 Ar

50

Ar39

19 K

100

Ar39

.1-1%

LLN

NR

13 AI

20 Ca

238

MWF

S L B

Ar39

9 1

.1-1%'

20%

Si32

1%

C136

.1%

Ar39

1-10 . 2 %
5%

UO)

1-5%

Ar 3 9
Ar39,Ca41

3( 9)

21 Sc

2%

Ar42

22 Ti

5-10%

Ar42

23 V

NR

NR

24 Cr

NR

NR

25 Mn

NR

NR

26 Fe

SR

10-10
NR
(9
>
NR
.1-1%

NR

( 7 )

NR
UO)

27 Co

5

C060

.1%

28 Ni

.1%

Co60

29 Cu

.1%

Co60

30 Zn

50%

Co60

.1-1%
10%
( 10 )
.5%
1%
(9
1-10%
10%

5%

Fe60

NR (7 ' 8

Ni59

2%

Ni63

.2%'

Ni63

( fl 1

(8 )

TABLE 3 ( c o n t . )

RECYCLING

Element

MWF

LLN

S L B
MWF

MWF

31 Ga

NR

NR

32 Ge

NR

NR

33 As

NR

NR

34 Se

1%

35 Br

5%

Se79

Kr81

3%

( 10 )

.1%

Se 79

3%

Se79

36 Kr

.1%

Kr85

( 10 )
10%
1001

37 Rb

1%

Kr85

1%

38 Sr

5%

Kr85

100%
0.1%

39 Y

NR
1-5%

Nb94

41 Nb

1

Nb94

( 10 )

.3%
(101

1

( 10 )

50

Nb94

100

44 Ru

1-5%

Mo93,Nb94

1.5%

45 Rh

NR
10-50

Agl08

47 Ag

.01

48 Cd

20

Agl08m
m
Agl08

49 In

NR

50 Sn

10-50

Sn

51 Sb

.1%

Snl2im

52 Te

5%

Snl2im,I129

53 I

NR

54 Xe

20%

10-50

Sr90

( 10 )

10%

Nb94,Zr93

10

Nb94

500

Nb94

10%

Tc 9 9, Mo 9 3

(7,8)
NR
( 8)

2

30

(7)

121m

6

(LO)

.5%

2
.01(10)
3(9)
10-10
.2%
(9)
1-10%' ' NR
(10)
1%

10% (9>

Agl08m
Agl08m
Agios

m

,_,m

1-5%

Snl21

50%

Snl21

.5*

1129

NR

(7)

m

NR

Bal33

10

Bal33

( 10)
20* '

20%

(10)

16

50%

( 9)
.1-1* '

NR

57 La

1-5%

Lal37

58 Ce

5%

Lal37,Bal33

59 Pr

NR

Csl35

NR

Bal33

Csl37

NR
NR

60 Nd

.1-. 5%

EulSO

62 Sm

10

63 Eu

.01

( 10)

5%

SrolSl

Eul54,152

60
( 10)

6

.2%

SmlSl

Eul50,152

.01

.1%

EulSO

10-50

Tbl58

2

Tbl58

°

(10)

64 Gd

1

Tbl58

20

65 Tb

.01

Tbl58

.01

(8)

.f>\

NR
m

46 Pd

56 Ba

Kr81

NR

42 Mo

100-500

MWF

NR

40 Zr

55 Cs

LLN
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TABLE 3 (cont.)
RECYCLING

Element

66 Dy

MWF

LLN

10-50

Tbl58

S L B

MWF

7(10)

m

67 Ho

.05

H0166

68 Er

1-10

Hol66

69 Tm

100

Hol66

70 Yb

. 5%

Hfl78m

m

.03

<10)

30(10)
,.(10)

65

10%

( 9)
( 9)

71 Lu

1

Hfl78m

10%

72 Hf

.1

Hfl78m

io% (9)

73 Ta

50

Hfl78m

NR

m

( 9)
(9)

74 W

.5%

Hfl78

75 Re

500

Rel86m

680*I0)

76 Os

1-5

Irl92m

10%

77 Ir

.1

Irl92m

.025(10)

78 Pt

50

Irl92m, Ptl93 80

79 Au

50%

Irl92m

80 Hg

NR

8l ri

NR

NR

(9 )

( 10 )

MWF

LLN

. 1-. 5%

Tbl58

1

Hol66

100

Hol66

.3%

riol66

MWF

m
m
m

NR

m

10%

Hf 178

.1%

Hfl78m

NR(7)
( 7)

NR'

NR
m

5-10-%

Rel86

. 1%

Rel86m

50-100

Irl92m

10

Irl92m

1%

Irl92m

NR(?>

NR
NR
NR

(9)

82 Pb

1-5%

Bi207

10%

83 Bi

1

Bi207

.1(10)

30-100%

Pb205

3%

100

Bi208, Bi210m

( 7 )'

Notes

MWF

is the maximum weight fraction of the element in a steel-like
material, to satisfy R(or SLB) requirements; units are ppm if not

otherwise specified.
NR no restriction apply for this element.

LLN indicates

the

.long

giving

nuclei

most

responsible

for

limitation.
MWF
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are the values computed by other authors; reference is given.

the

These data hold for the first wall which has suffered an integrated wall
•~\

loading of 10 MWa/m . They can be extrapolated to other values of the

integral wall loading or to other components. As the distance from the
first wall increases, the total neutron flux decreases rapidly and

the conditions for R and SLB are more relaxed.

7.

CRITICAL IMPURITY ELEMENTS

The results listed in Table 3 show that there are a few elements, the
presence of which should be avoided even at so low concentration levels
that they could be hardly detected. If the recycling condition should

be met for the first wall material, in the assumed conditions, then the

content of the following elements :
Ag, Eu, Tb, Ho, Ir
should be below or well below the level of the ppm.

There is not much

information available now on the presence of such elements in commercial
steels. There was no interest in considering impurity levels that do
not affect any relevant mechanical or physical property of the steel.
According to the data reported in /14/,

the best guess of the minimum

impurity level in materials produced in commercial quantities by present
industrial methods would be - for the elements listed above - the
values given in Table 4. Also given in this table are the levels per-

mitted for recycling and SLB.

The data reported

in Table 4 - although

approximate and subject to change - indicate that the presence of this
critical group of impurity elements does not allow recycling for what-

ever elementally taylored composition of steel. On the contrary, SLB

does not seem to be heavily affected.
The elements Europium, Terbium and Holmium belong to a group of elements known as Rare Earths, whose history starts in 1794,

when the

Finnish chemist Gadolin claimed the separation of Yttrium oxide from

a Swedish mineral. It was later accepted that the oxide was a mixture
of all the Rare Earths oxides. The Rare Earths are actually more abundant than was previously thought; their abundance in the Earth crust
ranges between 0.3 g/t (Tm) and 44 g/t (Ce);

the group altogether is

more abundant than more familiar elements such as lead and tin.
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TABLE 4 - Best guess of minimum impurity level in materials produced
in commercial quantities by present industrial methods /14/,
vs permitted level (ppm) for recycling and SLB
Critical

elements

Best guess

Permitted level for
R

SLB

Ag

0.5

0.01

2

Eu

0.2

0.01

1000

Tb

0.5

0.01

2

HO

7

0.05

1

Ir

0.1

0.1

10

8.

GENERAL REMARKS AND CONCLUSION

The two concepts of recycling and SLB have been applied to measure the

long-term radioactive behaviour of fusion reactor materials. There are
important qualitative differences between the two concepts that should
be stressed.
The capability of recycling components of fusion reactors is essentially

an economic issue. It is not evident at present whether it will be
more expensive to recycle old material or to produce new material.
Recycling should be more attractive and more feasible for the outer
components such as the shield and the toroidal field coils, which have

larger size, mass and cost, and lower activation level. There is no
reason to consider recycling of the first wall as a critical issue.

The results of this study show that the presence of impurities will
very likely not permit recycling for whatever steel in the first wall
and blanket. The inner shield material could be recycled if the com-

position is optimized, while the outer shield material could be recycled also in the case of AISI-316. It seems that there is very little
interest in developing elementally taylored steels for the purpose of

recycling.

A reliable solution of the waste problem would increase the safety,
reduce the environmental impact and improve public acceptance of fusion
technology. This goal should be pursued for all components of the reactor, including the first wall. AISI-316 as a first wall material would

not be suitable for SLB, but an optimized material could be.

242

The development of low-activation materials for future fusion reactors
should be directed to the use of the elements that allow SLB. To proceed in this direction, we need to improve our knowledge in different
fields and in particular: the level of critical impurities in raw materials and in the steels derived from them/ the accuracy of the cross
sections for some important activation reactions, the acceptable concentration of long-living nuclei in SLB.
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FUSION REACTOR WASTES: TECHNICAL
AND RADIOLOGICAL ASPECTS FOR THE
MANAGEMENT OF WASTES FROM NET
AND A COMMERCIAL REACTOR
P. GUETAT
Département de protection technique,
CEA, Institut de protection
et de sûreté nucléaire,
Fontenay-aux-Roses, France
Abstract

Fusion waste studies have been pursued since 1983 in the irauiework rf
the European fusion technology programme. Both the NET II1A design and a
hypothetical commercial fusion reactor extrapolated from NE1 II1A have beer
considered. Wastes are described and classified and comparisons made w i t h
the different wastes of PWR's. Regulations, recommendations, safety
objectives for workers, transport and long-term reuse have been taken into
account.
Studies of NET steel (AISI 316 with normal levels of impurity)
demonstrate that after one minute's operation, highly active waste will be
produced requiring special handling precautions and that after five da\ ' s
operation, wastes produced by the first wall will have to be considered as
HLW as far as long term safety is concerned, unless steel impurities are
somehow reduced.
Assuming that NET is shut-down after 3 full years operation and
dismantled after a short cooling period, first wall wastes will then have
to be managed in the same way as spent PWR fuel wastes.
Less irradiated parts of fusion reactors may be compared with
irradiated PWR structures, and particularly the inner part of the shielding
of the the inner pressure vessel.
An evaluation of the quantities of HLW involved suggest that
improved steel composition, and the use of less activable alloys could have
a very favourable impact on waste management.
Two kinds of questions can at present be asked about fusion reactor
wastes :
As far as the NET reactor is concerned :
- how can wastes be handled in the plant ? are special equipment and
and handling procedures required inside the plant before evacuation
of waste ? will constraints be due to H or activation products ?
- will HLW problems be solved in the period between the construction.
of NET and the first commercial Tokamak reactor ?
Only some of the information required to answer the above questions is
currently available. Detritiation is currently being investigated and scire
experimental results on melting treatments are presented. This last
treatment is useful for other applications in this field and has more and
more chance of being adopted. A series of different treatments and
operations is described.
Two
solutions already
exist, based
on
current
technological
competence, for long term wastes : geological disposal (similar to that
already used for PWR's) and sea dumping after storage (very interesting for
HLW fusion wastes).
Present competence on the laboratory scale combined with the
projection of the results of theoretical studies into the future, suggest
that the potential hazards of wastes will be reduced to negligible levels
within human lifetime.
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Studies t'i reactor wastes have been pursued in France since 1983 (1)
(2) in t\ t- framework of the European fusion technology programme. A
considerable amcunt of caution must he exercised in interpret Jng the
results obtained as developments in fusion machine technology rapidly
modify successive NET designs. The extrapolation of NET data to a
c orin.ercial reactor is only valid if NET is considered as a prototype.

The NET IIT.A configurât Jen reactor is considered here together with a
hypothetical commercial ietu tor which is a simple extrapolation of NET. Tvo
sets of data (3) (4) exist for these reactors. It is recalled that an
energy fluence rate of 0.95 MW/m2 and a thermal power of 740 MWt have been
used for NET. A fluenoe rate of 1.78 MW/m2 and a power of 3520 MWt have
been used for the coinrercial reactor.

As the materials used to construct these reactors become radioactive
through actjvation, the nature and composition of the alloys employed are
of fundamental importance.

It now seems an accepted fact that NET will be constructed with AIS1
316 steel. The major elements composing Ibis steel are well known. However,
impurity contents may vary considerably from one batch to another, due not
only to the different origins of the const 1 tuent metals but also to
differences in the manufacturing procedures employed.
Our work involves analysing production and the different management
scenarios that can be envisaged in today's context, i.e. using realistic
ci;itr» corresponding to measurements on industrial quantities of steel
txposed to similar environments and attempting to classify wastes from the
following points of view : national regulations, recommendations, safety
objectives for workers, transpoit and long term recycling of materials.
Waste management begins as soon as parts leave the reactor building and
answers nust be given to the following questions :
- when does NET really begin to produce wastes ?

- at what rate are these wastes produced ?

- is it necessary to envisage special treatments and shielding
together with a preliminary on-site storage period before disposal
elsewhere ; from a practical point of view, will it be necessary to
construct special buildings, hot cells, dismantling facilities
inside the plant ? how will wastes he handled ?
- what limits does the presence of tritium impose and what
restrictions do activation products impose ?
After this first stage during which waste management is directly
related to reactor operation, and during which waste production may affect
the reactor's lead factor, further problems related to the final
destination of wastes will no doubt arise.
Various criteria can be used to define a management strategy. Criteria
such as total activity and biological hazard index have however been
excluded as they are not satisfactory from a health physics point of view
and rannot lead to useful interpretations of the calculations performed.
Considerable use is made of comparisons with wastes form PWR reactors for
which waste classification and waste management policies are well advanced.
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E f f e c t s due to the nature of the m a t t - r i a l s used
Table 1 shows the* macroélément and main t r a c e element c o n t e n t s of PWR
steels, AISI 316 steel and OPSTAB (a low activable stee] ( 5 ) ) and gives the
tnair short and lon^ term activation pie-ducts.
ATST 316 is one ot a series of nitrogen controlled mi.^tenitic
stainless s t e e l s used for PWR vessel i n t e r n a l s and extrudt<1 p r i m a r y t u b i n g .
It is today possible to m a n u f a c t u r e steels of t h i s type ( f o i use in
high neutron t l u x environments) on an i n d u s t r i a l scale.
OPSTAK steel (nowadays m a n u f a c t u r e d on a l a b o r a t o r y s e u l e ) has reduced
cobalt, niobium and molybdenum cor t e n t s .
lable 1 : Comparison between the macroelement and trace element contents of IVR s t e e l s ,
AISI 316 steel and a laboratory steel (OPSTAB) and tlif m a i n characteristic;- of
the corresponding niain a c t i v a t i o n p r o d u c t s .
PWR (10)

min

AISI 316

OPTSTAB

max
(4)

Main

Half-life

Contact dose
equivalent factor (\ X1)
-1-1
Sv.h .Bq ,g

radtonuclides

(years)

Co 60

5.27

5.4 E-7

(13) (5)

Co

1.1 E2

2.5 E3

2.5 E3

5 E2

Fe

6 E5

9.7 E5

6.5 E5

6.3 E5

6.9 E5

Hn 54

0.85

1.8 E-7

Nb

1 E2

9 E3

5 E2

2 E-l

Nb 94

2 E4

3.5 E-7

Ho

5 E2

4 E4

2 E4

50

3.5 E3

1.2 E-9

Ag

1

1

127

3.3 E-7

13.33
8.8
5.7 E3

2.5 E-7

Eu

1

N

4 E2

0*
2.5 E4

10

-

5 E-l

-

2 E-l

7 E2

1 E2

3 E3

Mo 93 - Nb 93m
(Nb 94)
Ag 108m
Eu 152
Eu 154
C 14

3 E-7
~

* c o n t e n t s assumed to be s u f f i c i e n t l y low for o t h e r a c t i v a t i o n r e a c t i o n s to d o m i n a t e

Table 2 shows the effects of stee] composition on activatior. In the
short term, after very short half-life products have disappeared, the
contact dose equivalent rate results fiom equivalent quantities of Co 60
and Mn 54.
The contact dose equivalent rate due to Mn 54 exceeds 1000 Sv.h
;it
shutdown, irrespective of the cobalt content, as Mn 54 is principally
produced by iron activation. After about ] 00 years, dose equivalent rates
are due to Nb 94 and Ag 108m. Reducing the niobium contents only enables a
reduction by a factor of 6 to be obtained, Ap, 108m becoriing the Uniting
nuclifle. The presence in conventional nuclear steels of these four
radionuclides with
their relatively
long half-lives makes OPSTAB
particularly useful for the 10 to 70 years period during which the dose
equivalent rate is much lower. After a few hundred years when the Ag 108rn
has decayed, OPSTAB again exhibits a dose equivalent rate much lower than
that of other steels. This latter advantage must be consideicd chiefly from
the psychological impact point of view as problems related to the disposal
of wastes will have to be solved in the coming hundred years.

Other steels and alloys are currently being investigated. The studies
already undertaken will be long to complete. New steels currently
manufactured on a laboratory scale do not present characteristics very
different from those already available.
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T a b l e ? : Co 60, Mn 54 and long-lived radionuclides of AIST 316 and OPTSTAB
s t e e l s fron. tre f i r s t w a l l a f t e r 3 f u i ] years i r r a d i a t i o n , am! c o n t a c t
dosf e q u i v a l e n t s at shutdown and a f t e r 100 years

Specific activity

(Bq.g
OPTSTAB

Contact dose equivalent rate Sv.h

at shutdown

)
AISI 316

Co 60

] .6 E7

4 E9

Mn SU

1 .4 E10

1.4 E10
from :

Nb 94

3 .8 E2

No
At
Eu
Eu

3.4 E3
8 E4

8.4 E5
8 E4

1 E5
1 E5

6 E5
b E5

93*
308m
152
154

Nb93 :

OPTSTAB

2.2 E3

2.5 E3

2.5 F3

E
2.6 E-2
3.2 E-2

7 E-2
2.4 E-3
1 E-3
2.6 E-2
0.15

3.9 E-2

0.18

2.5 E3

4.7 E3

2 E5

100 years (cooling time)
OPTSTAB

AISI 316

8.6

others: 7 E3

lotal

at

-1

AISI 316

] .7 E-5

4 E-3

6.3 E-5

7 E-2

e

1 E-3

3.5 E-2

L

1.5 E-2

8 E-4

e

e

1 .5 E-2

9 E-2

Mu 93 - Nb 93n t qui 1ibrium is considered

The p r o d u c t i o n of wastes by NET

As soor as NET b e g i n s to o p e r a t e , a c t i v â t j'en p r o d u c t s will be formed.
between a c t i v a t i o n and r a d i o a c t i v e dcc?y wi] 1 depend on the
h a l f - l i v e s of the. nuclides c o n c e r n e d , 95 % of the limiting a c t i v i t y being
reached a i t e r 6 h a l f - l i v e s .
EquilIbria

T a b l e 3 gives the contact dose equivalent rate (y, X) a f t e r the f i r s t
wall has been i r r a d i a t e d for a period r a n g i n g from one second to one hour
and a f t e r c o o l i n g times ranging from one minute to one month. Cooling times
can h a r d l y exceed one week front a p r a c t i c a l point of view ; a f t e r one
m i n u t e ' s o p e r a t i o n NET will t h e r e f o r e produce wastes r e q u i r i n g special
h a n d l i n g f a c i l i t i e s even a f t e r a cooling p e r i o d of 10 days.

Table 3 : Contact dose e q u i v a l e n t rates ( S v . h ) for d i f f e r e n t exposuie
times and d i f f e r e n t cooling times

Cooling

a few ran
1 day
10 days
1 month
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First wall exposure time

3 s

30 s

1 El
6 E-3
9 E-4

5 E2
2 E-l
3 E-2

1 mn
1
5
5
4.9

E3
E-l
E-2
E-2

1 h
] E4
3 E2
3
2.6

Table 4 shows the residual dose rate and Nb 94 activity after very
long periods of time for irradiations ranging from 10 days to 3 years.
U.S regulations, for example, Unit to 0.2 Ci.m 3 the maximum Nb 94
activity for class C surface disposal, (value corresponding to = 1C3 Bq/g).
This value if. obtained after only five days full power operation. Wastes
for which surface disposal will not be allowed could therefore be produced
after one year's operation.

Table 4 : Long term contact dose for steel from the first wall
as a function of exposure time

Exposures
times

Cooling
period

Main nuclide contents Bq.g

10 days
100 days

2 E3
2 E4
2 E5

3 years

10 days
100 days

following
centuries

Contact dose

équivalent rate
Nb 94 Ag 108m

100 years

-1

5 E2
5 E3
5 E4

Eu 152

Eu 154

3 El
3 E2
3 E3

2
2 El
2 E3

2 E3

2 E4

e

e

e

2 E5

3 yeais

mSv.h

0.9
9
90
0.7
7
70

e : negligible

Wastes from NET after 3 year's operation at full power
Various criteria can be used to classify the waste for the short term :
Transport regulations (6) car. be used to classify wastes according to
the type of container required ; table 5 gives specific activity limits for
three important radionuclides. It is shown that after reactor shutdown,
wastes from the first wall and blanket will have high specific activities
and must therefore be. transported in type B containers.
Table 5 : Specific activity limits LAS for Co 60, Mn 54 and Fe 55
and specific activities of the first wall and blanket

A

2

TBq

Co 60
Mn 54
Fe 55

0.4
1
40

LSA

2

limit

-1
Bq.g
4 E7
1 E8
4 E9

LSA

limit

_.,_

Rq.g
8 E8
2 E9
8 E10

Fiist wall

activity

Bq.g
3 F.9 to 5 E9
2.4 E10 to 4 E10
7 E10 to 1 Ell

Blanket
activity
Bq.g

1.5 E9
3.4 E9
1.3 E10

Table 6 shows the maximum transversal cross sections of wastes that
can be transported in an industrial container respecting the 10 mSv.h
limit at 3 m. It will not therefore be possible to transport the inner part
of the shielding wall in an industrial container even though the specific
activity of the waste does not exceed the regulatory activity limits.
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Table 6 : Maximal transversal cross-section of wastes
consistent with a 10 mSv.h
dose equivalent rate at 3 m
(only Co 60 and Mn 54 have been considered)

Maximum surface area of wastes (cm2)

. Shielding
inner part
outer part
. Coil structure

inside

outside

60
2500

220
10.000

Infinite

infinite

Comparisons can also be made with various fission reactor components.
A comparison is given in table 7 between PWR irradiated fuel elements
and f i r s t wall and blanket wastes in the form of steel ingots having
exactly the same dimensions. Though these wastes have little in ccniron
(history, nature, and radionucl ides contained), c c t ' t n r t dose equivalent
rates and thermal powers are very similar.

Table 7 : Comparison between a fuel element and a steel ingot from a fusion

reactor having the same dimensions : 365 x 21.4 x 21.4 cm
Cooling times

Contact dose rate

(Gy.h

First wall Blanket
1 d

iy
3y
5y
10 y

kW/element

)

or per ingot
PWR

2.2 E4
5.9 E3
2.6 E3

2 E3
1.3 E3

2.3 E3

8.3 E2

2.6 E2

4.6 E2
2.3 E2

First wall

Blanket

PWR

20
5.4
2.3

3.7
1.2

4.8

.75

.23

0.93
0.55

Current thermal power limits for transport ca^ks limit the thermal
power dissipation per assembly to about 7.5 kW ( 7 ) . A preliminary storage
may therefore be necessary before these w a s t e s can be transported.
In table 8 the inner part of the shielding is compared with a PWR
inner part vessel ( l a t e r a l faces). No decisions have, as y e t , been taken on
what is to be done with PWR reactor vessels.
Fusion waste can also be classified with the

1970 IAEA standard (8)

defining three categories of waste corresponding to d i f f e r e n t dose rates.
Apart from

the coil and coil structures, all

restrictive category.
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wastes fall

into the most

Table 8 : Comparison between the specific activities (Bq.g ) of

the main short half-life radionuclides of the shielding wall of
a fusion reactor nnd those of the inner wall of a PWR reactor vessel

Shielding (Inner)
AISI 316
inner part

Mn
Fe
Co
Ni

54
55
60
63

9
5
3
5

E7
E8
E8
E6

PWR reactor vessel
63 % Fe, 1? % Ni, 23 % Cr

outer part

3 E6
1 F7

negligible in comparison with Co 60
4 F7

5 F7
2 E6

6 F,6
6 E4

A different classification could be adopted for the long term disposal
of wastes. To our knowledge it is only in US regulations (9) that limits
are defined foi long-lived ÉY radionuclides (table 9) and these regulations
do not enable the first wall and blanket to be disposed of as type C
wastes in shallow land burial site.

Table 9 : Specific activities of first wall and blanket and the
l).S regulations for type C surface disposal (Bq.g )

U.S
regulations
Nb 94
Tc 99
C 14

9.4 F?
1.4 E4
3.7 E5

First wall

3 E5
3 F4
1 E6

Blanket

3 E4
1 E4
3 E5

Blanket
(casing)
1 E3
1 E3
-

Shielding
(inner)
1 E2
-

In the NEA report (10) on long-term radiation protection objectives
for radioactive waste disposal it is stated that scenarios corresponding to
persistent exposure must not lead to annual individual dose equivalents
greater than 1 mSv. Under this condition most of the protection shielding
might be disposed of Jr. a shallow land disposal.
Af. far as objectives related to the unrestricted recycle of materials
from the nuclear industry are concerned (]?)_, it is nowadays envisaged on
an international level to adopt a value of 10
Sv/year. Tf this dose level
is to be respected, no part of the shielding wall will fall into the
unrestricted recyclable category. Table 10 gives the dose to the public for
the most restrictive scenario.
It is obvious from these discussions on possible ways of classifying
wastes that the first wall and blanket must be considered as high activity
wastes from both the short and long term points of view. The shielding case
is less clear and will depend on the standards for long-lived ß and y
nuclides adopted by the various countries concerned. In the very short term
such wastes must be handled in practically the same way as high specific
activity wastes. In the long term, surface or sub-surface disposal might be
possible at sites where intrusion and recovery of such steel could he
precluded. It is not considered at present likely that the shielding could
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Table 10 : Consequences of recycling metallic wastes in tht> automobile
industry at some time in the distant future : exposure of taxi driver
Dose equivalent
rate in an automobile
(Sv.h .Bq .g)

Annual dose equivalent (Sv.y )
for a taxi driver driving y véhicule made
from steel having the following origin :
First
wall

Nb 94
Ag 108m
(after 100
years)

3.1 E-9

1

3.2 E-9

0.2

Blanket
unit box
0.?

6 E-3

inner
shielding
2 E-3

outer
shielding
2 E-5

evei" be considered for unrestricted recycle. The presence of niobium in the
coils will rot facilitate waste management ; apart from this aspect, coils
and coi] structurée are not expected to cause any particular problems.
The lithium-lead blanket will not be a high activity waste just after
reactor shutdown. The contact dose rate from this blanket will decay
rapidly with time and evidence exists that after a few years the activity
of this waste is due to steel corrosion products. Moreover, the rapid decay
of LiPb makes its recycling in another reactor an interesting proposition
from the waste management point of view ; LiPb should therefore be
separated from steel.

Quantities of wastes
commercial reactors

produced

by

NET

reactors

and

the

corresponding

The quantities of waste produced will depend direct]y on the rate at
which walls are replaced and the volumes and masses of the reactors. Data
corresponding to successive configurations vary considerably. We have
considered data from references (3) ard (4).
Estimations are given in table J] of the volumes of wastes produced
before treatment and after transformation into ingots, comparison being
made with irradiated fuel from a 1300 MWe PWR.
This comparison shows that much greater volumes of wastes will have to
be managed inside nuclear fusion reactor plants whatever n.stmmptions are
made, even if volumes are greatly reduced through on-site processing.

Tritium in wast es from fusion reactcrs
Tritium is the least toxic radionuclide but also the most mobile.
Because of these characteristics, dispersion in the atmosphere or sea has
been envisaged and disposal in containers on a site is not recommended. The
most satisfactory way of solving the tritium problem would be the
development of a waste processing procedure in which tritium could be.
recovered. This solution would be particularly appropriate for highly
tritiated wastes (12).
Figure 1 shows the results of some detritiating experiments in which
high tritium activity steel parts are heated up to 800°C under vacuum.
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Table 11 : Comparison between the annual product for cf high activity wasti-;,
(mVyeat) for 1300 MW PWR, NET 1I1A aiul the first commercial
reactor using data from references (3) and (4)
PWR

fuel element (1/3)*

11
in place

after melting

NET I HA 04/1985
(load factor : 25 %)
11
144
155

first wall (1/2)
blanket (1/2)
Total
NET IIIA

7
r?
24

09/1965

segments (1/2)

344

22

reai clement not included
in place

after melting

FCTR 04/1985

14
263

first wallO/4)
blanket (1/4)
(1/20)
Total

14

99
31

52
66

277

40

6
15

FCTR 09/1985

segments (1/4)

263

segments (1/20)

52

first wall
blanket
rear element
Total

5.5
32.7
39.7
78

16

* replacement rate between brackets (1/2 = once every two years'!

dpcrmtamination f a c t o r

0.664

Fd = 4 . 1 8 Ai
r = 0.37

1000

100

10

.

Ci.t"
10

100

1000

10.000

Figure 1 : D e t r i t i a t i o n f a c t o r for s t e e l
v e r s u s i n i t i a l a c t i v i t y of the w a s t e s
t h e r m a l t r e a t m e n t 800°C u n d e r vaccum
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Experiments performed in 1986 at 1400°C under vacuum (in the molten state)
^T »lured identical results. The detritiation efficiency increases vith
initial activity ; the residual activity is a few tens of gigabecque.rels
per tonne. This technique appears to be very promising.
Special attention should be given to low and medium activity tritiated
wastes which will be produced in large quantities through various
technological processes and in the dismantling of facilities other than the
reactor. In such cases, tritium could be more problematic- than other
radionuol1 des. Sea dumping might prove to be a good solution.
Management strategy

It if still commonly believed that fusion reactors do not produce
wastes. Although the development of alloys to reduce the long term waste
probier has a certain priority, the main objective of the NET programme is
to develop an operational reactor to get experience that will be used for
the construction of a commercial reactor. In consequence, it is highly
probable that high activity wastes will be pTodured and it is necessary to
develop appropriate management strategies.
Calculated dose rates f.how that even after a few minute's operation it
will be necessary to robotize the replacement of ery defectuous parts. This
is a particular important aspect of fusion reactors.
It is logical to couple dismantling operations (separation of LiPb,
cutting) with maintenance and to use a furnace inside a hot cell housed in
the reactoj plant. The furnace allows the standardization of the wastes,
their volume reduction and their detritiation. The ingots produced could be
stored for decay during a preliminary period (probably in a storage pool)
before being transported to their definitive disposal.
Because of the robotized lu'lerials and the dismantling-detritiating
melting needed for normal reactor operation, there are not big differences
between operational activities and final dismantling. Fusion plants could
thus be dismantled very soon after reactor shutdown.
Two alternative long term solutions exist for high activity wastes :
terrestrial disposal and seabed disposal after a preliminary terrestrial
storage.

The short-lived radionuclides encountered in fusion wastes makes them
very different from fission wastes. Several hundred years are necessary
before Cs ]37 fiom PWR spent fuel elements decays to acceptable levels,
whereas Co 60 from fusion reactors can be neglected after 70 years, period
after which long half-life radionuclides become dominant.
The évertuai transport through groundwater of long-lived radionuclides
fron the first wall waste has been studied in the case of a shallow land
disposal (1). The site is assumed to be located near a small stream. The
doses are due to the use of this water ; the main radionuclides are No 93 +
Nb 93m and C 14. The calculation shows that shallow land disposal at sites
where infiltrated and contaminated waters are directly diluted in streams,
rivers or even the sea can be considered as suitable for definitive
disposal.
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It is therefore possible to dispose ot fusion wastes poi e easily thar
fission wastes provided that intrusiori into disposa] sites can be pi evented
over a period of several decides and that unrest rid e-c use of fusion waste;.
can be avoided for several centuries .
Seabed (liîjpesal could prove to be an even better propos"! ti CT. . After a
storage period of over 70 years short lived radioruclides wculc' disappear
and external dose rates would become relatively low. Sucb wastes could be
melted into shapes that would pénétrât <• easily into argillaceous, sea
sediments. This solution resolves problems- such as intrusion into disposal
sites and the possible recycling of wastes. Furthermore, the dilution powei
of the sea is amply sufficient lor rhe rase of raclionuclides rnigr.u ; i-g up
to the surface of the sea sediments.

I.I. i s emphasized that the specific activity of ß and y emitters with
half-lives exceeding 0.5 year decays to a value just above 2.10
TBq.kp
which is the IAEA limit for sea dumping. Seabed disposal allowing rurh
higher activities would reduce or suppress the storage times.
Current industrial data tbow that the management of high specific
activity wastes should not penalize the development of fusion enet^y.
Comparisons between fusion and fission reactor wastes show that fusion
wastes are to some extent less difficult to deal with ; however the volumes
of waste generated could be troublesome, specially if the wotMng lifetimes
of the first wall and blanket are short.

Conclusions
The most important problems connected with waste management concern
what should be done in the short term and bow waste should be extracted,
handled and processed inside reactor plant t. This is the most sensitive
phase of the waste elimination programme.

Solutions are available to the technical problems of very long term
disposal ; however many of the problems raised are of a psychological
nature.
Research into new steels has shown that it is possible to reduce the
fast decay time components significantly by limiting the amount of cobalt.
Even if metallurgical constraints (purificption) and certain physical
properties (magnetism, corrosion, tritium permeation...) do not enable the
presence of long half-life radionuclides to be reduced to negligible
levels, the fact that low cobalt content steels are being developed casts a
very favorable light on the futuie of fusion reactors : in ?< single decade,
it should be possible to perform overall management of all fusion wastes.
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Abstract

Process routes are outlined for conversion of active reactor steel scrap to
feedstock for the production of new components, with the requirement that
the amount of activity leaving the fusion system be minimised.
The
proposed route comprises vacuum induction melting followed by continuous
casting or powder production and compaction using isostatic techniques. It
is considered that reprocessing is feasible provided the contact dose rate
of the material is below 25mSvh~ . A storage time of about 70y would be
required for low-activation steels of currently anticipated compositions to
attain this value.
Potentially active wastes will be generated at all
stages, some of these can be recycled to the melting unit whilst others
will require disposal. The fraction of the initial radioactivity retained
in the recycled material varies from about 80 to 95%, depending on the
starting composition and the extent to which transmutation-induced changes
may need to be compensated during remelting.

1.

INTRODUCTION

The limited service lives foreseen for power reactor first wall/blanket
structures imply a considerable output of activated radiation-damaged
material.
If, for example, the present UK electricity demand of
250 TWhr/annum was entirely met by fusion reactors using steel as the
structural material then the rate of structural waste generation could be
around 105t per annum. The creation of structural waste, in the form of
highly refined nuclear grade material, on such a scale justifies attempts
to develop waste management scenarios based on the re-use of discarded
material within the fusion cycle as an alternative to permanent disposal.
The essential features of the waste management strategy considered in this
paper are:

1.

The selection or development of a structural material exhibiting
acceptably low levels of induced activity after the shortest post-use
storage, consistent with the material possessing the required
engineering properties and capable of being manufactured from viable
raw material sources.
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2.

Reclamation of the material for fabrication of new reactor components
by a route that minimises the discharge of active waste to the
environment.

The aim in this scenario is to retain most of the activity within the
material, which is returned to reactors in the form of replacement, though
still active, components, thus avoiding the problems associated with large
scale permanent disposal and also the wastage of expensive and possibly
scarce materials. It is quite likely that the development of fusion power
to the stage at which it became a major source of energy would be
accompanied by a parallel development of specialised materials for reactor
construction.
It might be possible, for example, to exploit the higher
temperature capabilities, potentially longer service lives and lower
residual activities offered by certain vanadium alloys and ceramics. At
this point, however, the development of such materials is at a very early
stage and it is not possible to anticipate what novel materials might be
available in the long term.
It is likely that near-term fusion reactors will be constructed from
already-existing materials such as stainless steels, for which there is a
relatively broad data base and a well-established industrial manufacturing
capability.
Steels have serious limitations as first wall/blanket
materials for power reactors and would probably be supplanted in the longer
term by novel materials, though they may still find use for less-demanding
reactor components, such as vacuum vessels, shields and ducts.
Having
noted the above reservations, the present paper considers the treatment of
a number of stainless steels for potential fusion applications.

The structural damage occurring during service cannot be remedied merely by
heat treatment of the reactor components and it will be necessary to
reclaim the material by remelting, followed by conversion of the liquid
steel into a product form suitable for fabrication of new components.
Broadly, there are three possible approaches to the recycling process:
(a)

Storage for a time sufficient to permit conventional reprocessing
of the components.

(b)

Remelting of active material under conditions that allow the
removal of some of the active species present, with condensation
of these species into a convenient form for storage or disposal
and reprocessing of the bulk after any necessary hold period.

(c)

Remelting of active material under conditions that retain as much
of the activity as possible within the recycled material.

The last of these approaches, if practicable, has the attractions that both
the material cycling time and the activity leaving the fusion system are
minimised. The present paper therefore concentrates on the feasibility of
this route.
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2.

COMPOSITIONS AND ACTIVITIES OF SCRAP MATERIALS

The nominal compositions of four types of steel considered as potential
reactor materials are given in Table 1.
In addition to the elements
forming the intended constituents of the steels there will be a wide range
of elements present at variable concentrations as unavoidable impurities,
some of which can exert a profound effect on the activation behaviour of
the material.
An estimate has been made of the purity
achievable in low-activation steels, assuming careful selection of the
starting materials and optimisation of the steelmaking processes to reduce
contamination
and
the
concentrations
of
radiologically-undesirable
elements. In Table 2 relevant elements have been classified in terms of
their behaviour during steelmaking. Class I elements are primary alloying
additions and are innocuous for the induced activity. Normal steelmaking
practice would seek to obtain maximum recovery of the element charged to
the furnace.
Class II elements are those that should be kept at low

TABLE 1

Nominal compositions of steels for reprocessing, wt.Z

C

Mn

SI

Cr

LA 7

0.15

0.«

0.75

11.0

FV448

0.15

0.4

0.75

11.0

OPTSTAB

0.08

0.875

Type 316

0.03

0.5

Mo

Nl

3.0

0.65

0.75

H.5

11.5

1.8

17.5

U

Nb

T«

0.25

0.25

2.0

2.5

V

N

0.06

0.3

0.06

1.25

0.3

type of steel

low-actlvatlon
martensltlc
stainless steel
commercial type
martensltlc

low-actlvatlon
austenltlc
stainless steel
commercial
austenltic

12

stainless steel

TABLE 2

Class

Elements of Importance when melting 'low-actlvatlon' alloys and their ease of
removal by oxidation during steelmaking

Type of element

elements added intentionally to 'LA'
obtain desired properties
II

III

alloys to

undesirable elements* that oxidise readily in
steelmaking and whose content can be reduced

undesirable elements* that do not oxidise In
steelmaking and remain in the raelt, control
of which is only possible by charge selection

Fe, C, W, V+. Mn+,

Si, Ta, N, Cr

AI, Ca, Tl, ZT, Cd, Nb, K, Eu,
Tb, Dy, Er, Tu, Th, U, Ba, Sc, Sr
Cu, Nl, Sn, Mo, Bl, Ag, Ir, Cd,
Re, Co

* any element with an acceptability level typically below 0.1Z
+ V and Mn contents, which may increase due to transmutation, can be reduced by oxidation
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concentrations but are removable by the steelmaking process.
Class III
elements are the intractable impurities, detrimental for the residual
activity and difficult or impossible to remove by current processes below
the levels present in the starting material.
The activation and transmutation behaviours of the selected steels were
calculated using the modified ORIGEN code and the UKCTRIIIA library
supplemented by recent data of Giancarli [lj- Continuous exposure to a
first wall neutron power flux of 5MWm~2 for 2.5y in CCTRII was assumed. The
post-irradiation dose rate decay characteristics are shown in Fig.l, while
the activity contributions from the anticipated impurities are listed in
Table 3. The curves for the idealised impurity-free low-activation steels
LA7 and OPTSTAB show that, on the basis of the contact dose rate, these
materials would permit 'hands on1 recycling to be considered after a
cooling time of about lOOy.
Since they would still contain long-lived
species such as
C and
Mn, a full radiological protection regime would
be needed to prevent potential internal dosage to plant operators.
In the case of low-activation steels containing impurities at the lowest
currently-anticipated levels, the dose rates decay relatively slowly after
70y and do not reach the notional 'hands on' level of ZSjiSvh"1 within a
reasonable time.
It may be noted that, while the assumed impurities
dominate the dose rate after about 80y, they do not markedly affect the
total activity, which tends to be dominated by the contributions from the
intended constituents.
3.

RADIOLOGICAL CONSIDERATIONS

The "hands on' concept has already been mentioned as a criterion for the
handlability of radioactive materials and it signifies a surface dose rate
equivalent of 25p.Svh , at which a classified radiation worker could
operate a 40h week for 50 weeks a year without exceeding an annual dose
limit of 50mSv. The above 'hands on' level is a useful reference value,
though in practice current regulations would preclude continuous work in
proximity to material giving dose rates as high as 25uSvh~1. In any case
the presence of impurity elements in the low-activation steels will prevent
even this value being reached within an acceptable cooling time and it will
therefore be necessary to reprocess scrap material using remote handling
methods.

At present, 25mSvh~1 is the arbitrary dose rate level much above which the
operations involved in steel processing are judged to be impractical. With
the assumed impurity contents the LA7 and OPTSTAB compositions have a clear
advantage over conventional steels in that their contact dose rates attain
values below 25mSvh~1 after a storage time of about 70y. The conventional
steels would require indefinitely long storage to attain this value.
All plant used for fusion waste processing would be housed in 'controlled
areas', to which only classified radiation workers undertaking specific
tasks have entry. Entry Is assumed only for maintenance in the absence of

the recycled material. The presence of secondary waste debris and dusts
would constitute an internal radiation hazard and the areas would require
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Fig.l Dose rate decay curves for the selected steels following 2.5y
exposure to 5MWm~2 neutron flux in CCTRII.
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TABLF 3

I m p u r I ty

element

A c t i v i t y contributions from the anticipated Impurities in steel at lOOy after service

lowest

specific a c t i v i t y remaining

nuc 1 Ide

half life

estimated

at lOOy s t o r a g e a f t e r

product

(years)

presence

(ppm)

2 . 5y exposure to 5MVm"^
<Bqkg-l)

Cu

20

7.2xl07

63

Sn

10

S.lxlO6

121m,.
Sn

Nb

0.2

l.OxlO5

9

•il

4

l.SxlO6

"Ml

7.5x10''

Al

10

6.9xl03

«Al
108m

7.2xl05

6

120

N1

55

2x10*

*Nb

Ag

0.5

3.3xl0

Ça

1

1.4xlOs

Ce

4

6.4xl0

2

Mo

50

5.5xl06

"»"Nb

Zr

30

2-OxlO3

9

"Nb and

Co

10

5.U103

6

°Fe -

127

Ag
39

"°K and

1 . 2 8 x l 0 9 and 269

Ar

6x10*

13'La

2x10* a n d 2 . 1 x l f l 5

and "Tc
90

60

Sr

2x10"

Co

and 28

105

Ba

1

2.3x10"

133

K

2

2.8xl07

39

Eu

0.2

4.0xl06

Tb

0.5

1.2xl0

7

Ir

0.1

1 .5xl06

Bl

5

2.9xl06

208Bi

Nd

2

5.2xl06

Pm, Sm and

Sm

0.5

l.lxlO7

145/146

Rb

0.1

3.3xl02

Cd

0.1

7.4X102

15

La

0.1

2.2xl02

137

Pt

0.1

6.9xl0

5

Tl

100

2.5x10"

Sr

3.3x10"

8i

1 4xlOs

158

Se

1
1
1

1.7xlua

- 2 Ar

Re

no d a t a

no data

"Re

2x105

Er

0.5

no dat T

"HO

1.2xl0 3

10

no data

166m

1.2xl03

0.1

l.OxlO3

Ho

Cd

108m

Ag

127

Th

0.002

U

0.002

Dy

Ba
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special access arrangements and air-fed suit protection. When material is
in the process route there is a primary need for adequate shielding and
this would be provided by the plant wall structure, as a defined barrier of
the "controlled area', thus allowing unlimited radiological access up to
this boundary. Accordingly, the dose rate outside this barrier must not
exceed 7.5uSvh-1

The sizes and layouts of the buildings normally used to house and provide
access to the types of plant to be described, together with the
inherent shielding given by many of the plant items, will largely provide
the required shielding.
It is likely that the main shield wall of the
processing modules and transfer chambers would be adequate if built to a
0.3m barytes concrete equivalent, giving a factor 100 reduction in dose
rate levels for high energy y emitters.
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4.

THE REMELTING OPERATION

It is envisaged that expired components removed from the reactor will be
detritiated, sorted, compacted in volume, packaged and placed in
retrievable storage for the 70 or so years required for decay of the main Y
emitters. The reprocessing facility would serve several reactor sites. A
furnace charge will consist of a quantity of waste material, removed
directly from the storage container into the melting unit. The proposed
reraelting operation uses twin induction-heated furnaces within vacuum or
inert atmosphere chambers.
Each furnace can transfer its charge to an
Induction-heated sealed ladle which can be detached from the furnace
chamber for transfer to the casting area.
The ladles may be used as
secondary steelmaking vessels. A schematic diagram of the melting process
is shown in Fig.2.
Supporting units include a mobile furnace relining
facility and a ladle maintenance bay, with a unit for handling contaminated
refractories. The forms of active waste arising are indicated in Table 4,
assuming that the melting conditions are optimised to reduce the oxidation
of manganese and carbon (see
Section 7).

Sealed trans fer
to casting a r e a

Limit of radioactive

containment buiIding

Fig.2

5.

Schematic process route for the melting operation.

CONVERSION OF THE LIQUID STEEL TO A SEMIPRODUCT

To simplify the examination of conversion routes, studies have concentrated
on one steel semi-finished product for the subsequent manufacture of
reactor components. This product is a round bar for conversion to seamless
tube, which could be used to produce a variety of possible first wall and
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blanket components. Two alternative routes are proposed for the conversion
of liquid steel to this semiproduct:

1.

Continuous casting, in which the liquid steel is poured continuously
through a mould system and is withdrawn as a solid section close in
size and shape to the final product.

2.

By atomisation to form metal droplets which are solidified and
collected to produce a powder that is then compacted and sintered to
the required product form.

The basis features of these two routes are outlined below.

5.1

The continuous casting process

Continuous casting is a well-established method of producing slabs, blooms
and billets. It is suggested that horizontal continuous casting is most
suited to the present application and the principal features of a
horizontal continuous casting plant are illustrated in Fig.3. The liquid
steel is transferred from the melting area and run into the tundish, which
is adjacent to the mould. The solidifying strand is withdrawn and enters a
zone of water-spray cooling.
After initial cooling to complete
solidification the bars are cut to length and transferred to a cooling bed.

product

Fig.3
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Schematic process route for production of round billets for
tubemaking.

Current operating experience indicates the following balance of material
passing through a horizontal casting machine of 12,000t per annum.
yield as metallic product from liquid steel input

97%

metallic discards (front and tail end crops, solid
material for immediate remelting)

1.8%

scale and cut-off swarf requiring separation from
cooling water and compaction before remelting

1%

metal adhering to refractories, requiring separation
before remelting

0.2%

Containment of the scale and swarf presents no difficulties since current
plant designs incorporate water filtration and recycling installations that
isolate the solids passing into the coolant and cutting lubricant
take-offs. Most of the wastes arising can be returned to the melting unit,
with the exception of various ceramic components that will become
contaminated and will require disposal as a secondary radioactive waste at
the end of their service lives.

Table 4 includes estimates of the activity balance for the casting process.
Modern developments in steelworks employing the continuous casting process
have resulted in working practices that are closely aligned with the
requirements for handling active materials.
These practices include a
minimum level of manning as a consequence of automation in many of the
control stages, the development of automatic techniques for operations such
as tundish relining, and a compact plant layout with efficient fume control
and process water recycling.
Semi-automatic procedures are already
available for the replacement of working refractory linings and these may
be expected to develop further.

5.2

The powder metallurgical route

Of several possible processes, gas atomisation followed by hot isostatic
compaction is proposed as an alternative to continuous casting. An outline
of a horizontal atomisation chamber and subsequent process route is shown
in Fig.4. In the atomiser a liquid metal stream is disrupted into droplets
by high pressure jets of a gas that does not react chemically with the
metal. A powder comprised of roughly spherical particles is produced and
after cooling this is removed from the chamber. After sieving to remove
oversize particles the powder is stirred and poured into light sheet metal
containers that are shaped to suit the final product form. The container
is then evacuated and sealed by welding prior to insertion in a hydrostatic
compaction press. Under high pressure, densification occurs and, if high
temperatures are employed, the particles sinter together.
Provided it is made from compatible material the container skin need not be
removed from the densified preform, which is then ready for subsequent hot
working to the finished product. Hot isostatic pressing is an established
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TABLE

Radioactivity distribution for reprocessing of low-activation LA7 and OPTSTAB steels

Estimâtes are based on f r eat Bent of 50 tonnes of scrap per day in 5 melts of 10 tonnes.
The figures In parentheses apply when oxidising conditions are employed to restore the original
manganese content of the LA? steel.
(«)

Kelt Module

Secondary waste
output

Activity Input

TBq/lOt
LA7

Furnace
Lost to
Loss to
Loss to

melt operation
fume/off-gaa
slag
refractories

Total

TBq/lOt

TBq/lOt

OPTSTAB

7.00

Output for recycle

LA7

OPTSTAB

LA7

OPTSTAB

0

0

23.6

7.00

23.6

0.23
0.56(0.90)
0.03

0.56
0.55
0.03

0.82(1.16)

1. 14

Activity In material passing to Hodule (b) - 6.18TBq/10t for LA7 and 22.5TBq/10t for OPTSTAB

(b)

Metal-forming. Modules

Horizontal continuous casting

Activity Input

Secondary waste
output
TBq/lOt

TBq/lOt
LA7

OPTSTAB

Machine: ladle tundlsh «ou Id 6.18(5.84)
Metal skulls
Refractories
Hot shot blasting
Cooling water solids

LA7

OPTSTAB

TBq/lOt
OPTSTAB

LA7

22.5
0.06

0.03

0.11

0.06
0.06

0.22
0.22

0.12
0.06

0.44
0.22

0.22

Cutter
Off-cuts
Swarf/oilde
Total

6.18(5.84)

22.5

0.06

0.22 0.33

1.21

Activity In material returning to Hodule (a) - 0.33TBq/10t for LA7 and l.2lTBq/10t for OPTSTAB
Activity In material passing to Module (c) - 5.79(5.45)TBq/10t for LA? and 21.0TBq/10t for OPTSTAB
Powder Metallurgy

Secondary waste
output

Activity Input
TBq/lOt
LA7

Atomiser
Ref ractorlea

TBq/lOt

TBq/lOt

LA7

OPTSTAB

6.18(5.84)

Output for recycle

OPTSTAB

LA7

22.5
0.06

0.22

Metal skulls

Various powdered metal
operation«
Total

6.18(5.84)

OPTSTAB

22.5

0.06

0.22

0.03
0.30

0.11
1.10

0.33

1.21

Activity In material returning to Module (a) - 0.33TBq/10t for LA7 and 1.21TBq/10t for OPTSTAB
Activity in material passing to Module (c) - 5.79(5.45)TBq/10T for LA7 and 21.0TBq/10t for OPTSTAB

(c)

Tube-making Module
Activity Input

Secondary waste
output

TBq/lOt
LA7

Billet
Piercing or Isostatlc pressing
Lubricant solid«
Hot extrusion
Acid pickle

5.79(5.45)

Total

5.79(5.45)

OPTSTAB

LA7

TBq/lOt
OPTSTAB

Output for recycle

TBq/lOt
LA7

OPTSTAB

21.0

21.0

0.03

0.11

0.03

0.11

0.06

0.22

0.06

0.22

0.06

0.22

0.12

0.44

Activity in material returning to Module (a) - 0.12TBq/10t for LA7 and 0.44TBq/10t for OPTSTAB
Activity in tub« product - 5.61(5.27)TB<i/10t for LA7 and 20.4TBn/10t for OPTSTAB
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Schematic process route for production of blanks for tube
manufacture by powder metallurgy.

technique for the production of preforms in high alloy materials for which
conventional casting and hot working is difficult and give unacceptable
yield losses.

Fume in the atomisation chamber can be contained within a gas recirculation
system which alloys the inert gas to be reused. The chamber itself would
become contaminated by fines not readily removed in routine operations.
This standing deposit of active material would be minimised by suitable
chamber design and would be of no significance if the chamber were used to
produce one grade of powder. The powder sieving and mixing system would
also constitute a source of fines, retained in vessels and potentially
capable of being liberated into the environment.
The container filling
system could be operated automatically and problems arising from fines
could be confined to the powder production and container filling units.
Automatic press operation is envisaged, with low risk of the escape of
active material from the sealed containers. The estimated activity balance
for the powder metallurgical route is indicated in Table 4.

6.

TUBEMAK1NG

The two principal routes for producing finished tube from solid rounds are
by rotary piercing and sizing and by press or machine piercing and hot
extrusion, also followed by sizing.
Though more expensive than rotary
piercing it is considered that the hot extrusion process is better suited
to the production of tube blanks. A schematic diagram of the tubemaking
route is given in Fig.5.
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7.

Schematic process route for tubemaking.

THE ACTIVITY DISTRIBUTION FOR THE PROPOSED ROUTE

Table 4 summarises the activity distribution between the product and wastes
anticipated for the process routes described and indicates the nature of
the secondary wastes generated.
The distribution of activities in
remelting is dependent on whether adjustment is made to compensate for the
compositional changes resulting from transmutations during service. The
principal change is an enrichment in manganese. For the assumed spectrum
and fluence the manganese content of the LA? steel increases from 0.75 to
1.25 wt% and that of OPTSTAB from 11.50 to 11.66%.
The compositional
change is quite small in the latter and could probably be tolerated for
several cycles. If required, the manganese content of LA7 could be reduced
to its initial level by oxidising the manganese, predominantly into the
slag phase, during remelting. In this case the distribution of activity in
the slag would increase as a consequence of its higher content of ^%n,
while the oxidising conditions would also favour the loss of carbon as CO
and C02 gases and thus increase the release of ll*C which is formed as a
transmutation product of nitrogen. Thus, in Table 4 upper and lower bound
estimates are given for the activity partition in remelting, depending on
the conditions selected.
The retention of radioactivity, ideally 100%, is appreciably different for
the two low-activation steels considered. The difference arises from the
higher ratio of the intrinsic radioactivity to that of the impurities and
to the higher relative amount of 11+C loss for the OPTSTAB composition. The
quantities of radioactivity associated with a 50t per day reprocessing
operation are as follows:
LA7

37.1 x 1012 Bq day"1 processed and retained
4.7 x 1012 Bq day"1 as secondary waste

activity retention factor = 87%
If the Mn content is to be maintained at 0.75% then the quantity of
secondary waste will total 6.4 x 1012 Bq day"1 and the yield will be 82%.
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OPTSTAB

126 x 1012 Bq day-1 processed and retained
7.95

x 1012 Bq day"1 as secondary waste

activity retention factor = 93%.

8.

SUMMARY AND CONCLUSIONS

1.

The concept of recycling activated reactor scrap has been examined.
The route considered involves remelting and conversion to a
semi-finished product for the production of replacement components,
with the objective of retaining as much activity as possible within
the reclaimed material.

2.

Recycling is considered technically feasible provided that the contact
dose rate of the material does not exceed about 25mSvh . This dose
rate is 103 times higher than the notional 'hands on1 value and is
permissible on the assumption that the material is handled using
'glove box1 and high shielding factor technology.

3.

To attain the maximum dose rate limit with low-activation steels of
currently anticipated purities, a storage period of about 70y is
required, with little benefit to be gained from longer storage. The
conventional stainless steels containing Ni, Mo and Nb do not attain
the maximum dose rate limit within a realistic decay time and so
cannot be considered for recycling.

4.

There is a lack of reliable information on the probable or attainable
concentrations of the Class III impurities, i.e. those that cannot be
removed during steelmaking and which contribute appreciably to the
dose rate at long times. The most important of these elements are Ag,
Eu, Tb and Bi. Further information is needed on actual concentrations
in order to predict more accurately the induced activity and the dose
rate decay. If the actual impurity levels encountered in the tonnage
manufacture of low-activation steels were significantly higher than

those assumed then the dose rates would be increased and the advantage
of these compositions over the conventional steels would be eroded.

5.

Conceptual process routes for the remelting and conversion of scrap
are based on a combination of a small scale induction melting and
refining unit to feed liquid steel to either a horizontal continuous
casting or a gas powder atomisation plant. The casting unit would
produce solid bars for seamless tubes or other forms while the powder
unit would provide feedstock for an isostatic compaction route to tube
preforms.
The nature of the wastes generated outside the process
route has been identified, e.g. slag, refractory, fume and liquids,
and estimates made of the activity associated with these secondary

wastes.
6.

The process operations considered are all established technology and,
furthermore, are consistent with modern trends in steel production,
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which minimise the number of operators and utilise a high degree of
automation.
It is assumed that the advanced remote handling
technology necessary for reactor maintenance will ensure that the
remote handling requirements of the reprocessing routes can be met.
7.

Estimates of the radioactivity balance indicate that between 80 and
95% of the activity can be retained in the replacement components,
with corresponding activity losses of 20 and 5% in the form of
secondary wastes, depending on the initial composition and the degree
of compositional adjustment performed during remelting.

8.

It is concluded that the reclamation of discarded first wall/blanket
scrap consisting of low-activation steel is feasible using existing
technology.
For a mature fusion-based energy economy the proposed
recycling route would avoid the material wastage and the environmental
effects associated with the permanent disposal of large tonnages of
active structural material.

9.

REFERENCES

[l]

L, Giancarli, Impurity activation and surface y~dose levels in first
wall structural materials, J. Nucl. Mater. 139 (1986) 1.

270

GEOLOGICAL DISPOSAL OF FUSION WASTES
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Nykoping, Sweden
Abstract
The concepts developed in Sweden for the management of radioactive
wastes from fission power also form a natural basis for an approach to the
management of fusion wastes. Against this background, work on the management ol
fusion wastes in the Swedish fusion research programme as associated to the
European Fusion Technology Programme was started by STUDSVIK in 1983. A tentative strategy for the application of various disposal routes was worked out. In
coordination with efforts by other parties it was decided to focus the Swedish
work on shallow and deep geological disposal of fusion wastes with the assessment of safety and costs for these disposal routes as the primary objective.
For the safety assessment, data published on the sorption and migration
in the geosphere of some nuclides of interest were found to be scarce or miss-

ing.

Sorption experiments have thus been performed to determine distribution

coefficients for molybdenum, lead and inorganic carbon in sorption on rocks
from artificial groundwater and from water equilibrated with concrete. The computer code BIOPATH has been used for the calculation of the turnover of nuclideb

in the biosphere and the resulting doses to man. Results from the sorption
experiments and from a preliminary safety assessment are presented in the paper.
The classification and characterization of waste from the operation of
the Tokamak reactors NET IIIA and FCTR have been used together with specific
disposal costs for the various wastes in the Swedish nuclear programme to estimate disposal costs for fusion wastes. Preliminary results of these estimates

are given.

1.

INTRODUCTION

In 1983 studies of fusion waste management in the Swedish fusion research
programme as associated to the European Fusion Technology Programme was started
by Studsvik Energiteknik AB (STUDSVIK). The studies now focus on safety assessments and cost estimates for fusion waste disposal.

Two types of geological repositories in crystalline rock will be used in
Sweden for the disposal of radioactive waste /!/: a shallow geological repository, SFR, for operating and decommissioning fission reactor waste and a deep

geological repository, SFL, for high-level waste and waste containing longlived nuclides. The waste in the SFR will be placed 50 m below sea bottom in
silos, rock vaults and tunnels. The first part of the SFR, SFR 1, is now under
construction at Forsmark and will be commissioned in 1988 /2/. Fuel and core
components from fission reactors will be placed in the SFL about 500 m below

ground level, according to present planning. Disposal in repositories like SFR
and SFL may also represent realistic solutions for fusion waste in the future.
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2.

WASTE CHARACTERISTICS

The first generation of fusion reactors will probably be operated with
deuterium-tritium fuel. The waste to be handled (after detritiation) from a
fusion reactor will therefore mainly be neutron activated metal components.
AISI-316 steel has been chosen as structural material for several reactor
designs. This steel has the disadvantage that the neutron induced activities of
several comparatively long-lived nuclides would be high. It is, however, unlikely that the material will be used in the FCTR if new low-activation materials are developed /3-5/.

Various computer codes and associated activation cross-section libraries

are used for the calculation of radioactive inventories in future fusion reactors. At Ispra activation calculations have been performed with the code ANITA
using a revised version of the UKCTR-III-A cross section library /&/. Table 1
shows the results of Ispra-calculations and volumes for AISI-316 steel in NET
IIIA reactor components after one full power year of irradiation and 100 years
cooling time /7/.

TabiC 1

V lunos ard results of activity calculations for NET IIIA components /?/
Irradiation time* 1 FPy
Cooling time

100 y
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Br bl
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SAFETY ASSESSMENT AND COST ESTIMATES

An important point when determining a disposal strategy for fusion waste
is the resulting doses to man from waste placed in a repository. Therefore, a
safety assessment with calculations of dose equivalent rates to man from activated NET IIIA steel components in shallow geological repositories was performed. The results of the safety assessment and some cost estimations are
presented below.
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9

3.1

Safety assessment at shallow geological disposal

Calculations of dose equivalent rates to man were performed for two
reference cases. In the first case the repository was situated under the sea
bottom (like SFR) and in the second case under a land area (like SFR after
about 2 000 years of land uplift). It was assumed that the repository consists
of rock vaults in both cases and that the waste was surrounded by concrete.
3.1.1

Outward transport_from_the regository_and_geosphere_transport

After the repository
The metal may then corrode,
groundwater. AISI-316 steel
will therefore corrode very

has been sealed, ground water can reach the waste.
dissolve and subsequently be transported with the
has good resistance to corrosion at high pHs and
slowly if the steel is surrounded by concrete. In

the reference cases it has, however, been assumed that all the radioactive

nuclides except C-14 are dissolved in water and that the outward transport
takes place by means of groundwater flow. The residence time for the groundwater in the repository has been estimated at 80 years /8/.
In the reference cases the transport time through the rock has been set
at ten years. No consideration has been taken of the further retardation caused
by chemical interactions between nuclides dissolved in the groundwater and the
rock.

Table 2 shows some distribution coefficients, K -values, which can be

used for more realistic estimates of the outward transport rate and geosphere
transport rate of fusion waste nuclides in the future /9-11/. The determinations
were performed for molybdenum, lead and carbon with Mo-99 (washed out from a
commercial technetium generator with concentrated nitric acid), Pb-203 (chemical
form: lead acetate) and C-14 (chemical form: bicarbonate) as trace nuclides.
K -values for many other fusion waste elements can be found in the literature.
d

Table 2

Results of Ka.-determinations for molybdenum, lead, and carbon,

Molybdenum

Kd-value (m /kg)
Lead

(three weeks
sorption tests)

(four weeks
after
sorption tests) 1 week

0.007 - 0.015

0.15 - 0.60

000

Granite Concrete

0.002 - 0.005

0.006 - 0.090

0.071'

Gneiss

0.03 - 0.09

0.3

- 2.7

000

0.101'

Solid
Phase

Solution

Granite Artificial

Carbon

after
after
3 weeks 6 weeks

groundwater

Artificial

0.121'

0.211'

0.161'

0.331'

0.121'

0.211'

groundwater
Gneiss

Concrete

0.005 - 0.010

0.01 - 0.16

Sand

Artificial
groundwater

0.05 - 0.10

0.1

Sand

Concrete

0.001 - 0.003

0.04 - 0.16

1)

A precipitation was formed.

- 5.2

000

0.061'
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The K -values were calculated as:
d
„

(A_

where

- A) • V

activity (at time t) added to the water (Bq)
activity (at time t) in the water after contact with the solid
phase for a long time (Bql
volume of the solution (m )
weight of the solid material (kg)

V
W

From the K,-values
for carbon it is clear that the carbon will remain in the
a
repository if the waste is surrounded by concrete.
3.1.2

Biosphere transport and_resulting_doses to man

The outward nuclide transport from the repository and through the rock
results in an inflow to different recipients:
-

the sea coast area in the case with the repository situated under the
sea bottom
a well and a lake in the case with the repository situated under a land

area.
The computer code BIOPATH /12/ has been used for the calculation of the
turnover of nuclides in the biosphere and the resulting internal dose equivalent
rates to man. The code is based upon a set of transfer coefficients to describe

the turnover of nuclides in different reservoirs of the biosphere. The model
system used in the biosphere transport calculation for the case with a shallow
geological repository situated under the sea is shown in Figure 1. The model
system used at the biosphere transport calculations for a shallow geological
repository situated under a land area is shown in Figure 2.

Figure 1 Model system used at the biosphere transport calc-ulal ions for a shallow

geological repository situated under the sea.
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Figure 2 Model system used at the biosphere transport calculations for a shallow
geological repository situated under a land area.

When the radionuclides are transported through the different reservoirs,
the activity can reach man via different exposure pathways such as: inhalation,
drinking water, milk, meat, leaf vegetables, cereals, root vegetables and fish.
After the intake of radioactive substances, several tissues and organs can be
exposed. The sum of weighted committed dose equivalents in target organs or
tissues per intake of unit activity /13/ was used to calculate the transfer
from activity intake to dose equivalent.
Table 3 and 4 show the results of the safety assessment for the case
with the repository situated under a land area with a well and a lake, respectively, as recipient for the released nuclides. The results are presented as the
activity of different fusion waste nuclides in the repository resulting in the
maximum individual dose equivalent rate 0.1 mSv per year. The time at the
maximum dose equivalent rate and the contribution of the different exposure
pathways to the total dose equivalent are also included in the tables. Corresponding safety assessment activity results for the case with the repository
situated under the sea are shown in Table 5. Fish consumption is the dominating
pathway in this case. Table 5 also shows the activity of some nuclides in the
SFR 1 silos and the SFR 1 rock vault resulting in the maximum individual dose
equivalent rate 0.1 mSv per year /14/.
Table 6 shows results of maximum dose equivalent rate calculations for
AISI-316 steel in NET IIIA components. The calculations were performed for both
reference cases. It was assumed that the components were irradiated during one
full power year and that the cooling time before disposal was 90 years. The
figures in Table 6 can be compared with the result from the SFR safety analysis.
The maximum dose equivalent rate to individuals in the critical group from the
waste in the SFR 1 was estimated to about 3 VSv per year in the preliminary
safety report for SFR /14/.
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Table 3

Activity resulting in the maximum individual dose equivalent rate 0 1 mSv/y to the critical group for

different nuclides in a shallow geological repository situated under a land area and with a well as recipient
for the released nuclides

The values are results of calculations for a reference case with very conservative

assumptions concerning the outward transport from the repository and the geosphere transport.
Nuclide

Activity
(Bq)

Be-10

-1011

Mn-^3

2-10

11

Fe-^5

5-10 13

Fe-60

1-10

Co-60

4-1011
12

8

i-io

Time (y) when
maximum dose
equivalent
rate is
obtained

1-10

4

Pathways (%)
Drinking
water

Milk
Meat
Intake of Intake of Intake of
consumption consumption vegetables cereals
root
vegetables
3

1

1

11

10

6

1-101

40

5

53

2-103

38

6

54

2

i-io1

60

7

26

6

7-10

4

93

2-104

5

21

49

Nl-63

2-10

12

2-101

28

22

49

Zr-93

7-1011

4-104

39

Nb-91

6-1011

2-101

10

3

88

Nb-92

2-1010

8-10

2

3

88

Mi-59

4
1

Nb-93m

i-io

12

i-io

Nb-94

3-1010

9-10

i-io 12
i-io10

2-101

Mo-93
Tc-99

Table 4

Fish
consumption

2

2
64

9
1

4

11

11

1

1

1

66

10

3

88

3

3

88

47

40

12

15

69

1

3

3

1

2

2

-)

2-104

12

3

Activity resulting in the maximum individual dose equivalent rate 0.1 mSv/y to the critical group for
different nuclides in a shallow geological repository situated under a land area and with a lake as
recipient for the released nuclides. The values are results of calculations for a reference case with very
conservative assumptions concerning the outward transport from the repository and the geosphere transport.

Nuclide

Activity
(Bq)

Time (y) when
maximum dose
equivalent

rate is

Pathways (%)
Drinking
water

Milk
Meat
Intake of Intake of Intake of
consumption consumption vegetables cereals
root

obtained
2-1010

5 -105

100

Pn-53

3-1011

i-io6

98

Fc-55

3-10

15

1

Fe-60

3-109

Co-60

i-io 12

Nl-59

1
1

7-104
1

99

2-1012

i-io5

99

Nl-63

3-10

14

2-101

Zr-93

3-1010

9-105

100

Nb-91

2-1013

4-102

4

6

100

9

6

93

1

99

3

8

88

1

48

1

31

1

i-io

Nb-92

5-10

2-10

Nb-93m

4-1014

i-io1

Nb-94

3-1011

2-!04

93

Mo-93

9-1013
11

2-102

52

13

4

1-105

78

3

15

Tc-99
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i-io

consumption

vegetables

Be-10

1-10

Fish

1

1

44
67

7

30
3

1

Table 5

Activity resulting in the maximum individual dose equivalent rate
0.1 mSv/y to the critical group for different nuclides in a shallow
geological repository situated under the sea. The values are results
of calculations for a reference case with very conservative assumptions

concerning the outward transport from the repository and the geobphere
transport.

Activity (Bq) in SFR 1
Silos
Pock vaults

Nuclide

Activity (Bq) in rock vaults
for fusion waste
18

7-10

Be-10
15 2)

C-14

7-10

Mn-53

6-10

Fe-55

9-10

18
18

3-1015

Fe-60
16

i-io 16

i.io

Co-60

3-10

Nl-59
19

18

2-10

Nl-63

18

1-1018

1-10

Zr-93

3-1017

Nb-91

7-1016

Nb-92

Nb-93m

7-1016
18
1-10

Nb-94

5-1016

Mo-93

5-Î018

Tc-99

3-1018

1 ft

1 fi

Values presented in the preliminary safety report for SFR /14/

Release of C-14 is anticipated only from a rock vault for
low-level waste.

Table 6

Maximum individual dose equivalent rate to the critical group from

activated NET IIIA components in shallow geological repositories.
Dose equivalent rate (Sv/y)
AISI-316 steel Repository situated under a land

in NET IIIA
components

area

under the sea

Recipient : well____Recipient : lake
First wall

1 •10

-1
-2

-3

2 •10

-3

Br. bl. units

9•10

Back plate

-3
6•10
-2
•10

-4
2 •10
-4
5 •10

-4

-5

Inner shield
Outer shield
Coil

2

5 •10
1 •10

-7

Repository situated

2 •10

1 •10
4•10

-9

Recipient. sea coast area
1- 10

-7

-7
1- 10
_q
8- 10

-8

3- 10

9- 10
2- 10

-9
-13
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3. 2

Costs

The 8KB (Swedish Nuclear Fuel and Waste Management Company) annual
report for 1986 /2/ presents specific average costs for different parts of the
Swedish fission waste system. Some of these specific costs can be selected for
the approximate estimation of costs for fusion waste disposal.
The low activated parts of the fusion structural waste can be compared
to fission reactor operation waste or decommissioning waste, to be disposed in
SFR 1 (90 000 m ) and SFR 3 (100 000 m ) respectively, while the high activated

fusion waste is more similar to fission core component waste, to be disposed in
SFL 5 (20 000 m ). It is to be noted that fusion reactors do not generate waste
comparable to spent fuel from fission reactors. The specific costs for disposal
in these repository sections have been estimated at 14 kSEK/m , 4 kSEK/m and
40 kSEK/m (1 SEK = 0.14 USD), respectively /2/. The costs include all investment and operation costs, summarized from construction until final closing of
the repositories, at constant price level and without discounting. The steel
components in NET IIIA have a total volume of 890 m (cf Table 1). Assume that
the waste volume from a NET IIIA reactor after packaging will be 2 000 m , that
80 per cent of the waste will be disposed in a repository section like SFR 1 +
SFR 3 and 20 per cent in a repository section like SFL 5 and, finally, that the
repositories will be filled up with other waste categories. The disposal cost
for the NET IIIA waste can then be estimated at 30 000 kSEK. This cost does not
include the cost of producing the packaging, the transport cost, and the possible intermediate storage cost.

The waste volumes mentioned for St R l, SFR 3 and SFL 5, together about
200 000 m , correspond to a fission reactor capacity of appoximately 30 GWth.

The waste volume from ten FCTR units (extrapolated from NET IIIA) with about
the same total capacity would probably require a storage volume of the same
order of magnitude /15/. Assuming AISI-316 steel as structural material a
substantial part of the waste would require deep geological disposal. Low
activation material instead of current steel grade AISI-316 would probably
result in a considerable volume and cost reduction for deep geological disposal.
4.

CONCLUSIONS

Repositories similar to the Swedish shallow and deep geological repositories SFR and SFL can be used for the disposal of waste from the NET IIIA
fusion reactor and also from a FCTR with AISI-316 steel as structural material.
Preliminary results from the very conservative safety assessment indicate that
the most activated components need to be disposed in a deep geological repository or in a shallow geological repository situated under the sea. The cost
relation between deep and shallow geological disposal makes it important to
develop low-activation structural materials for commercial fusion reactors.
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PREPARATIONS FOR THE DECOMMISSIONING OF JET
R. HANCOX
Euratom-UKAEA Fusion Association,
Abingdon, Oxfordshire,
United Kingdom
Abstract

The Joint European Torus (JET), designed for operation with DT fuel, is
the largest fusion experiment in Europe. Established in 1978, it will have to
be decommissioned after the year 1992. The paper describes the experiment,
expected radioactivity contents, decommissioning tasks and preparations for
decommissioning.

1.

Introduction

The Joint European Torus (JET) is the largest fusion experiment in
Europe, and unique in the world in that it has been designed for extensive
operation with deuterium-tritium (DT) fuel. The use of tritium implies the
generation of 14 MeV neutrons and activation of the structure of the
machine, and therefore it has been built with facilities for remote
maintenance and repair. Present expectation is that tritium operation will
take place as the final phase of the experimental programme, ending in
December 1992. After this date the machine and its containment building,
the torus hall, will have to be decommissioned.
JET was established on 30 May 1978 by a decision of the Council of
the European Communities as a Joint Undertaking (as defined in the Treaty
of Rome) which now involves collaboration between eleven Fusion
Associations of the Community together with Sweden and Switzerland. JET is
a large Tokamak experiment of 3.0 m major radius with an elongated minor

cross-section of 2.6 m width and 4.2 m height; the maximum toroidal
magnetic field is 3.4 T and the maximum plasma current 4.8 MA for a 20
second pulse. Operation began on 25 June 1983.
Because the JET site lies in the "Green Belt" around Oxford city the
Planning Permission granted by the Oxfordshire County Council requires that
"upon completion of the project ... the use of the land for the carrying on
of atomic energy research and development shall be terminated, and all
buildings, structures, materials and plant removed therefrom and the land
left in a tidy and orderly state ...". This requirement is equivalent to
Stage 3 of the accepted IAEA definitions for decommissioning nuclear
facilities. However, it is overall policy in the UK to provide initially
for decommissioning of nuclear facilities only to Stage 2, so that JET
raises questions associated with the specific site in Oxfordshire as well
as questions pertaining to fusion systems.
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Since Article 21 of the JET Statutes states that "when the Joint
Undertaking is being wound up the Host Organization shall at its own cost
and liability .... take over and assume responsibility for the JET device,
buildings and any other fixed or movable assets assigned to it", it is
clearly the responsibility of the United Kingdom Atomic Energy Authority to
undertake the decommissioning and work is in hand to formulate strategies
for decommissioning and for clearance of the site.

2.

Construction of JET

The JET machine has an overall diameter of 15 m, a height of 12 m
and weighs a total of 4500 tonnes. It consists of a toroidal vacuum
vessel, constructed in inconel and weighing 100 tonnes, around which are
thirty-two D-shaped water-cooled copper toroidal field coils, each weighing
12 tonnes and supported by a cast steel mechanical structure filled with
borated concrete. A water-cooled copper poloidal field system consists of
a primary winding at the centre of the machine and six larger diameter
coils, and these coils are linked to the vacuum vessel by an iron
transformer with a central cylinder and eight outer limbs.

The experiment is housed in a torus hall, constructed from
reinforced concrete, with 2.5 m thick walls. The torus hall is connected
through an intermediate access cell and hot cell to a larger assembly hall,
with a 150 tonne crane servicing all three areas. Between the halls are
two sets of movable shield walls and doors. The total mass of concrete in
the torus hall and cells is 83,000 tonnes.

Assembly of the experiment was based on the pre-assembly of machine
octants, using a jig in the assembly hall. To each of eight identical
sections of the vacuum vessel, two sections of the mechanical structure and
four toroidal field coils were added. All electrical wiring, such as
diagnostic coils and thermo-couples, were completed before the octant was
ready to be transported on a "C" frame by crane to the torus hall.
The sequence of assembly of the experiment in the torus hall began
by positioning eight horizontal and eight vertical limbs of the
transformer, followed by the lower ring and collar of the mechanical
structure. Four temporary columns were inserted to support the upper ring
and collar assembly. After temporarily placing the lower poloidal field
coils on the lower transformer limbs and installing four segments of the
central transformer cylinder together with the primary winding, the
assembly was ready to receive the first four octants from the assembly
hall. The upper ring and collar were then connected to these four octants,
allowing the temporary pillars to be removed. The remaining four octants
could then be installed. Finally the lower large poloidal coils were
lifted into position, the upper poloidal coils were put in place and the
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remainder of the transformer cylinder and the upper transformer limbs were
added. The joints between the octants of the mechanical structure were
made with bolts and adjustable spherical keys designed to accommodate any
small misalignment between octants. The joints between individual vacuum
vessel octants was made by Tig welding using a head mounted on a
remote-controlled trolley.
3.

Activity levels

The JET machine is already slightly radio-active as a result of
operation with deuterium fuel, but dose-rates are sufficiently low to allow
normal hands-on maintenance after a short delay. With deuterium-tritium
fuel, however, the production rate of neutrons and hence of the activity
levels will increase considerably. It is not yet possible to make an
accurate prediction of the final activity levels, since these will depend
both on operating conditions achievable with the device and on the
experimental programme. It has therefore been assumed that 5000 full-power
discharges will occur during each of the final two years of operation, each
generating up to 1020 fusion neutrons (1), so that a maximum of lO24
neutrons of 14 MeV energy would be produced. This is an upper limit which
implies that the experiment fulfils all its original objectives, and is a
limit which would not be exceeded without further approval. Uncertainties
of as much as a factor 10 exist, since the performance of JET cannot be
accurately predicted.
On the basis of the above assumption, the activity levels of the
main components of the JET device and of the wall of the torus hall have
been calculated. This requires two steps - firstly a Monte Carlo
calculation of the average neutron flux in each component or region of a
component based on a simplified three-dimensional model of the machine and
torus hall, and secondly a calculation of the consequent induced activation
levels as a function of time after shutdown on the basis of the materials
specification for each component. To reduce the time required for the
Monte Carlo calculations, two models were used - the first did not divide
the wall of the torus hall into separate radial regions but used an
extensive model of the machine to obtain neutron fluxes in the machine
itself, and the second used a pseudo-source in place of the machine to
obtain greater detail in the torus hall wall.
The activation calculations were undertaken with the Origen
depletion code linked to the UKCTR-III activation data library and a decay
scheme for each relevant isotope. Only the main elemental components have
been included in the calculations, with a few additional elements which
are known to be important such as cobalt impurities in steel. Minor
constituents of components, such as the electrical insulation in the copper
coils of the magnetic field systems, have not yet been included. The most
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important of these omissions is probably the steel reinforcement in the
concrete of the torus hall.
Furthermore, the model of the machine only
represents the situation at the beginning of operation in 1983, although
substantial items of auxiliary heating and diagnostic equipment have
subsequently been added.
Results for the main components of the machine are summarized in
Table 1, in which the total activity is given at 2 and 10 years after
shutdown. Examples of the decay of activity in the inconel vacuum vessel
and a toroidal field coil are given in Figures 1 and 2, in which the major
isotopes contributing to the activity are also indicated by their level at
shutdown and their half-life.
Table I
Activity of JET components

Total
activity
______________________________ "q_______

After
2 years
444

Vacuum vessel

After
10 years
37

7.8

Toroidal field

3.9

coils
4.2

Support structure
Poloidal field

0.07

0.04

2.4

0.3

coils
Transformer limbs
Torus hall

<0.2

-500

-47

VACUÜM VESSEL

TOROIDAL FIELD COILS
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vacuum vessel as a function of time.
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10

Figure 2

IV
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SHUTDOWN

Specific activity of a toroidal
field coil as a function of time.

Table 2
Comparison of total activity of JET and two fission reactors being

decommissioned in the UK (7 years after shutdown)
Dragon

WACR

JET

Power level (MW th)

20

105

28 *

Mass of active material

325

1 1 3 7 4160

Total neutrons produced

2.5 x 1U 2 6

2.7 x 1U 27

Total a c t i v i t y (TBq)

2592 +

2335

excluding concrete (T )

* Based on assumed 10
+

+

L.O x 1U24
80

neutrons during a 10 second pulse.

After removal of fuel.

The expected activity in the JET machine is compared in Table 2 with
the activity levels existing in the Windscale AGR and the Dragon reactor at
Winfrith (2), which are also being decommissioned by the UKAEA. It is seen
that, at comparable times after shutdown, JET will have on activity which
is a factor 30 lower than these fission reactors. However, this activity
will have been produced by a total number of neutrons which is a factor 250

to 2500 lower.

This lack of proportionality is partly due to the higher

neutron energies in the fusion device, but is mainly the result of the
experimental nature of JET and the omission of a tritium breeding blanket
which results in a high proportion of the neutrons undergoing reactions in

structural materials.

Over 80% of the total activity of JET will be in the

100 tonne inconel vacuum vessel, and this is a very similar situation to
the WAGR in which 75% of the activity will be in the 93 tonnes of stainless
steel from the core which is only 5% of the total mass of active material.
The specific activity of the inconel vacuum vessel will be 0.75 TBq/ tonne
after 7 years, compared with 18 TBq/ tonne for the WAGR stainless steel.
Two years after shutdown the vacuum vessel, the toroidal field coils
and the iron support structure with its borated concrete filling will all
have average beta-gamma activities exceeding 12 GBq/tonne and therefore
classify as Intermediate Level Waste. After 10 years, however, only the
inconel vacuum vessel will remain above this level. In addition to the
neutron induced activity in the vacuum vessel there will be tritium
absorbed on its inner surface. Measurements of deuterium absorbed on the
surface of the graphite tiles inside the vacuum vessel at the end of 1985
suggest that the tritium concentration after two years of D-T operation
could be 2.5 x 2020 atoms/m2 giving an inventory of 0.25 grams. A similar
quantity of tritium could be absorbed on the graphite limiters, giving a
total inventory of 0.5 grams corresponding to an additional activity of 185
TBq at shutdown. However, it might be possible to recover a significant
fraction of the tritium by heating the vacuum vessel, and therefore this
figures is also an upper limit.
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4.

Decommissioning tasks

Although fusion devices such as JET are very different from fission
reactors and fuel processing plants, there are no differences of principle
in the decommissioning and waste disposal requirements, and methods now
being developed for fission systems are expected to be suitable for JET.
However, there will be no fission products, no high-level or heat
generating wastes and very little alpha activity, although as indicated in
the previous section some components will contain high levels of absorbed
tritium. Thus Stage 1 decommissioning will be relatively easily achieved
although in the case of JET the turus hall, which is also the biological
shield, will be the main contamination barrier and all equipment inside it
will remain to be decontaminated and decommissioned. The tritium
processing plant and storage facilities may be an exception since they will
be housed outside the torus hall, and would probably be fully
decommissioned at an early stage.

The JET torus has been designed for remote maintenance during active
operation, and the same remote handling equipment could be used for the
next phase of decommissioning to remove internal components from the vacuum
vessel, disconnect and move auxiliary equipment placed around the torus,
remove diagnostic equipment and electrical supplies, and separate the main
torus structure into the basic octants from which it was constructed.
Since this equipment will be fully operational at shutdown but will
deteriorate if left unused for any length of time there would be a
significant advantage in proceeding with this phase of decommissioning as
soon as possible. Any economic advantage from delaying this phase to allow
partial decay of the radio-activity could easily be lost due to the costs
of refurbishing existing remote maintenance equipment and control systems
or replacing them with new equipment.
After the torus and its auxiliary equipment has been dismantled into
its component parts, additional equipment will be required to cut the
components into pieces for packing and a packaging facility must be
constructed adjacent to the torus hall. The packaging facility might be
similar to that being constructed for the decommissioning of WAGR, and
would require extensive monitoring and assaying equipment so that accurate
records can be kept of the contents of each waste package. The forms of
package suitable for eventual disposal must be acceptable to NIREX, and
have not yet been specified. The largest acceptable package, and therefore
the most economic, will probably be similar to the 8 x 8 x 8 feet
reinforced concrete box being developed for WAGR (3) which will accept up
to 15 tonnes of active waste. Since the main occupational radiation doses
associated with decommissioning will be associated with cutting and
packaging the active waste there may be economic and safety reasons for
delaying this phase for several years.
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The final phase of decommissioning would be the decontamination and
demolition of the torus hall and of the waste packaging facility. The hall
has been constructed with an internal lining of boronated concrete to
facilitate decommissioning; on the walls this is formed from demountable
blocks 140 mm thick and on the floor and ceiling there is a screed 240 mm
and 42 mm thick respectively. The inner surfaces of the remaining steel
reinforced concrete building may still class as Low-Level Waste, and the
method of demolition will depend on the extent to which it is desirable or
possible to separate active from non-active material. To ease demolition,
the roof was constructed from cast~in-situ concrete beams and the walls
were constructed with vertical crack control regions at intervals of 5 m
which are free from steel reinforcing.
Decisions about the timing of various stages of decommissioning JET
will be affected by several factors including estimated radiation exposures
to the workforce, the costs and benefits of delays, the availability of

resources, and the need to reuse buildings or space (4). These factors
will need to be weighed carefully before proposing a programme of staged
decommissioning, which might involve a delay before demolishing the JET
buildings.
The current uncertainty as to the availability of permanent waste
disposal sites in the UK has led most nuclear organizations to plan for
intermediate storage of radio-active wastes on the sites of origin.
Storage periods of up to 50 years for Intermediate Level Waste and 15 years
for Low Level Waste have been considered for planning purposes. The same
procedure may have to be adopted for the JET waste, and possibilities
include the use of the existing JET assembly hall or transfer to another
part of the Culham site. A building will be required with physical
protection, adequate ventilation to deal with tritium contaminated waste,
and radiological monitoring.

A preliminary estimate of the time required to decommission JET,
including demolition of the torus hall, but not allowing for any
deliberate delays, is 6£ years. This is considerably longer than the
estimated 2J years for decommissioning TFTR after Q=2 operation (5).

5.

Preparations for decommissioning

Although JET is expected to remain operational for at least a
further six years, it is desirable to have a preliminary understanding of
how it would eventually be decommissioned. In particular it is desirable
to assess how the machine and the torus hall would be dismantled, to
estimate the quantities of waste resulting from decommissioning, and to see
whether any further actions or design modifications before
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deuterium-tritium operation would significantly ease the problems of
decommissioning and waste disposal. The UK Atomic Energy Authority has
therefore started a study of these questions, and is assembling a
collection of drawings and photographs relevant to the decommissioning.
The principle task is to prepare a preliminary Decommissioning Plan.
This plan should contain a description and radiological characterisation of
the machine, consider decommissioning options and their implications, and
give out-lines of the technical work of decontamination and
decommissioning. The plan should consider occupational exposures during
decommissioning and the measures to be taken to control exposures and
releases of radio-activity. It would also be the basis of estimates of the
man-power and time required for decommissioning and hence the cost.
A parallel task is an assessment of the remote handling equipment
that will exist within the JET project at the end of operation, and its
suitability for decommissioning work. Additional equipment will probably
be required, especially for moving and cutting large components, and any
development work should be specified early enough that the equipment would
be available when required.

A third task is a study of the way in which radio-active waste will
be packaged for storage, transport, and disposal. Although the activity
levels in the machine will not actually be known until shutdown, the
quantities of material can be specified at a much earlier stage and hence
the volumes of raw waste estimated. A full chemical analysis of all
materials should be obtained as a basis for activity and dose-rate
calculations. Because of the large volume and low specific activity of the
waste from JET, it will be important to achieve high packing fractions in
the packaged waste to minimize the final volume, and to choose a form of
package which is robust without excessive shielding to minimize the final
mass.
Finally, a study will be made of methods of demolishing the torus
hall which allow the separation of materials which must be classified as
active waste from those which may be disposed of as non-active. Such a
separation will be important to minimize the quantity of active waste,
since the mass of the concrete in the torus hall is a factor 20 greater
than the total mass of the JET machine, and may require a separation of the
steel reinforcing from the concrete. It will also be important to agree
the criteria by which material will be categorized and accepted as
non-active.
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6.

Conclusions

JET will be the first fusion device in Europe, possibly in the
world, to require decommissioning as a nuclear facility. Compared with
fission reactors, such a fusion device has several advantages including the
absence of heat-generating and alpha-active materials, modular construction
and extensive remote handling facilities. Compared with fission reactors
now being decommissioned in the United Kingdom such as WAGR and Dragon, the
total activity levels of JET are low but the quantities of active material
high. The options for decommissioning and waste storage and their
implications for costs, radioactive working requirements and alternative
timescales have been discussed briefly, and will be considered in greater
depth in a preliminary Decommissioning Plan.
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Abstract

Containment systems for fusion systems are investigated as a practical
choice to provide safety features to achieve physical separation, and as
an application of the "defence-in-depth principle" £1] . Here, the role
of containment systems is discussed and the constitution which is
necessary to achieve the role is investigated on the basis of the
characteristics of fusion systems.
The following results are obtained: (1) Necessary containment boundaries
and functions are extracted from the analysis of fusion systems. (2)
Partial containment systems are recommended for fusion systems by
understanding RI release modes which are postulated in a containment area.

1.

INTRODUCTION

The safety requirement for fusion systems is "to keep radiation exposure
to the public and to the personnel below recommended guidelines", the same
as it is for nuclear fission power plants.
In order to implement this requirements, fusion systems will be needed to
provided safety features in practice.
Containment systems are introduced as one practical choice of safety
features to attain physical separation between fusion systems and the
public, and as an application of the defence-in-depth principle.
Therefore, the role of containment systems is basically considered as
a way of a mitigating siting conditions, and preventing and/or
mitigating an uncontrolled release of radioactivity to the
environment.
In this paper, the rope of containment systems is clarified from both
internal and external standpoints based on the characteristics of fusion

systems. The desirable constitution of containment systems is
investigated to satisfy the role.
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2.

THE ROLE OF CONTAINMENT SYSTEMS

To investigate the role of containment systems, it is very useful to
observe fusion systems from both internal and external standpoints. An
external standpoint means view point from the environment to the fusion
systems, and investigation from this standpoint is able to clarify the
role of containment systems for siting fusion systems. Internal
standpoint means view point from the inside of the fusion systems to
outside and investigation from this standpoint is able to clarify the role
of containment systems under normal and abnormal conditions of fusion
systems.

Since containment systems are introduced to attain physical separation and
to apply the defence-in-depth principle, the role of containment systems
is clarified from these two standpoints as follows:
(1) Form an external standpoint
. Physical separation between fusion systems and the environement
When systems with large potential hazards are established in the social
environment, the public must be protected against the hazard by physical
separation between the systems and the environment.
. Protection of fusion systems against external events.
Fusion systems also have to be protected against external events. The
effects of external events on the systems are desired to be avoided and
minimized by the site selection and site design.

(2) From an internal standpoint
. Reduction of potential hazards under normal conditions
Potential hazards, which may arise in the absence of measures, should be
reduced as much as possible under normal conditions.
. Mitigation of RI release caused by internal abnormal events
The release of RI from the systems to the environment must be mitigated by
containment systems.
On the other hand, in order to achieve successful containment, it is
important to understand the following characteristics of fusion systems
Cl). (1) Fuel (tritium) is distributed widely in fusion systems. (2)
Gaseous tritium has high mobility. (3) 14 Mev neutrons are generated by
D-T fusion reaction. (4) Induced activities are generated by neutrons.
Figure 1 shows the standpoints which are necessary to find the
requirements for containment systems. For the purpose of public safety,
containment systems of fusion systems should be constituted so as to
successfully achieve the requirements from the role and from the
characteristics of fusion systems.

3.

AN APPROACH FOR INVESTIGATING THE CONSTITUTION OF CONTAINMENT SYSTEMS

Constitution of containment systems are investigated under normal and
abnormal conditions in fusion systems. Here, containment systems are
assumed to be composed of a "containment boundary", a "containment
function", and a "containment area". In order to clarify the requirements for containment systems, it is necessary to focus on tritium
release through the boundary of fusion systems to a containment area.
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The boundary faced to the containment area is important for the investigation. The boundary is defined as "the Boundary of Outermost for the
vacuum, fuel, breeder, and waste areas of the General Descriptive Model
(GDM)" Ul » which is called "BOM" hereafter. The containment boundary,
containment area, and the BOM are indicated on the GDM shown in Figure 2.
Procedure of this investigation is shown in Figure 3. The containment
boundary and function are investigated on the basis of the requirements of
normal and abnormal conditions in fusion systems viewed from an internal
standpoint.
First, it is necessary to know the operating modes of fusion systems under
normal conditions, and containment systems are required to reduce the
potential hazard in a containment area in each operating mode.
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Procedure for Establishing Containment Systems

Secondly, it is important to know the phenomena which might occur in a
containment area under abnormal conditions, and containment systems are
required to provent and/or mitigate the effect of abnormal events.
Third, containment systems must implement the requirement from external
events and other safety functions of fusion systems, then rational
containment systems are established.
4.

CONSTITUTION OF CONTAINMENT SYSTEMS

Containment systems are constituted for normal conditions and abnormal conditions of fusion systems on the basis of the role described in chapter 2.
A.I

CONSTITUTION OF CONTAINMENT SYSTEMS UNDER NORMAL CONDITIONS

Here, to investigate the constitution of containment systems, the
following potential hazards of fusion systems under normal conditions are
considered.
. Tritium
. 14 Mev neutrons
. Induced activities
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These three items are regarded as potential harzards under normal
conditions. Containment systems, therefore, are required to be
constituted so as to protect the public against these potential hazards.
(1) Constitution of a containment boundary for normal conditions
Tritium gas and induced activity in the air must be contained in a
containment area and isolated from the environment. Therefore, a
containment boundary is required to form a "closed boundary" as a boundary
for substances.
(2) Constitution of Containment functions for normal conditions
To reduce potential hazards in a containment area, such as permeated and
leaked tritium through the BOM, high energy neutrons, and induced
activities, the following functions are required.
* Radiation shielding function
Neutrons and -ray have to be shielded.
* Rl removing function
RI concentration must be kept below the controlled level. So, RI removing
function is needed.
* Negative pressure control function
Tritium out-flow to the environment is prevented by negative pressure to
keep the air flow from the outside into the containment area.
* Normal condition maintain function
Temperature and humidity must be kept at a constant level under the normal
conditions. The main purpose of this function is to keep the working
environment comfortable for the personnel, but it also acts to mitigate
the effect of tritium release under abnormal conditions.
Containment systems under normal conditions are constituted by boundary
and the functions for "RI release mode with neutrons generation" shown in
Table 1.

Constitution of Containment Sy»t*B« in Each RI R«l«aa« Node
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»it-h
Itautrona
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Itn
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Pr«eaur«

Mill U

t runet Ion«
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4.2

CONSTITUTION OF CONTAINMENT SYSTEMS UNDER ABNORMAL CONDITIONS

In order to investigate the required functions for containment systems, it
is necessary to understand the phenomena caused by abnormal events in
fusion systems in the containment area.

The following phenomena are considered as the typical events in the
containment area [2].
. Temperature increase caused by the release of blanket materials
. Pressure increase caused by the release of cryogenics and blanket
materials
. Hydrogen fire caused by the release of tritium
. Chemical fire caused by the release of blanket materials and chemical
materials.
. Internal missible caused by the mechanical energy release from
rotational equipment such as turbine and circulating pumps.
These phenomena are classified into the following five RI release modes to
make easy to consider the characteristics of each phenomena.
1.
2.
3.
4.
5.

RI
RI
RI
RI
RI

release
release
release
release
release

without energy release
with pressure increase
with temperature increase
with fire
with internal missile

(1) Constitution of containment boundary for abnormal conditions
A containment boundary is required to localize dispersed RI in order to
prevent spreading radiological contamination. The integrity of the
boundary should be preserved against the load induced by energy release.
(2) Constitution of containment functions for abnormal conditions
Containment systems must be required to provide the functions which can
prevent and mitigate abnormal energy release in a containment area as well
as RI release.

The following functions are required;
* RI removing function
This function is necessary in each RI release mode, and acts to mitigate
RI release to the environment.
* Negative pressure control function
This function is stressed for RI release modes, with pressure increase,
with temperature increase, and with internal missile.
It does not mean that the containment area must always be kept under
negative pressure in the case of pressure increase in a containment area
and the rupture of the containment boundary. This function must be
required rationally based on the evaluation of the level of pressure
increase and boundary failure.
* Pressure suppression function
Pressure increase in the containment area might cause boundary failure for
containment boundary or the BOM of the GDM, pressure should be suppressed.
* Heat removing function
Temperature increase in the containment area cause pressure increase and
tritium permeation through the containment boundary, so temperature should
be decreased by a heat removing function.
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* Fire extinguishing function
Hydrogen fire, including explosion, may cause severe consequences to the
environment, so fire should be prevented. If it should occur it should be
extinguished as soon as possible.
* Fire spreading preventing function
Fire causes additional RI release from the other area of the GDM, so it
should be prevented before it spreads widely in the containment area.
* Internal missile protecting function
Internal missile may cause additional RI release from the other area of
the GDM by breaking the BOM, so it should be mitigated and localized the
propagation in the containment area. In practice, system layout and
distance among components and devices in the containment area are also
important in order to prevent and/or mitigate the propagation of internal
missile.

Containment functions are analyzed for each RI release mode. The result
is shown in Table 1. Table 1 shows that containment systems are constituted
by combining the boundary and functions which are required under normal
conditions and abnormal conditions in consideration of RI release modes.
For example, when pressure increase and internal missile might occur in a
containment area, containment systems are constituted of the following
functions for the area; RI removing, radiation shielding, negative
pressure control, normal conditions maintaining, pressure suppression, and
internal missile protection.
Table 2 shows practical mans of containment boundary, function, and area,
for example.
Tabl« 2

Containment Sy«tea\>
Containment boundary

Practical •••ns for ContaliuMnt Sy«t«Mi
Description

• Clo«*d boundary for
substance«

Practical means
• Cell wall
• Clove box wall

• Static and Dynamic
boundary

• Building, room wall

• I mo la t ion damper
ContainiMnt ar*a

• Area «unrounded by
Containment boundary

Containment function

• Punc t i on • requ i red to

• Working and operation area

• Tritium Clean up System <TCS)

maintain given condition
of containment area

• Heating, Ventilating and Air
Conditioning Systems (tfVAC)

• Kadiation shielding
• Internal missile protection

4.3

CONSTITUTION OF CONTAINMENT SYSTEMS AGAINST EXTERNAL EVENTS

In order to constitute containment systems, the external events are
investigate briefly, below.
External events are divided into two categories: natural phenomena and
offsite man-made hazards. External events must be considered in the
design phase due to the site characteristics and site conditions.
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External events which should be considered in the constitution of

containment systems are the following:
Natural phenomena
1.
2.
3.
4.

Earthquake
Typhoon
Heavy snow
Tsunami

Offsite man-made hazards
1.

Missiles including aircraft crashes

2.
3.

Explosions on nearby transportation routes
Accidents at neighboring plants

4.

Sabotage

As described in chapter 2, from the external standpoint, containment
systems have the role of protecting fusion systems so as to prevent an
uncontrolled release of radioactivity to the environment in excess of
recommended guidelines. Therefore, containment systems with associated
containment areas are required to protect the systems important to safety,
and to withstand against the credible loads caused by external events.
Failure of these systems may cause severe radiation exposure to the
public. Containment boundaries and functions are constituted so as to
satisfy the above requirements and the integrity of RI containment is
required to be assured during and following the external event.
5.

DESIRABLE CONTAINMENT SYSTEMS FOR FUSION SYSTEMS

Through the study in chapter 4, the constitute of containment systems
required for achieving the role is clarified. The concept of desirable
containment systems is suggested as follows;

(1) Recommendation of partial containment systems
Form an internal standpoint, the localization of various forms of released
energy (for example, internal missile, fire, and so on.) is found to be

important to prevent and/or mitigate additional RI release from fusion
systems.

On the other hand, various RI release modes exist spatially in containment
area due to the characteristics of fusion systems.

It may be better to constitute several containment boundaries according to
respective RI release modes in the area than to constitute one containment
boundary which is wrapping the functions for complexed RI release modes.
This is defined as "partial containment".
(2) Advantage of partial containment systems
1)
Partial containment systems can perform the role with just minimum
containment functions for associated RI release modes. Therefore, by
constituting a "partial containment system" for respective RI release
mode, it is not always necessary to prepare whole functions listed in
table 1. for the whole containment area.
If the containment boundary establishes limits on RI release modes,
required functions in the containment area are minimized by integrating

only the necessary functions in the respective RI release modes.

2)
Partial containment systems can localize the radiological
contamination. Isolation among containment areas, therefore, is
important for the prevention of spreading of contamination.
(3) Composition of boundaries and functions under normal and abnormal
conditions.
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Containment boundary and some functions are commonly required under normal
and abnormal conditions, containment systems are, therefore, constituted
to cope with normal conditions as well as abnormal conditions in
consideration of their capacities.
6.

SUMMARY AND CONCLUSION

The role of containment systems for fusion systems are investigated from
both an "internal" and an "external" standpoints.
From the internal standpoint, clarify the requirements for the containment
system, the basic constitution of containment systems is studied by
defining the containment systems in terms of "boundary" and "functions".
The requirements for the containment systems are investigated for fusion

systems under "normal" and "abnormal" conditions. From the external
standpoint, the containment systems for the fusion systems is constituted
to protect fusion systems from external events and to ensure the

radiological safety for the public.
As the results of this study, the following items are summarized as means
for containment systems to attain the role of containment systems.
1)

Under normal conditions in fusion systems, containment systems have

to provide the functions for tritium removing, negative pressure control,
and radiation shielding.
2)
Containment systems can be constituted based on the representative
six RI release modes for all conditions of fusion systems.
For the complexed RI release modes, containment systems are constituted to
integrate necessary boundaries and functions corresponding to respective
RI release modes.

3)
It is found to be important for the safety of fusion systems to
prevent abnormal energy propagation which might cause additional RI
release.

Partial containment systems are able to provide such functions.

4)
Partial containment systems are recommended for fusion systems.
Partial containment systems can be constituted with minimum containment
functions.
As future tasks, much more investigation and discussion should be done on
the role of containment systems against external events and also on the
rational trade-off between safety functions of fusion systems and
containment systems.
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Abstract

A fraction of the tritium gas which is released to atmosphere can be rapidly
oxidized at the surface of soil, and then resuspended to atmosphere as HTO. Since
tritiated water is more radiotoxic than tritium gas, we need to calculate the
concentrations of HTO which may occur in the atmosphere during and after the release
of tritium gas. This can be achieved if we know the deposition rate of tritium gas and the
rate at which the deposited tritium is resuspended to atmosphere.
The resuspension rate has been determined hereafter by mathematical modeling
and experimental simulation. In the model, the soil-plant system is assumed to consist
of N soil layers and one plant compartment. The tritiated water content of the soil and
the plants is described by a system of simultaneous, first-order, linear, differentia!
equations with discontinuous, variable coefficients. The coefficients are derived from
the phenomenological equations of transfer processes at plant and soil surfaces and
through the soil profile. The parameters needed as entry to the model are water vapor

concentrations at soil-atmosphere interface, soil moistures and water fluxes at different
depths in the soil. The resuspension rate, defined as the fraction of the deposited HTO
which is resuspended per unit time, is computed from the evolution of HTO content in
the totality of soil profile.
In parallel to the development of the model, an experimental simulation was done to
determine the resuspension rate and its evolution during a period of 10 days. This was
carried out by covering a small area of undisturbed soil by a field chamber, exposing
the enclosed soil to tritium gas, then flushing the chamber at a high flow rate and
collecting periodically the resuspended tritiated water. Both model and experimentation
show that the evolution of the resuspension rate can be represented approximatively
by a single exponential function for plant-covered soil, and by a sum of exponentials for
a bare soil. The model and experimental values of the initial resuspension rates were
similar and comprised between 1 and 5 %.
This study is an introductory work to a large-scale release experiment which had
been carried out very recently, and will permit to make other estimations of deposition
and resuspension rates.
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I -Introduction

Fusion reactors will contain a large amount of tritium (few kg) Table I [1]. The
vulnerable part of it may be at the amount to 100-1000 q and eventually could be released. While routine releases will be in the form of HTO ( about 60% ), due to
uncontrolled water leakages ( up to 10-100 kg a day, i. e. 370 to 3700 GBq/day),
accidental releases will be in the form of tritium gas. As tritiated water is about 25000
times more radiotcxic that elemental tritium [2], the dose to man is usually calculated
under the conservative assumption that all tritium is released in the form of HTO. But,
the best estimate of the dose value can only be determined if we know the ratio

HTO/HT at different distances from the source.
Table 1 • NET Tritium Inventory

System

Amount (g)

System

Amount (g)

150

Fuel storage

500 - 5000

Fuel delivery

50- 300

Plasma chamber
cryopump

Plasma exhaust
cryosorption

mol. sieve

60-120

First wall

5-100

impurity proc.

50 - 200

Divertor

5 0 - 500

Liquid breeder

25-100

Solid waste

50- 100

Isotopic cryodistillation

150-250

coolant (water)

10- 40

(HTO)

Many results have been published on the oxidation of tritium gas in the environment.
It is now recognized that a fraction of the tritium gas suspended in atmosphere is
rapidly oxidized at the surface of soil, and then resuspended to atmosphere as HTO
[3-8]. In spite of our increasing knowledge of the oxidation mechanisms, we have a
very bad knowledge of the consequences of this oxidation process on the distribution
of HT and HTO in the atmosphere during and after a release of tritium gas . The only
results that have been published on this topic show excessively large differences
[9-10].
The present work has been designed to improve our data base on the
environmental conversion of tritium gas to tritiated water, and to allow the prediction of
the ratios HTO/HT at different distances from the source of tritium gas. The
concentrations of HTO which may occur in atmosphere during and after a release of
tritium gas, can only be calculated if we know the deposition rate of tritium gas to the
soil and the rate al which the deposited tritium is resuspended to atmosphere as HTO.
• There exist many determinations of deposition rates [ 5-8], but at the present time no
data have been obtained on resuspension rates.
A theoretical and experimental work is presented in this paper aiming at determining
the kinetics of resuspension under conditions as close as possible to those prevailing
at a bare or vegetated soil in open atmosphere. This study is to be considered as an
introductory work to the large-scale release experiment which has been carried out
very recently.
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Il - Resuspensicn of tnt ated water from a soil contaminated by tritium ga?

11-1 Modeling approach

Notation
A0 ( Bq m'2) tritium activity of vegetation per unit area of soil
A, ( Bq m"2) tritium activity of the / th layer of soil per unit area of soil,
C ( Bq kg"1 water) tritium concentrât on in the water vapor of atmosphere,
EO (kg m~2 s"1) transpiration rate of vegetation: E0 = S E,;
E, ( kg m"2 s"1) the flux of water transpirated from the i th layer of soil;
FI (kg m"2 s"1) evaporation rate from the surface of soil;
F, (kg m"2 s"1) the flux of water transported from/ th to ( i-1 ) th layer;
G (m s" 1 ) boundary layer conductance of plant canopy;
J, (s" 1 ) coefficient of convective transport from the i th soil layer;
K 0 ( s"1) coefficient of transport from leaf to atmosphere,
KI (s"1) coefficient of transport from soil surface to atmosphere;
L, (s"1 ) coefficient of diffusive transport in the / th soil layer;
P, (s"1) coefficient of root uptake from the i th soil layer;
Q ( kg m"2 s"1) coefficient of diffusive transport from atmosphere to leaf water,
R ( kg m"2 s"1) coefficient of diffusive transport from atmosphere to soil surface,
V ( m s'1) boundary layer conductance of soil surface;
f (m3/m3) total porosity of the soil;
h (m) thickness of a soil layer;
m0 (kg nv2) mass of water in vegetation ( per unit area of soil surface);
m, (kg m"2) mass of water in the i th layer of soil: mi = pw e, h;
q the number of soil layers which are explored by plant roots;
pa ( kg m"3) water vapor concentration in air;
3
Pf ( kg m" ) the water vapor concentration m stomatal cavities;
ps ( kg m"3 ) the water vapor concentration in soil surface layer;
PW ( kg m"3 ) ^ne
3

mass

°f water per unit volume of liquid water;

3

9j ( m m" ) the humidity of the soil.

Model equations
For modeling purposes, the soil is segmented into N horizontal layers, each
supposed homogeneous and of uniform humidity. The soil layers, and the plant leaves
form (N + 1) compartments. They are connected by transfer coefficients that represent
the fraction of radioactivity transferred per unit time between two compartments At the
upper boundary of the system, vegetation and soil surfaces are connected to
atmosphere by input fluxes and transfer coefficients (Fig. 1).
The evolution of the system is described by a set of (N + 1) simultaneous, first order,

linear, ordinary differential equations. The first equation refers to the plant canopy, and
the following ones to the different soil layers. These equations express the change with
time of the HTO content of each compartment as the difference between inputs to and
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Figure 1: Block diagram of the soil vegetation system showing tritiated water
transfer paths between soil surface and atmosphere and between the i th and
adjacent soil layers.

losses from the compartment being considered. The system of differential equations is
the following:
dA0/dt =

Q C - K0 A0 + S P, Aj

= RC
dA/dt

(1)

-

= (8JM

dAn/dt = (OJ n .,

L2)A2
AM - ( J j

P,)
(Jn + 2L

(2)

( eJi+1
Pn ) An

(4)

where 5 = 1 and e = 0 for a descending water flux, and otherwise 5 = 0 and e =1 for an
ascending water flux.
The dependent variables of the system are the activities A, ( Bq nr2) of the plant and
soil compartments. The independent variable C ( Bq m"3) • which drives the system, is
the volumic concentration of tritiated water in atmosphere. In the particular case of a
resuspension model the concentration C can be set equal to zero, assuming that
atmosphere is sufficiently ventilated to bring the HTO concentration in atmosphere at a
very low level negligible in comparison to HTO vapor concentration in soil or

vegetation.
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Q and R ( kg m'2 s"1) are the coefficients of transport from atmosphere to plants and
soil surface . K0 and KI ( s"1) are the coefficients of transport from plant and soil
surfaces to atmosphere. J,, Lj and Pj (s"1) are the coefficients of convective transport,
diffusive transport and root uptake in the soil profile. These variable coefficients are
related to characteristic parameters of soil, plant and atmosphere, and also to the
water contents and fluxes of the different soil layers . These coefficients can be derived
from the phenomenological equations that describe the different transfer processes.

Plant and soil surfaces
The boundary layer conductance of the canopy G, and the boundary layer
conductance of the soil V, are related to the transpiration and the evaporation rate by:
G

=E0/(pf-pa)

V = F1 / ( ps - pa)

(5)

The fluxes of tritium between the atmosphere and the surfaces of vegetation and soil

are due to diffusion only [11-13], and can be written as:
<D1 = G ( paC - 0. 9 pf AO/ m0)
<D2 = V ( paC -0. Q p g A ^ m ^

(6)

These fluxes can also be expressed by using the transfer coefficients defined above:
<D1 = Q C • K0 A0

<D2 = R C - K 1 A 1

(7)

By comparing equations (6) and (7), we obtain the expressions of the fluxes and
transfer coefficients describing HTO transfer at vegetation and soil surfaces:
Q =Gp a

R = Vo a
K0 = 0. 9 G pf / m0
K! =0. 9V p s / m 1

(8)

where m0 is the mass of water in leaves per unit area of horizontal soil surface and m1
the mass of water in the upper layer of soil surface.

Soil profile
The transfer coefficients Jj that express the transport of tritium associated with the
movement of bulk water in the soil are related to the fluxes of water F, by:
Ji = Fj / mj
(9)

The water fluxes are given as inputs to the model. They are derived either from
experimental data or from any adapted hydrological model, such as given in [14].
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The transfer coefficients P, that express the uptake of water by plant roots are
function of Ej ( flux of water transpirated from the i th layer) :
Pi = E j / m i

(10)

The transfer of tritium by diffusion between two consecutive soil layers i and (i+1) ,
can be written as function of diffusion coefficients ( Pick's law), or as function of the
transfer parameters used in the model equations
^D = ( D k 1 A k 1 / h - D j A j / h ) / h
<*TJ = Li+1 A j + i - L j A j

(11)
(12)

From (11) and (12), we obtain :

Lj= DJ/ h 2

(13)

DJ is calculated from soil humidity 6j and total porosity f using the formula given by
Garland [15] :
f)/(ei+Yf)

(14)

with y= ps /pw ; DL = 2 1CT9 m2.s'1 and Dv = 2.1 10'5 m2.s'1

Boundary conditions
The actual values chosen for the boundary conditions have a profound effect on the
model behavior, and meaningful modeling results depend as heavily on using the
correct boundary conditions as on the correct behavior of the model itself. The surface
boundary conditions are specified by the values imposed to the coefficients of
equations (1) and (2). As can be seen from (5) and (8), these coefficients are primarily
related to the transpiration rate of vegetation ( E0), to the evaporation rate from the soil
beneath vegetation ( F,), and to the water vapor volumic concentrations on each side
of the exchanging surfaces of soil and vegetation. The transpiration and evaporation
rates depend on the stomatal resistance of leaves, and the humidity of the soil surface,
as well as on potential transpiration and evaporation rates. The actual values of
evaporation and transpiration rates can be obtained from experimental data, or
evaluated from an hydrological model. At the bottom of profile, the tritium content of the
( N + 1) th soil layer is set equal to zero, assuming that tritium does not move
appreciably down to this level, within the time of experiment.

Resolution of model equations
In the particular case of resuspension, the parameters needed as entry to the model
are the values at each time step of the water fluxes E, and F|, liquid water contents Q.,

and water vapor concentrations pa, pf and ps. These parameters are obtained by
measuring their real values in the field, by applying classical hydraulic models [14], or
using simplifying assumptions. At time zero, HTO is supposed to be uniformly
distributed in the upper 3 cm of the soil profile, as evidenced in many experiments on
the deposition of tritium gas to soil. The transfer coefficients are calculated from the
entry parameters using the formulas presented above.
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The system (1-4)
is solved by calculating successive solutions of the differential
equations for small periods of time during which the coefficients are assumed to be
constant. The time increment is chosen to be 1 hr. This corresponds to a reasonable
value for a slow rate process such as the one under study. The soil compartment
thickness h must be chosen such that, with the time increment under consideration
(1 hr) , computing should be stable. This is achieved by taking h = 0. 01 m The
number of layers is n = 30, but could be increased at the only expense of computing
time.

The resolution of the differential system gives the activities A, at each time step, and
the total activity LA, of the soil profile. The resuspension rate , defined as the fraction of
initial amount resuspended per unit time, is calculated from the evolution of ZA, wit h
time.
Application to a specific case
The above model was used to predict the evolution of the HTO resuspension rate m
the case of a particular soil on which resuspension experiments have been carried ou'
( see next section).
The soil under study was characterized by the presence of a shallow water table

leading to the possibility of capillary rise to the unsaturated surface zone. It was
assumed, as a first approximation, that the surface layer of soil was sub-irrigated by an
upward flux of water, so as to maintain the soil moisture profile unchanged with time, in
spite of evapotranspiration. The upward flux of water was approximated by the
following equation, which means that evapotranspiration is just balanced by water
transport from the water table:
i

+ I EJ
1

(15)

FI being the evaporation rate and EJ the flux of water transpirated from t h e y t h soil
layer. The total transpiration flux E0 is supposed uniformly partitioned between the
layers of the root zone. The average water content of soil is supposed to be 15% v/v.
and the HTO -diffusivity in soil, derived from soil characteristics, is estimated to be
1.7 10-9
m2 s'1.
In the case of a vegetated soil ( Fig. 2) the resuspension rates were calculated for
transpiration rates of 0. 05, 0. 1 and 0. 2 kg nv2 rr1, assuming that evaporation from the
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Figure 2: Grass covered soil : sensitivity of the model to the variation of the transpiration
rate. Curve A: 0.05
kg m'2. h'1; B. 0.1 kg.rn'2. h'1; C: 0.2 kg.rrf2. fT1
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surface of soil beneath plants is only 10% of the transpiration from the plant itself, and
that vegetation is rooted in the upper 10 cm-thick layer. In this case, tritiated water
mainly returns to atmosphere via the transpiration flux, the contribution of evaporation
from soil surface beneath plants being rather small. As a consequence of this
particularity, the flux of HTO resuspended to atmosphere is a nearly constant fraction of
HTO which is present in the root zone. Consequently, the resuspension rate, as it is
defined ( fraction of initial deposit resuspended per unit time), decreases in a
quasi-exponential fashion, except a small influence of direct HTO emission from soil

surface itself.
In the case of bare soils ( Fig. 3) , the resuspension rates were calculated from direct
evaporation rates of 0.05,
0.1 and 0.2 kg nv2 hr1. Tritiated water returns to atmosphere
exclusively through evaporation at soil-atmosphere interface. The curve giving the
evolution of resuspension rate can be resolved into a sum of exponential functions,
each characterized by its half-life or time constant. The first time constant which is
relatively short ( order of hours) applies to the tritium of the very upper layer(s) which
rapidly returns to atmosphere. The other time constants apply to the tritium present in
deeper layers.
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Figure 3: Bare soil : sensitivity of the model to the variation of the evaporation rate
Curve A: 0.05

kg.nT2. h'1; B: 0.1 kg.rrT2. h'1; C. 0.2 kg.rrT2. tv1

It appears that, at a given evapotranspiration rate, the initial resuspension rate is
larger for a bare soil than for a plant covered soil . This can be explained by the fact
that the thickness of the root zone is larger than that of the contaminated layer. The
tritiated water of the upper surface layer is then diluted in the transpiration stream by
uncontaminated water from deeper layers, leading to much smaller resuspension rates.

II-2

Experimental Simulation

Objectives
The main objective of the preliminary experiments described hereafter was to
measure the resuspension rate of HTO from a contaminated soil, under conditions as
close as possible to those prevailing in a real field situation. This was approached by
covering a small area of undisturbed soil by a field chamber, exposing the enclosed

soil to tritium gas,
then flushing the chamber at a high flow rate and collecting
periodically the resuspended tritiated water over a period of some 10 days. The
problem was to minimize the disturbance due to the chamber, in order to maintain
quasi-natural conditions for the soil and plants growing on it.
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Experimental methods
The soil contamination was carried out using a modification of a device formerly
developped for in situ measurement of elemental tritium deposition rates [5-8]. It
consists of a 30-liter chamber (Fig. 4A), made of acrylic plastic, mounted on a
cylindrical steel skirt driven approximatively 10cm into the soil. Care is taken to ensure
a tight fit on insertion of the chamber. The air above the isolated portion of soil is mixed
by a fan and circulated by an air-tight pump (0.3 m3 h"1) through a closed cycle loop.
The loop carries the chamber air successively through a wash bottle designed to trap
HTO, an humidifier-condenser unit which controls air humidity, and an ionisation
chamber used to monitor T 2 concentration. An expansion bag connected to the
chamber ensures that the chamber pressure did not vary significantly from atmospheric
pressure.

cr±=»

®

r
P

©

Figure 4 : Experimental device • A) First step: soil contamination by tritium gas,
B) Second step: tntiated water resuspension from soil.
(1) 30-liter stirred chamber; (2) wash-bottle to trap HTO, (3) humidifier-condenser unit to
control air humidity; (4) filler; (5) ionisation chamber; (6) metal bellow pump 300 L h'1,
(7) cylinder of tritium gas in nitrogen; (8) expansion bag; (9) extraction pump 21 m3 h'1
(10) sampling pump 210 L h*1.

In a typical experiment , about 0.6 MBq of elemental tritium is injected in the
chamber during about one minute and the elemental tritium concentration is measured
continuously by the ionisation chamber. The deposition rate of elemental tritium is
calculated from the evolution of its concentration in the chamber. As the concentration
decreases exponentially, the deposition rate can be determined from Vg= k V/S,
where k is the constant of the exponential decay, V the volume of the chamber and S
the area of exposed soil. The total duration of the exposure phase is about 20 minutes
After the elemental tritium injected in the chamber being almost completely

deposited to the enclosed ground surface, the air contained in the chamber is no
longer circulated through the closed cycle loop, but flushed out by air drawn into the
chamber at a relatively high flow rate (21 m3 h"1) and released to atmosphere through
an exhaust line ( Fig. 4B). The flow rate has been chosen sufficiently high to keep the
HTO concentration in the chamber at a very low level. Moreover, the air enclosed in the
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chamber is actively mixed by the fan to simulate appropriately the aerodynamic
conditions prevailing at soil surface in open atmosphere. On the exhaust line is
branched a sampling line which draws a small portion ( 0. 21 m3 h"1) of the main flow
rate through wash bottles in order to sample HTO and determine its resuspension rate
per unit area of contaminated soil. The sampling of resuspended HTO is made at small
Intervalls during the first day and then at larger Intervalls ( once a day). At each
sampling time, the contaminated water in the wash bottles is replaced by
uncontaminated water. At the end of the experiment, vegetation and soil samples are
taken from the enclosed soil surface and analyzed for tritium.
Experimental results
Preliminary tests were conducted to ensure that characteristics of the chamber and
conditions of the experiments did not limit elemental tritium deposition or tritiated water
resuspension, and that the rates obtained are representative of the open atmosphere.
The tests consisted in determining evaporation rates from a free water-surface placed
in the bottom of the chamber at the place where the soil surface is normally exposed.
The evaporation rates measured, under the same conditions as those used in
deposition and resuspension determination, were of about 0. 25 kg m"2h"1, which is in
the range of evaporation rates typical of the open atmosphere.
Experiments of deposition-resuspension were carried out on a vegetated soil
surface covered with grass, and a bare soil surface, selected in the region of
Bruyeres-le-Chatel situated at 20 km South of Paris. In both cases, the soil was a
silty-clay loam, with a relatively high organic content, and a fine texture. The soil was
poorly drained, due to the presence of an argillic horizon at about 50 cm depth. Water
content of the surface soil was 15% v/v in the first experiment and 12% v/v in the
second one. Humidity increased with depth and approached saturation just above the
argillic horizon. Deposition rates of elemental tritium, measured as described above,
were respectively of 0. 036 and 0. 023 cm s"1. These values are not very different from
values already obtained on the same site for three soils of nearly same humidities.
Resuspension rates are given in Fig. 5-6 as functions of time measured after the
end of the deposition phase. The resuspension rate is expressed as the fraction of
initial deposit resuspended per unit time ( hour). In the first experiment on a soi
covered with dense grass ( Fig. 5), the resuspension rate increases very rapidly during
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Figure 5: Evolution of resuspension rate in hours"1 for a grass covered soil.
Dots: experimental data
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Figure 6 Evolution of resuspension rate (hours 1) for a bare soil
Dots experimental data

the first hour to attain a maximum value of 0 8% per hour Then the resuspension rate
decreases quasi-exponentially during 10d with a half-life of about 2 5d In the second
experiment on a bare soil (Fig 6), the initial resuspension rate is 4% per hour, five

times higher than m the case of the vegetated soil, but after only one hour the
resuspension rate is less than 2% per hour The resuspension rate then decreases
slower and slower as time elapses In this case, the evolution of the resuspension rate
cannot be represented by a single exponential function, but is more adequately
described by a sum of exponentials

III - Derivation of deposition and resuspension rates from expenmental releases
The resuspension rates determined in the previous section will be compared in the
future to the deposition rates derived from experimental releases Such an
experimental release has been recently performed in the following conditions
Expenmental conditions
The release has been performed in France during October The experiment
consisted in making a release of tritium gas through the stack ( 40 m height) of a tritium
facility, and checking the evolution of the ratio HTO/HT in the environment by means of

appropriate sampling devices which were located at various distances downwind
The topography of the site was such that the samplers could only be located in a
very narrow angle, which lead to the necessity of a well defined wind direction, but the
site presented many advantages for source preparation, sample processing and
meteorological measurements The HT and HTO content of the plume was measured
on a single point at 800 m from the stack and along three transects, at 1000 m, 2200 m
and 4000 m from the stack.
The gas which was released from the stack was a mixture of hydrogen isotopes,
outgassed from an uranium bed and stored under pressure into a metallic vessel The

gas ( 260 TBq) was released as a puff during 2 mn.
The tritium in air was sampled by driving air successively through

a set of 2 flasks

(bubblers), each containing 100 ml_ of water, where HTO is trapped, a furnace heated

at 430°C where platinum catalyses the oxidation of tritium gas into tritiated water,
another set of 2 flasks , identical to the previous ones, where the tritiated water
produced in the furnace is trapped The behavior of the sampling device was tested
with small amounts of tritium ( few hundreds of Bq)
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The movement of tritium within the soil column and loss of tritium from the soil due to
resuspension was monitored by daily samplings of the soil surface. This was achieved
by taking cores of 10 cm diameter and 15 cm thickness, which were segmented into 3
samples of 5 cm thickness. The water of each sample was extracted by azeotropic
distillation, and measured in the same way as other water samples.
The analysis of water samples was made by liquid scintillation technique with a
detection limit of 104 Bq m"3 of water, which corresponds to an activity of about 100 Bq
m"3 of air, for a 30 mn sampling at 60 L h"1.

Determination of deposition and resuspension rates
The deposition rate of tritium gas to soil surface will be determined by dividing the
amount of tritium deposited per unit area of soil, by the dosage of tritium gas in the
atmosphere overlying the soil. The resuspension rate will be indirectly estimated, by

comparing the ratio HTO/HT measured in the atmosphere, and the ratio HTO/ HT
predicted by a dispersion/resuspension model that uses the resuspension rate as input
parameter. Such a work is to be done in a near future. The data thus obtained will be
published in a next paper.
IV -Conclusions
A model was developed to determine the initial value and the evolution of the tritiated

water resuspension rate from a soil contaminated by tritium gas. The model was
applied to a specific soil, where experiments have been made. Both model and
experimentation show that the evolution of the resuspension rate can be
approximatively described by a single exponential function for a plant-covered soil, and
a sum of several exponential functions for a bare soil. The resupension rates obtained

in these simulations will be compared to those obtained from a controled release
experiment that has been recently performed.
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ENVIRONMENTAL RADIATION DOSES
FROM TRITIUM RELEASES

L DEVELL, O EDLUND
Studsvik Energiteknik AB,
Nykoping, Sweden
Abstract
The operation of fusion reactors will result in releases of trituir to the
environment during normal operation due to the large inventory and the d^fficulty in retaining all leakages from systens containing tritium. Accidental
releases may also occur. Many studies have been performed to calculate potential
radiation doses in the environment due to releases to the atmosphere or to water
recipients. Experience from real tritium releases due to the operation of
different kinds of »xistirg nuclear facilities is also available.
In the present paper the radiation doses to individuals in the vicinity of
a plant which releases tritium into the atmosphere and into different types of
water recipients are discjssed. A comparison is carried out for various release

modes e.g. to different recipients or short term compared to prolonged releases.
The importance of the various exposure pathways and dispersion/transport processes
is discussed. Evaporation of tritiated water and oxidation of tritium gas to

tritiated water are put into perspective. The collective dose due to tritium
releases is dependent on recipient type and is reviewed. From the basic

radiation

protection criteria 0.1 mSv/year for individuals in the critical

group and 10 manSv/GWe for the global collective dose, the restrictions on

release quantities are discussed.

INTRODUCTION

Fusion reactors will probably contain a tritium inventory l pf between 5 *-o
40 kg /!/. One kg of tritium is equivalent to 9 6 MCi or 3.6 10* Bq. The total

inventory is the sum of contributions from sources of tritium i" several systems
/2/. Tritium in the various systems is expected to be present ir the form of
tritium gas, metal tritides and tritiated water. Special precautions will be

taken to limit tritium leakages from the systems and in addition to this to
collect and retain leakages which occur. The leakages have to be limited to
ensure sufficient low radiation doses to the personnel within the plant and also
to nearby individuals in the population around the plant. The collective dose to
the global population must also be considered.
Many studies have been performed to calculate radiation doses in the

environment from tritium release /e.g. 3, 4, 5/. Experience from real discharges
due to the operation of nuclear facilities and from laboratory and field experiments is also available. In the present paper we will review and corrpare various
sources of information in order to contribute to a common knowledge of the
potential environmental radiation doses dae to normal and accidental releases of

tritium gas and tritiated water.
SOME IMPORTANT RADIOLOGICAL PROPERTIES OF TRITIUM

Tritium decays through beta radiation with an average energy of O.C057 Mev
and a physical half-life of 12.33 years. This means that it has to be incorporated

into the body to cause a radiation dose. The uptake into the body of tritiated
water from food, water or breathing air is 100 per cent. One further important
pathway to the body is through the skin due to diffusion and water penetration.
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This pathway is about 50 % of the uptake through the lungs. Elimination occurs
with an effective half-life of around 10 days.
1 Bq tritium of medium beta energy 0.0057 MeV incorporated as HTO into the
43 kg freely exchangable body water of a 70 kg ICRP standard man and excreted
with the half-life of 12 days means by definition a dose commitment of 1.7 10~
Sv/Bq. From the ICRP ALI-value for tritiated water of 3 10 Bq /6/ a conversion
factor of 1.7 10
Sv/Bq can be calculated. For the penetration of tritiated
water through the skin 50 % is commonly added to the inhalation route. The
breathing rate for ICRP standard man is 20 m /day (24 hours) which means 7 300
m /year. NRC Regulatory Guide recommends 8 000 m /year for adults. For infants
the breathing rate is 1 400 m /year, the body weight is 3-6 kg and the water
turn over three times more rapid than for adults. Thus the dose commitment for
an infant is not very different from an adult as far as the breathing of tritiated
moisture in air is concerned. If we use 8 000 m /year, inhalation and skin
penetration of tritiated water means 6.5 10
Sv per Bq s/m .

The uptake of tritium gas from breathing air and the subsequent conversion
to water is very very small. ICRP DAC-values are 8 10 Bq/m and 2 10
Bq/m
for HTO and HT respectively. This means a conversion factor of 3.4 10
Sv per
Bq s/m for tritium gas.
A very prolonged exposure in an environment containing tritium may ultimately
give the same specific activity in the 20 kg of organic material in the body as
in the 43 kg of water but this does not indicate any increase of the dose.

Intakes of special organic substances (e.g. thymidine) which are transferred

to small body compartments will give higher absorbed dose /6/ but are not likely
to occur as a result of tritium release from nuclear reactors. Furthermore, the

biological effects from tritium decay recoils e.g. in tritiated DNA are not to
our knowledge consistently shown to be more serious than the effects of lonization
from the beta radiation itself.
Important exposure pathways to the public for tritium in water form are
inhalation, penetration through the skin, drinking water, milk and consumption
of food-stuffs. The exposure from tritium in drinking water and from the consumption of food-stuffs e.g. vegetables is very much dependent on local conditions,
such as climate, annual rainfall, local drinking water supply and food production.

The radiation dose due to tritium gas release is very much dependent on
the rate of oxidation to water in soil, vegetation and in the atmosphere.
ATMOSPHERIC DISPERSION

The individuals in the critical group are assumed to live at the point of
maximum relative concentration, usually 1-3 km from the stack. The relative

concentration or dilution factor (s/m ) from unit annual release is dependent on
the stack height, weather conditions (distribution of wind directions over the
year and atmospheric dispersion) and release duration.

Gyllander and Widemo /?/ have presented comprehensive results for relative
concentrations from the Studsvik site and have compared them with results from
other sources. For a continuous annual release from a 100 m stack, the maximum
relative concentration for the true atmospheric dispersion was found to be
1 10~ s/m . For 20 m the relative concentration at 1 km was found to be 1-2
10
s/m . In the code comparison study of Kempe et al /8/ the maximum relative
concentration for 20 m varied between 8 10
- 2.5 10
s/m . The maximum
individual dose commitment from inhalation and skin absorption can then be
calculated according to
D = k d a
Sv
where
k = relative concentration s/m
d = dose conversion factor (6.5 10
Sv per Bq s/m )
a = emitted amount of tritiated water (Bq).
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A certain depletion though will occur of the plume due to wash-out and dry
deposition. A compensating factor is however the evaporation from the ground. To
be strict, one has therefore to distinguish between relative concentrations

applicable for pure atmospheric dispersion and measured dilution factors where
the effects of wash-out, dry deposition and evaporation are included. Edlund /5/
has shown that the depletion due to wash-out and dry deposition will redjce the
maximum concentration in air by the order of 50 % over the year. As the evaporatio^
will compensate this depletion, the total effect is negligable when concentration

in air is considered. These mechanisms are though important for the uptake in
soil and vegetation.
UPTAKE IN SOIL AND VEGETATION

Tritiated water
One would expect the concentration in vegetation to be substantially lower
than in the moisture of the air due to dilution by rain but wash-out, dry
deposition and evaporation act as equilibrating factors between the two media.

Murphy et al /9-13/ have studied the different mechanisms for uptake in
vegetation and exchange with air moisture from real discharges at the Savannah
River Plant (SRP). For long-term release and sampling they have found figures of
0.8-1

for the ratio of the HTO concentration between vegetation and air moisture

for pure HTO conditions without interactions from HT releases. The concentration
in rain was a factor of 2.5 lower than the concentration in air moisture.

The exchange of water through the lungs and skin is of the order of
0.3-0.4 kg/day. If we assume an intake of water through locally produced food
stuffs and drinking water of 0.4 kg/day in which the tritium concentration is
equal relative to the air moisture, then the total HTO intake will be about
double compared to the intake via lungs and skin. This figure is a fairly
realistic estimate of the dose due to food-stuff and water consumption and
consistent with the results in the vicinity of CANDU-reactors /14/ (see a
subsequent chapter).

Tritium gas

The oxidation of tritium gas in the atmosphere is a relatively slow
process. It has according to the reviews of Christensen et al /15/ and Robins
/16/ a half-life of 4-7 years. However in the upper soil layer the oxidation is
much more rapid (order of hours) due to bacterial activities /e.g. ll/. Many
studies have been devoted to this mechanism and to measure the oxidation rate.
In the recent work of Dunstall et al /17/ comparisons between various published
data are presented.
For dose calculation purpose it is conveniant to express the oxidation as a
deposition rate (cm/s) for the conversion and uptake in soil. The deposition
rate is dependent on soil type, water content and bacterial activity (seasonal
effects) and varies between 0.0005 and 0.1 cm/s. A figure around 0.02 cm/s is
typical for the summer season and is about a factor of 100 lower than for

tritiated water.
DISPERSION IN WATER RECIPIENTS

Radiation doses due to the discharges of tritium to water recipients are

dependent on the dilution achieved. Discharge to a river with the water flow
rate of V m /s means a maximum annual intake m relative to the source of
365

m =
V 103 3.15 10'

assuming a water or equivalent fish consumption of 1 kg/day,

319

Rivers computable for uso as recipients are assumed to have a water flow
of 100 - 10 000 m /s which means a relative intake of 10
to 10
of the
discharge. Release to a coastal water recipient means a dispersion in a primary
volume of 1.2 10 m according to investigations of Sundblad et al /18/ and
causes a dose of 0.4-1 10

Sv/Bq emitted.

EXPERIENCE FROM REAL R£LEASES

Frori the operation of CANDU reactors /14/ and the SRP /9-13/ a substantial

experience has been achieved. Full-scale experiments focussing on tritium gas
behaviour, in progress in France /19/ and under planning in Canada, will

certainly add to our present knowledge.
German and Wong /14/ have presented atmospheric dilution factors from the
Pickering station for tritiated water in long-tern studies. At the distance of 1
km from the station, the average over 4 sampling stations and 5 years was
2.S+I.3 10
s/m and was found to be about a factor of 3 lower thar the
theoretical value estimated by Bryant /20/ for 20 n release height. Th^s result

support the figures presented in a previous chapter. Of further interest are the
estimates of annual individual doses fron the various exposure pathways and
especially at the 1 km distance from the station: 5 uSv from inhalation and skin
bsorptior., 1 jSv from irgestion of milk, 1 uSv from ingestior of home-grown
fruit and vegetables and 0.6 jSv from drinking water. Extreme dose values due to
raw milk consunption by an infant were lower than 4 ySv. Tnese dose figures are

based cr environmental monitoring data and *ould be consistent with a release of
approximately 1.3 10^' Bq/a (34 000 Ci/a) /21/.

INDIVIDUAL DOSES FOR LONG-TEP.M EXPOSURE

Various estimates cf radiation doses due to the release of tritiated water
are compared in Table 1.
Table 1. Dose coTritmeits to the TIC s t exposed individual
due to rhronic release of tritiated water.

Type of
release

Exposure

Radiation

pathways

dose (Sv/Bq)

Stack 20 n

Irhalation

a)

1-3 10

All pathways
a)
Inhalation

2-14

Inhalation

River 1000 m

Drinking water

All pathways

Kempe et al /8/

b)

-20
-21

4 10

c)

Gormar. and Wong /14/

-21

All pathways
Stack 100 m

10

-20

References

6 10

-22
4 10
-22
2 10
-22
0.4-1 10

Edlund /5/
This paper

Sundblad /IB/

a) includes skin absorption
b) nterrational computer code comparison

c) Icrg-term experience from real releases
For tritium gas release to the atmosphere the doses to nearby individuals
are very much dependent on the actual oxidation conditions in the soil. From the
corparison of Kempe et al /&/ it seems reasonable to assume, as a conservative

figure 10 % of those for tritiated water. Further assessments by ase of depositior
velocities and evaporation rates will certainly improve this estimate.
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ACCIDENTAL DOSES

The inventory of tritium is separated in various systems of the reactor
and it is very unlikely that these systems will release all their tritium during
an accident. In a recent paper, Rocco et al /22/ estimate that a release of
100-150 g of tritiated water to the environment at a 20 m height represents a
most severe accident of a very low probability of occurrence. In Figure 1 the
individual dose due to inhalation and skin absorption is shown for a release of
200 g tritium (7 10

Bq) as HTO from 20 m as a function of distance from the

source for the Pasquill F dispersion class which is the most unfavourable. The
maximum dose achieved is 0.05 Sv (5 rem). This corresponds to a relative concen-

tration of 1.1 10
s/m . The evaporation of deposited tritiated water will add
to the concentration in the air some time afterwards. In fact the OHTDC code
/see
8/ estimates a 30 % increase within 12 hours.

INHALATION DOSECREM5 FOR DIFFERENT UINDSPEEDS
-= I M/S
-= 2M/S
-- 3M/S

SS

/">

-= 5M/S

2:
LU

-=; *

<t
-z.

3

X

H

01
LU
CO

O

Û
M

I

\

881

00E-04

461

Z

46

10

28

40 60

DISTANCE CKM)
Figure 1. Inhalation dose to the most exposed individual for an
accidental release of 200 g tritium (7 10
Bq) as tritiated
water for the Pasquill class F dispersion.

Deposition on vegetation will cause a temporary contamination. This will
decrease rapidly due to evaporation with a rate constant of 0.03-0.3 per hour.
It is very unlikely that any significant dose contribution will come from
consumption of drinking water and food-stuffs. A few days ban on the use of

locally produced food-stuffs will be sufficient.
Accidental releases of tritium gas is expected to cause doses in the order
of 10 % or less of those from tritiated water according to the previous discussion

for chronic releases and with reference to Kempe et al /8/.
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COLLECTIVE DOSE COMMITMENT

According to the basic ICRP radiation protection criteria it is essential
to
optimize the radiation protection actions to achieve a balance between the
total detriment (collective dose commitment - CDC),
and the costs for the
actiors
and
ensure that future radiation doses will not exceed authorized dose limits.
The CDC concept can be used as a tool to assess that the design ard
operation of fjsion reactors meet with these criteria.

L^ndell /23/
har shewn that the future irdi"idual dose to the world
population will be limited to 0.1 mSv/year if the CDC is restricted to 10
manSv/GWe. This restriction assumes an extensive global use of electrical power
fron nuclear reactors and is certainly conservative for the moment but may be

more appropriate in the future and thus applicable to fusion technology.
Various authors have assessed the CDC from tritium releases. Gentry and
Travis /24/
reviewed earlier estimates (10
-_5 10
manSv/Bq) for HTO
releases to the atmosphere and suggested 0.5 10
manSv/Bq. Bergman et al /25/
showed that the CDC was very much dependent on whether tritium was discharged
into the atmosphere, the troposphere or to the well-mixed layers of the oceans.
For tritiated water CDC varied within the range of 4 10
- 1 10
manSv/Bq.
They also mention that the CDC for HT released to the atmosphere is 1.3-1.7
tines the CDC for HTO. Releases of HTO from coastal sites to the Baltic Sea and
to recipients on the Swedish west coast yield according to Sundblad et al /18/
CDC of about 0.2 10~

Sv/Bq.

From the intercomparison study by Kempe et al /8/ for atmospheric release

fron a 20 m stack, CDC within 100 km for tritium was found to vary between
1 10
and 2.7 10
Sv/Bq for tritiated water. It is obvious that under
certain circumstances the regional contribution to the global CDC may dominate.
The release of 1 Bq HTO per year to a river with a water flow of I p Q O m /s used
as drinking water for 10 million persons will give a CDC of 1.7 10
manSv.
Additional global CDC from this source is negligable.

In Table 2 estimates of CDC are summarized. It is notable that CDC for HT
Release of HTO

released to the atmosphere is of the same order as that for HTO.

to coastal waters causes lower CDC than release to the atmosphere or to a river.

From Table 2 it is obvious that the collective dose may approach 3 10

man

Sv/Bq. If we assume that figure and an annual release of 10
Bq of tritium per
5 GWe unit (around 100 Ci/day) this will cause a CDC below 10 manSv/GWe, which

is below the criteria.
In Table 3 a comparison is given for the release margins when using the
criteria for individual dose and the cellective dose respectively under the
assumed basic radiation protection criteria given in the paper.
If we now consider the optimization aspect, the costs for the efforts to
reduce the CDC a factor of two would be equivalent to the order of 1 manSv. If
we assume a value of 0.5 M US dollars per manSv this cost is a very marginal
part of the cost we expect for tritium protection and retention systems in a
fusion reactor. That is to say that the design of the systems will be governed
by the authorized limits regarding individual dose and collective dose and that
the optimization aspect thus is included.
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Table 2. Collective dose commitments (CDC) from release
of tritiated water or tritium gas

Discharge
mode

Reference

CDC

manSv/Bq

Tritiated water
Stack 20 m
River 1 000 m /s

Coastal recipient
Global compart1

1 10-16 - 2.7 IQ'15
15

This paper

2 10-

18

2 IQ'

17

4 IQ'

Kempe et al /8/

Sundblad et al /18/
15

- 1 10-

Bergman et al /25/

ments
Tritium gas
Atmosphere

1 ID'15

Bergman et al /25/

Table 3. Release limitations for assumed basic radiation protection

criteria (0.1 mSv/y and 10 manSv/GWe) for an assumed release
of 10 Bq/y

Type of release

Factor below criteria
Individual
dose

- HTO
20 m stack
100 m stack
1 000 m /s river

coastal recipient
- HT
20 m stack
100 m stack

10
100
500
1 000

100
1 000

Collective
dose

10
10
5
5 000
10
10

CONCLUSIONS

Radiation doses to individuals in the critical group due to long-term
releases into the atmosphere of tritiated water are generically easy to
predict within a reasonably accuracy. The key factors are the release

amount and rate, release height and dilution factor. The dilution factor
is dependent on the stack height and to some extent the local meteorological conditions. For a 100 m stack a dose commitment of 10
Sv per Bq
emitted is estimated to be typical including all relevant exposure pathways.
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Release of tritium gas causes a dose to nearby individuals which is a
factor of at least 10 times less than for tritiated water but substantially
higher than the ratio in radiotoxicity indicates and this is due to
oxidation processes, mainly in the soil. Research efforts are focussed on
the improvement of our understanding of the processes for tritium gas
behaviour and dose calculation.
Releases of tritiated water to water recipients result in individual doses

very much dependent on local dilution conditions but are easily
predictable if this dilution is known. Discharges to big rivers and
coastal recipients cause individual doses below what is expected from

releases to the
atmosphere.
Accidental releases of a substantial part (e.g. 200 g) of the inventory of

tritium as water will cause acute doses due to inhalation of the order of
0.05 Sv to the most exposed individuals in the public. Evaporation of
deposited tritium and contamination of food-stuffs may potentially increase
the dose somewhat but is partly avoidable. Restrictions of food production

and living conditions in the vicinity of the plant will be limited to
small areas and will be of relatively short duration. Release of tritium
gas is of even less concern. The tritium inventory of a fusion reactor is
thus no severe threat for the environment in a sudden accident.
The global collective dose commitment (CDC) due to tritium release is
substantially dependent on the type of primary recipient e.g. river in a

densely populated area, atmosphere or a coastal water. The range of
variation according to our estimate based on available data is 10

10

manSv/Bq. It is notable that the CDC for tritium gas is of the same

order as that for tritiated water released to the atmosphere.

REFERENCES

/!/

IAEA Fusion Safety Status Report
IAEA-TECDOC-388 (1986)

/2/

Casini G., Ponti C., Rocco P.
Environmental aspects of fusion reactors, 1985 ISPRA
EUR-10728 EN (1986)

/3/

J. E. Till, E.L. Etnier and H. R. Meyer

Methodologies for calculation the radiation dose to man
from environmental release of tritium.
Nuclear Safety, Vol. 22, No. 2, March-April 1981

/4/

T. E. McKone and W. E. Kastenberg

Calculation of radiological dose due to release of tritium
oxides from controlled thermonuclear reactors
Nuclear Technology Vol 40, Sept 1978
/5/

O Edlund

Fusion Energy. Radiation doses from tritium releases
STUDSVIK/NW-83/458 (1983)

/6/

ICRP Publication 30. Limits for Intakes of Radionuclides by workers
Pergaman Press 1979.

/7/

C Gyllander, U. Widemo
Concentration statistics based on experimental data of
atmospheric diffusion.
IAEA-SM-181/2 (1974)

324

/8/

T.F. Kempe, S.B. Russell, K.J. Donnelly

International comparison of computer codes for modelling
the dispersion and transfer of tritium released to the
atmosphere.
ANS Topical meeting, Dayton, Ohio, April 30 - May 2, 1985

/9/

Murphy C.E, Watts J.R, Corey J.C.
Environmental tritium transport from atmospheric release

of molecular tritium
Health Physics Vol 33 (sep
/10/

1977)

pp 325-331

C.E Murphy, Jr., M. M. Pendergast

Environmental transport and cycling of tritium in the
vicinity of atmospheric releases
IAEA-SH-232/80 (1980)

/ll/

C.E. Murphy, Jr., C.W. Sweet and R. D. Fallon

Tritium transport around nuclear facilities
Nuclear Safety, Vol.
/12/

23, No. 6, November-December 1982

Sweet C.W, Murphy C.E., Lorenz R.
Environmental tritium transport from an atmospheric
release of tritiated water
Health Physics Vol 44:1 PP 13-18

(1983)

/13/

C.E. Murphy
The relationsship between tritiated water activities in
air, vegetation and soil under steady-state conditions
Health Physics Vol. 47. No. 4 (October), pp. 635-639. 1984

/14/

Gorman D.J.,

Wong K.Y.

Environmental aspects of tritium from CANDU

station releases
IAEA-SM-232/49 (1979).

/15/

Christensen H., Ljungvist L. Conversion of tritium gas to
tritiated water
Studsvik Technical Report K2-80/330 (1980)

/16/

Robins J.R. A review of tritium conversion reactions.
Canadian Fusion Fuels Technology Project
Report CFFTP-G-F84027 (1984)

/17/

Dunstall T.G.,
Ogram G.L., Spencer F.S
Elemental tritium deposition and conversion in the terrestrial

environment
Canadian FFTP Report-G-85035 (1985)
/18/

/19/

Sundblad B. STUDSVIK (personal communication).

Djerassi H. French studies on environmental tritium studies
CEA Status report July 1986

/20/

Bryant P.M. Méthodes of estimation of the dispersion of
windborne material and data to assist in their application
UKAEA AHSB (RP) R42 (1964).

/21/

Wong K.Y.

Canadian Fusion Fuels Technology Project (personal communication

Oct 1986)

/22/

Rocco P. Casini G., Ponti C. The environmental impact of future fusion
reactors. 14th

Symposium on fusion technology. Avignon 8-12

Sept 1986.

325

/23/

Linde 11 B. Report on the applicability of international radiation
protection recommendations in the Nordic Countries (1976).

/24/

Gentry R.D. Travis C.C. Bounds for global tritium population doses.
Health Physics Vol 40 (Jan 1981) pp 73-76

/25/

R. Bergman, U. Bergström, S.Evans
Environmental transport and long-term exposure for tritium
released in the biosphere
IAEA-SM232/47 (1979)

326

RADIOACTIVE EMISSIONS AND ENVIRONMENTAL
EFFECTS OF FUSION REACTORS
P. ROCCO
Joint Research Centre,
Commission of the European Communities,
Ispra
Abstract

The results of recent environmental studies on magnetic D-T fusion are
presented. The routine emissions of FCTR, a tokamak power reactor with

characteristics extrapolated from those of NET and INTOR, have been
evaluated with conservative hypotheses. They produce very low effects

in the environment and these can be further reduced on the basis of a
cost-benefit analysis. Reference releases are defined for extreme accident conditions. Their environmental effects outside the plant area
do not reach the limits necessitating evacuation.

1.

INTRODUCTION

Power reactors based on magnetic fusion as envisaged today will be

plants with complex design solutions in which several different technologies are required to work with performances at or beyond the
limit of present capabilities. The result is that, at least in its

initial stages, fusion energy will probably be more expensive than
both conventional and nuclear fission energy. This increased cost must
be clearly justified by higher quality of the energy produced.

This paper presents results of recent environmental studies on D-T
tpkamaks. Data are mostly from /!/ and they have recently been used
in the preparation of a report for the European Parliament /2/.

Reference is made, wherever possible, to FCTR (First Commercial-sized
Takamak Reactor) which is an extrapolation of NET/INTOR characteristics

to a prototype power reactor /3/. Table 1 shows INTOR, NET and FCTR
parameters.
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TABLE I - Typical fusion reactor parameters
INTOR

Fusion power (MW)
585
Electrical power (net, MW)
0
Toroidal field on plasma axis (T) 5.5
Plasma current (MA)
Neutron wall loading (MW/m^)
First wall area (m^)

2.

8.0
1.3
352

NET

FCTR

600
0
5.0
10.8
1.0
480

3590
1200
5.7
18.0
1.8
1600

EMISSIONS DURING OPERATION AND MAINTENANCE

The routine emissions of FCTR as evaluated in /!/ are shown in Tables

2 and 3. The tritium fractions released to the atmosphere in elemental
and oxide form are also indicated.

TABLE 2 -

Atmospheric emissions of a fusion reactor (FCTR) ,
TBq/a (Ci/a)

Tritium
Coolant system
Torus
Diagnostics
Process system (+ waste
preparation)
Tritium recovery

Operation

Maintenance

185(5000)
0.37(10)

55(1500)
185(5000)
37(1000)

3.7(100)
11(300)

110(3000)
185(5000)

Reactor hall walls*)

Total

770(21,000):
4 4 0 ( 1 2 , 0 0 0 ) as HTO

330( 9,000) as HT

2

Activation products (SS)

1.85-10~ (0.5)

Cover gas

negligible (with hold-up tank)

*)Rp-emission of the tritium absorbed during major maintenance operations

TABLE 3 -

Aquatic emissions of a fusion reactor (FCTR), TBq/a (Ci/a)

Tritium
Activation products (SS)

55(1500)*)
0.185(5) **)

*) Mainly due to losses during maintenance of coolant systems, but

also including streams from waste processing.
**)Assuming resuspension of corrosion products into coolant due to
maintenance.
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Regarding atmospheric releases, the major tritium source during opera-

tion is attributed to leakage from first wall and blanket coolant lines;
whereas during maintenance there are important contributions also from
the torus zone, diagnostics and process systems and the-reactor hall walls.
Atmospheric releases of activation products mainly arise from corrosion

products in the primary coolant.
The hypotheses adopted to define these atmospheric emissions- are:
- Water is used as a primary coolant and development work, already in
progress for CANDUs, reduces the non-recoverable losses to 10 1/d.
Water

losses

during

maintenance

are

about 30%

of

those sustained during operation.
- Permeation barriers and the employ of detritiation systems can main-

tain the tritium concentration in primary circuit within 37-74 GBq/1
(1-2

Ci/1).

- Tritium transfer through the steam generators for leakage and per-

meation is small,

as in CANDUs, where the steam condensate has very

low tritium levels /4/ so that the tritium release through this route
is negligible.
- In the case of helium as a primary coolant, tritium releases seem more
difficult to quantify. Leakage from the helium circuit into the reactor hall can be reduced to minimum values by engineering devices such

as buffers containing high pressurized and purified helium /5/.

Conversely, tritium releases can be important for leakages and permeation through the steam generator. They are from 1% to 10% per year

/5,6/ of the helium inventory. As a preliminary estimate it can be
stated that tritium releases from the secondary circuit are of the
same order of magnitude as those from water primary circuits.

- Most of the process systems are in an independent building where the
multiple containment and detritiation systems derive from those tested
in tritium laboratories. The tritium releases during operation can be
drastically reduced but, conservatively, enhanced losses are assumed
during maintenance.

- The tritium permeation through the torus during operation is minimal.
As for the process systems, there is the likelihood of increased

losses during maintenance from the torus itself and from the related

diagnostics.
- During extended maintenance operations, the normal ventilation system
of the reactor hall is shut and a close-circuit detritiation svscerr.
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is used. This action causes a tritium absorption in the reactor hall

walls and a re-emission in a longer time scale than the maintenance

period. The slowness of the process permits tritium oxidation.

- The suspended concentration of activated corrosion products in the
primary coolant is about 3.7 GBq/m3 (10"1 Ci/m3) /?/. Maintenance operations can, however, increase this value by about two orders of magnitude with the resuspension of products which normally adhere to the

pipe walls. High efficiency filters in the final duct before the stack

abate more than 90% of this activity.
- The radioactivity of the reactor cover gas (air, nitrogen or carbon
dioxide) does not give significant contributions. The long-lived activation product is C14, the highest amount of which is produced in the
case of air. Its contribution to the total dose is negligible. The
most important short-lived activation product is N16 (tjy2

= 7

'13 s'

which is in higher amounts when the cover gas is carbon dioxide. Its
contribution to the dose can be reduced, if necessary, by making use
of

decay tanks /5/.

The aquatic releases of Table 3 are attributed essentially to losses from
coolant systems during maintenance and to streams from liquid waste pro-

cessing. Also in this case, the resuspension of activated corrosion pro-

ducts has been assumed.
The routine emissions indicated previously can be reduced on the basis
of a cost-benefit analysis. It is likely that the operational losses

of tritium in the reactor hall cannot be controlled. In fact, extrapolating from INTOR /?/, the volume of this hall will be about 3xl05 m3,
which - for technical and economic reasons - does not allow a continuous

detritiation. It can be noted, however, that about 60% of the tritium released to the atmosphere comes from maintenance. Most maintenance operations can be executed using temporary containment where detritiation
systems of acceptable dimension can be used. This procedure can effectively reduce the HTO emissions and avoid absorption processes in the reac-

tor hall walls. Some reductions can also be attained during the maintenance of the process systems, but most of the tritium losses from this
route are expected to be in elemental form and the reduction of the environmental effects will be modest.
As shown in section 4, taking account also of soil oxidation of elemen-

tal tritium, which is a faster process than oxidation in the atmosphere,
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the dose rates from HT releases are about two orders of magnitude lower
than those for HTO releases.
Reduction of the tritium aquatic releases are also possible, but this

would probably result in a major increase in tritiated waste. More efficient filtering can also minimize the aquatic releases of activation
products but these contribute only a small fraction of the total dose.
3.

EMISSIONS IN ACCIDENT CONDITIONS

The probability of a complete release of the tritium inventory of FCTR
is extremely low. This inventory is conservatively quoted to be 5 kg /!/,

but lower values are possibly attainable (3-4 kg). About one third will
be stored in separate bunkers in a stable form (tritide in metallic
beds). A major fraction of the remaining tritium will be unlikely to

escape in significant amounts for all conceivable accidents because it is

trapped in structures or present in low concentrations in the breeding
material. The mobilizable tritium inventory of FCTR can be derived from
recent studies on NET /8/ where the partial inventories of the process

systems have been defined. No significant scaling up effects are expected for FCTR. This extrapolation leads to about 1.5 kg of tritium
present in the FCTR process systems, with maximum localized inventories
of 200 - 900 g, depending on different design options.

In the absence of a thorough safety analysis, current safety assessments

must be made assuming extreme accident conditions. The most severe tritium accident can be represented by the release into the atmosphere of
150 - 200 g of tritium in oxide form at a height of 20 m. The assumption is that all or a large fraction of a tritium system inventory is
involved in a fire and/or explosion which causes a sudden oxidation and

the failure of the containment systems. The release occurs through a
rupture of the damaged building.

With regard to activation products in FCTR, the neutron induced radioactivity in stainless steel structures facing the plasma chamber can
reach 9.6 TBq/cm3 (260 Ci/cm3) /!/.
Accident scenarios involving large releases of activation products to

the environment have not been identified up to now. It is shown in /9/
that severe plasma disruptions can mobilize small amounts of plasma-side

materials. Similarly, loss of coolant accidents do not seem capable of
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producing significant melt-down effects /10/. Contamination of the

reactor hall can be produced by the failure of the vacuum wall but the
containment/filtering systems of the reactor hall would drastically
reduce the emission of activated materials from such accidents as well

as those of corrosion products from large water spills from the primary
circuit. A pessimistic accident scenario has recently been examined,

assuming the presence of 3 kg of activated metallic dust particulates
in the NET vacuum zone. This amount of non-redeposited material represents about 1% of the current erosion rate for NET (0.1 mm/a) /II/.

There is neither theoretical nor experimental information to justify
this figure, apart from the fact that higher amounts would probably

cause problems for the vacuum pumping systems and should be periodically removed. The accident initiator consists in the failure of a

penetration in the vacuum wall and the consequent pressurization of the
torus zone /12/. Due to the large volume of the plasma chamber zone,
even a large break (more than 1 m^) could not cause relevant shock wave

effects and failure propagation could be avoided. The air which rushes
in, subsequently warms up on contact with the hot in-vacuum struc-

tures and expands, carrying the erosion dust out of the torus. In the
conservative assumptions of /12/ (no trapping of dust by impingement
and deposition), more than 50% of the pulverized material can be expelled and high contamination levels are reached in the reactor hall.
An accident analysis, however, shows that, even in extreme conditions
(loss of filtering efficiency at the stack and delayed closure of the
ventilation systems), the releases from the stack would be only some

tens of grams of erosion dust, with low environmental consequences /13/.

In the real case, the settling phenomena will be important for all particles exceeding 100 y, which probably constitutes the large majority
in weight of the erosion dust, and the expelled fraction will be sub-

stantially reduced (about 5 times less) /14/.
Extrapolating previous data, an extremely severe accident involving activation products which assumes the simultaneous failure of the vacuum

wall and of the reactor building, can be represented by the release of
100 g of erosion dust at a height of 20 m.
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4.

ENVIRONMENTAL EFFECTS

4.1

'

Operation and maintenance

The effects of the atmospheric and aquatic emissions of FCTR, see
Table 2 and 3, have been assessed in L.1L, making reference to results

of /5,15,16/. They can be summarized as follows:
- The MEI (Most Exposed Individual) lives at a 3 km distance from the
release point and obtains food and water in the vicinity.

- The atmospheric emission of tritium (440 TBq/a as HTO, 330 TBq/a as HT)
produces a dose to the MEI of about 6.5x10"-^ mSv/a (0.65 mrem/a) . More
than 90% of this dose is due to ingestion. With regard to HT emission

there is the conservative hypothesis that oxidation in soil of deposited HT is a rapid phenomenon (more than 10% per hour).

- The atmospheric emission of activation products (i.85xlQ~^ TBq/a)

produces 4xlO~^ mSv/a (0,4 mrem/a).
- The aquatic emissions (55 TBq/a of tritium and 0.185 TBq/'a of activation products) produce about 4x10

mSv/a (0.4 mrem/a).

- The total dose to the MEI is less than 1.5x10"^ mSv/a (1.5 mream/a).
The routine dose of FCTR can be substantially lower than the value indicated previously, for the following reasons:
- As mentioned in section 2, tritium releases in the reactor hall during

maintenance can be reduced with temporary containment and local detritiation. The tritium release to the atmosphere can be reduced by
about 50% in this way.
- The environmental effects of the elemental tritium released to the atmosphere have been overvalued in /!/ through too fast an oxidation rate
in soil. As a consequence, the dose rates for ingestion are not too

different from those in the case of HTO releases. Recent experiments have
determined oxidation rates in soil lower than 5% per hour /17/. in
these conditions, evaluations performed at Ispra with the code SCIROC
/18/ indicate that tha HTO concentrations in soil due to HT release are
about two orders of magnitude lower than those for equivalent releases
of HTO. The ingestion dose, which is the prevailing one, is reduced

accordingly and would be negligible.
With these modified assumptions, the dose to the MEI would be reduced to

less than IxlO"2 mSv/a (1 mrem/a).
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4.2

Accident conditions

The environmental effects of the accidental releases hypothesized in section 3 are the following:
- Tritium.

200 g of tritium released as HTO at a height of 20 m produce the

maximum dose of 35 mSv (3.5 ran) at 1 km from the release point. The
dose is reduced to about 20 mSv (2 rem) at 2 km and to about 10 mSv
(1 rera) at 3 Jan. These results axe obtained for the weather condition
F, no rain, windspeed 3 m/s, HTO dry deposition velocity 1.8xlO~2 m/s
/19/.
- Peculiar weather conditions (fumigation) can increase these previously-stated values, but in any event the limits where evacuation becomes

necessary (5-15 rem in most countries) would not be reached beyong
3 km from the release point.
- If the release is through the stack (100 m), the maximum dose is about
25 times lower.

- Activation products.

The maximum acute dose to the bone marrow due

to a release at a height of 20 m of 100 g of activation products in
NET first wall conditions (ÂISI 316, 1 full power year of operation)

has been estimated to be about 0.6 mSv (0.06 rem) at 1 km from the

'release point /19/.
The increased radioactive levels given FCTR conditions (neutron wall
load 80% higher than in NET, see Table 1, 6 full power years of operation and always assuming stainless steel as the structural material)

produce higher doses by a factor of about 3.

The consequences due to this release are lower, at least in the short
term, than those due -to the release of 200 g of tritium as HTO.

5.

CONCLUSIONS

The information given above allows us to arrive at the following con-

clusions:
- FCTR routine emissions as estimated in /!/ produce environmental

effects which are comparable with or lower than those from a modern
fission plant and the related fuel reprocessing. It is demonstrated
that these releases can be reduced further. This goal should be
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pursued only if:

. it is attainable without an unacceptable increase of the complexity and cost of the plant;

. the benefit for the public is weighed against the consequences
for personnel.
- The hypothesized accidental releases can arise from damage of the

plant so severe that further extrapolations are unnecessary, m

these

conditions the environmental effects appear to be limited and res-

tricted to a small area around the plant. Accident scenarios leading
to important releases of activation products are harder to conceive

than those for tritium releases.

6.

1.
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A DYNAMIC MODEL OF THE TRANSFER OF TRITIUM
THROUGH FOODCHAINS: SENSITIVITY OF DOSE
PREDICTIONS TO VARIATIONS IN KEY PARAMETERS
I. BREARLEY
Safety and Reliability Directorate,
United Kingdom Atomic Energy Authority,
Culcheth, United Kingdom
Abstract

Recently, we have developed a dynamic foodchain model for elemental t r i t i u m
and t r i t i a t e d water vapour.

The dynamic nature of the model, called TRIDOS,

enables both seasonal effects and short duration discharges to be studied.
Reasonable agreement has been obtained between model predictions and

experiment.
In application of models of this type there is clearly some uncertainty,
since, for example, some of the key variables are subject to stochastic
v a r i a b i l i t y or are not well known.

There is considerable interest in the

impact of these uncertainties upon dose estimations.

In this paper, following a brief description of the TRIDOS model, some of
the key parameters are i d e n t i f i e d and their possible ranges of values

discussed.

Then, the impact of varying these parameters w i t h i n the ranges,

on calculated foodchain doses is estimated.

Introduction

Recently, a dynamic model was described of the transfer of t r i t i u m gas (HT)
or t r i t i a t e d water vapour (HTO) through food chains to man

.

The model,

called TRIDOS, was developed to study, p r i m a r i l y , short duration releases.
Comparison of the predictions of the model with experimental data, and with

the predictions of other models, showed reasonable agreement.
Here, following a very brief description of the model, key parameters are
i d e n t i f i e d and sensitivity of estimated doses to variations w i t h i n expected
ranges investigated.
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Model Description
.(2)

The TRIDOS model is extended from the earlier work of Aaspaugh
McKone

and

, by the inclusion of more pathways, seasonal effects, food storage

effects and the consideration of elemental t r i t i u m gas (in addition to
t r i t i a t e d water) releases.

The components of the terrestrial ecosystem

considered in the model are shown schematically in Figure 1.
been described in detail elsewhere

;

The model has

however, a b^ief description is

presented below.

ATMOSPHERIC

DEPOSITION/

DEPOSITION/

TRANSPIRATION

TRANSPIRATION

TRITIUM

INHALATION

DEPOSITION /
INHALATION/

DEPOSITION

TRANSPIRATION

FIG.

1

SCHEMATIC

DIAGRAM

OF THE

TERRESTRIAL

FOOD

CHAIN

Consider f i r s t the complex interactioas between atmospheric t r i t i u m and
soil.

Tritiated water vapour freely exchanges between the water in the soil

and the atmosphere, the rate being dependent upon environmental factors,
such as, vegetation cover and windspeed.

This exchange process leads to the

upper layers of the soil becoming saturated;

further "deposition" from

airborne HTO is then governed by the d i f f u s i o n c o e f f i c i e n t in the soil,
which is dependent upon such factors as soil porosity and water content

Once the release has ceased the exchange velocity i n i t i a l l y governs the loss
rate from the soil to the atmosphere but after a few hours the loss again
becomes d i f f u s i o n controlled.
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For tritium gas, similar processes occur. However as the gas diffuses
through the soil it is oxidised to tritiated water by soil
microbes(5'6'7).

To model the behaviour in soil a number of simplifying assumptions are
introduced. Firstly, the soil water content is considered constant, so that
the activity in the root zone is described by an average value.
Additionally, it is assumed that HT is oxidised rapidly at the soil surface
and thereafter behaves as HTO. The transport of activity through the root
zone is modelled using analytical solutioas of the diffusion fluxes

at the

soil surface and at the bottom of the root zone. Additional terms
included to allow for dilution/displacement by rain, transpiration losses
and the effects of animals on the pasture.
The vegetable component of the model considers t r i t i u m to enter plants

through exposure to contaminated air and soil.

governed by transpiration.
contaminated a i r .

The reverse process is

Note tht for HT there is no plant intake from

In modelling uptake by animals, only cattle and sheep a^e considered;
other animals such as pigs and poultry are not considered, since, on the

whole, they do not graze in the open so that their exposure is reduced.

For

the animals considered, it is assumed that all fodder and drinking water is
obtained locally.

The exposure pathways considered for animals are

inhalation from the passing cloud and the ingestion of contaminated fodder
(or pasture grass), drinking water and soil. The nature of the animal's
feed is dependent upon the animal and time of year.

As water is distributed

widely throughout the whole body each animal is modelled as a single,
well-.mixed compartment.

In the current model the effect of organically

bound t r i t i u m is neglected.
/ Q\

Modelling the uptake by humans is based upon ICRP30
of organically bound t r i t i u m is neglected;

.

A g a i n the effects

this could lead to an

underestimate of the dose by a factor of up to 3

'

Seasonal effects are included in the cattle, leguminous vegetables, grain
and root pathways.

Experiments have shown that, following a short duration

"elease, HTO is lost from the soil rapidly (a half l i f e of a few to tens of
days) so that it is only necessary to consider releases during two t i m e

339

periods:

the growing season and the harvest season.

The food chain dose

associated w i t h a short duration release occurring greater than, say, one
month before the harvest season is negligible.

In the model cattle are assumed to graze in the open from late spring to
early autumn and to consume fodder crops (harvested and stored during the
summer) d u r i n g the winter when the cattle are indoors.

However, whilst

indoors they can of course consume contaminated water and inhale a c t i v i t y
from airborne contamination.
For seasonal crops directly coasumed by man,

it is assumed that some of the

produce is eaten during the harvest season, w i t h the remainder stored for
consumption throughout the rest of the year.

The harvest length is

dependent upon the crop of interest being -20 days for grain and leguminous
vegetables and longer, -90 days, for potatoes ( t h e m a i n root crop).
Key Parameters and Model Sensitivity
There is clearly some uncertainty associated w i t h applications of models of

the type discussed above.

Here some of the key parameters of the model are

i d e n t i f i e d , followed by an investigation of the effect of varying

each parameter separately w i t h i n likely ranges.
Among the parameters which will have a significant impact on estimated dose

to man are the following:

the exchange velocity between airborne activity

and soil, the diffusion coefficient for HTO in soil, the duration of the
release of t r i t i u m , the time daring the year the release occurs and the
The effect o f varying each of these is

length of the harvest season.

coasidered in turn below.
The exchange velocity effects the deposition of airborne a c t i v i t y on the

soil.

For bare soils the values could be as high as - 10~ 2 m s"1, but

vegetation cover, low windspeed and stable weather conditioas could reduce
the exchange velocity considerably.
2

Figure 2 shows the effect of changing
1

the velocity from 10'"'* to 1 0 ~ m s" , for a HT release of H hour duration
and an air concentration of 1 M Bq nr~ 3 .

(Changes in soil deposition has

l i t t l e effect upon dose predictions following a HTO release as direct
contamination of vegetation from the passing cloud is considerably more

important).

Over this range the individual dose from consumption of

contaminated foodstuffs increases from 3pSv to 10pSv.
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exchange velocities is the result of deposition not being controlled by
exchange processes but by the diffusion coefficient of t r i t i u m in the soil.
The soil diffusion coefficient for HTO is important in determining both
deposition and retention of HTO in the soil.

Again, its greatest effect is

for HT (recall that HT is considered to r a p i d l y convert to HTO in s o i l ) ,
since for HTO releases direct contamination of plants is more important.
(4)
From his experiments, Garland
infers that, for the particular soil
conditions studied, the d i f f u s i o n coefficient lies between 6.10"
3.10~ 9 m 2 s~ l .

However, other soil conditions may prevail;

and

for example

reducing the soil water content could reduce the d i f f u s i o n coefficient
further. Thus, f i g u r e 3 shows the effect of varying the d i f f u s i o n
coefficient between 1 0 ~ * ° to 3.10~ 9 m 2 s" 1 , for the same release
characteristics as considered above.

The estimated foodchain dose varies

from ~5 to 20
The expected release duration for accidental ^eieases will vary depending on
the accident sequence;
from 1 hour to 10 days.

here it has been chosen to vary the release duration
The result is shown in f i g u r e 4.

As can be seen

the predicted foodchain dose is relatively insensitive to release duration.
In these releases the time integrated ai1" concentration was m a i n t a i n e d at 1
M Bq s m"3 .
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The 10 and 90 percentiles of absolute humidity in the southern UK are around
0.002 and 0.02 kg irT 3 .

The result of varying the h u m i d i t y between these two

l i m i t s is shown in f i g u r e 5, foi" both HT and HTO »"eleases of 4 hour duration
and an average ai1" concentration of 1 M Bq m ~ 3 .

In both cases the dose

varies by a factor of about f i v e .
Figures 6 and 7 show the effects of varying 2 key parameters in the seasonal
model, namely start day in the year of the accident and harvest length.
Since an accidental >°elease could in p r i n c i p l e occur at any time, dose
calculations have been performed ^or many possible times throughout the
year*.
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The ^elease characteristics here comprise a 4 hour duration w i t h an
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accident timing on estimated dose;
pathways can be seen.

Figure 6 shows the effect of

the contribution made by the various

For clarity only results for HTO are presented, since

those for HT display similar trends.

It can be seen that for certain

foodstuffs the contribution to total dose is negligible for releases

occurring well outside the harvest reason.
factor of 2.

The total dose varies by a
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In ^igure 7 the effect of varying the harvest length for leguminous
vegetables from 10 days to 50 days on their contribution to dose can be
seen.

The dose from this pathway varies by a factor of -4.

Conclusions
A dynamic model of the transfe 1 " of t r i t i u m through foodchains has been used
to study s e n s i t i v i t y of estimated doses to some key parameters.

Separately,

certain of these parameters may give rise to uncertainties of a factor of a
few (up to around 5).

Future work w i l l look at the effects of varying these

and other uncertain parameters in combination (ie multi-parameter
sensiti v i t y ) .
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PUBLIC PERCEPTION OF FUSION SAFETY
Elements for a strategy
J.P. PAGES, J.L. ROUYER
Département de protection technique,
CEA, Institut de protection et de
sûreté nucléaire,
Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France
Abstract

The paper addresses the link of fusion and fission safety and two surveys
performed in France on samples of similar size and composition before and
after the Chernobyl nuclear accident (February 1986 and June 1986
respectively). Comparison of the results obtained indicate on which aspects of
nuclear power safety the public is most sensitive.

1. Introduction :

Fusion power, often presented as a clean energy, is nevertheless based on
nuclear reactions which produce radioactive elements. Fusion safety is then in

fact strongly linked to fission safety.
Tchernobyl accident has been a disaster, not only for USSR, but also for

world public perception of fission safety. This appears in France from one public
opinion survey performed after the accident, in June 1986, which shows a clear
degradation of nuclear power image.

The results of this survey must be integrated with the results of other
periodic previous surveys in a framework of interpretation of public opinion

mechanisms, which has been elaborated in France to explain the difficulties
related to technological changes and improve the communications with the public.
This allows to evaluate the impact of Tchernobyl but also to give

directions of actions for further public acceptance of nuclear power. More
specifically, it can also be deduced elements of strategy for acceptance of
future fusion power.

2. Public perception of nuclear power before Tchernobyl :
Public opinion is generally reluctant to nuclear energy because :
- since Hiroshima, nuclear power and nuclear explosions remain linked ;
- long term nuclear wastes appear as new hazards ;

- cancer and nuclear materials are related.
Faced to public concern about these new hazards, nuclear specialists have

tried hard to prove that :
- a nuclear power station cannot explode as a bomb ;

- radioactive waste management can be handled ;
- cancer is related to many other causes.
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They have many good scientific reasons to prove these assumptions, but,
though accepted as respectable specialists by the public, their messages could
not reach their objectives because direct technical in communication happen to be
impossible and these tentatives often turned against their authors.

It was then necessary to try to explain the mechanisms of public opinion
to see how to act with efficiency to accompany technological mutations.

This has been done in France by an Association for Study of Public
Opinion Structures called AGORAMETRIE. This task force has developped elements
for a general theory of conflicts (1) According to this theory, conflicts which

appear in our societies through press and media have a triple social role :
- legitimate important choices by imposing debate between institutions ;

- harmonize Institutional changes, technological changes and mentalities
evolution ;
- allow the individuals to communicate and access to some knowledge.
Two systems are found in interaction : Institutions and the Public. In
their interactions, Institutions transform themselves at the rythm of the
conflicts. For the Public, the debate between actors is first of all a show. A
conflict is then a modern tool to manage the tensions with the public as a kind
of tribunal who judges the values of the various arguments. Also, debate between
actors continues among the public which has accessed, through the public

conflict, to some knowledge. The new play between individuals is however
different from the play of the press and media : Roles are not distributed
randomly ; they are chosen according to the place occupied or which the

individual wants to occupy in the social universe. It is how the evolution of the
opinions would occur, along with the continuous appropriation by the social
individuals of the roles offered by the permanent show of the conflicts.
This theory explains why, with nuclear problem as with other new
challenging problems, the debate is not technical but in the domain of
representations, symbols and metaphors. It justifies the difficulties for the
nuclear specialist to convince on advantages or qualities of nuclear energy,
because direct communication between decider, specialist and public is impossible.
It gives solutions to introduce technical aspects in the public debates : this
should be done through relays which intervene in conflicts : local elected people,
scientific communities, leading citizens (doctors, etc.).
This is necessary that a specialist gathers proofs that a power station
does not explode as a bomb but it is not sufficient, if he cannot transfer this
knowledge to a person recognized as important by the public and which gains
importance to be the depositary of this new knowledge.
All these considerations are well summarized in (2).
3. Public perception of nuclear power after Tchernobyl :

The differences in public perception of nuclear power, in France, after
Tchernobyl, are well summarized in table 1, which gives the results of two
similar surveys before Tchernobyl (Feb 1986) and after Tchernobyl (June 1986) for

the main questions concerning nuclear energy and safety. More details about this
comparison are given in (3).
What then has been the immediate impact of Tchernobyl on French public
opinion ?
- certainly, a degradation of the image of nuclear programme (cf answers
1. 2, 4, 6) ;
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- a confirmation for the public that nuclear risks are serious (answer 1);
- a majority thinking that a power station can be a bomb (answer 9).

As a consequence of this grand flash that has been Tchernobyl, a majority
estimates that new stations should not be built. Tchernobyl had a global negative
effect on the image of nuclear programme. This concerns all categories, with a
higher degradation in conservative classes, such as regular catholics practisers
and farmers.
However, nobody has profited of Tchernobyl to open in France a debate on
nuclear power future, because, in fact, this possible action has been overcome by
a debate on secrecy in public information about Tchernobyl fall-out.

4. Element of strategy for fusion power acceptance :
It could be seen from the above surveys that public is very sensitive to
possible nuclear explosions and to long term wastes.
This indicates the technical directions to follow for better acceptance
of future fusion power :
- to demonstrate that nuclear explosion is impossible and, if possible,
that chemical (hydrogen) explosions can be contained within the plant ;
- to limit the volume and activity of fusion wastes (low activation
materials) ;
- to prove that there are not other real specific hazards.

It must be acknowledged here that fusion is presented still as a nuclear
energy because, except for too far reaching reactions like D-He ^, it is a
nuclear energy and the technical presentation has to be quite honest.
However, the situation is different than for fission because it is still
possible to improve D-T concepts so as to give arguments to the public that
fusion should be less dangerous than fission. Is it sufficient to separate fusion
from the symbolics attached to fission ? It seems more reasonable and honest to
let no doubt to the nuclear characteristics of fusion power.
But it should be possible to promote a better acceptance of fusion energy

as compared to fission if the two specific hazards which really make fear the
public (explosions and long term wastes) can be presented as far less important
for fusion.

With this technical assesments in hand, it is then necessary, as for
fission, to utilize relays in public opinion in order to promote fusion

acceptance.
For fusion, the relays will be partly different than from fission, where
decisions at local level are quite frequent for siting purposes.
The objective is to continue to get a large R and D support at European
and International levels and to go on realizing experimental machines.
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It is then necessary to transfer convincing arguments on fusion safety to
people who ultimately control and influence the evolution of European involvment
in fusion research.

They are politicians, but also leading personalities and editorialists,
scientists associations, etc. At regional level, advantages of fusion energy must
be emphasized among leading citizens on sites where fusion machines could be
installed.
Also an action should be started as early as possible to introduce in the
educational programmes nuclear fusion as one of the most promising tchenologies
of the future.

Finally, reality of fusion must be promoted by visits at existing
facilities.
5. Conclusion :
In conclusion, it can be stated that fusion energy can be promoted as a

safe nuclear energy, which can replace fission energy in 2050 or so.
Attention should be paid to the technical arguments in favor of fusion

and the ways to pass the messages.
6. References :
(1) AGORAMETRIE - "Opinion Strutures in 1985"
Annual Report of the Association (14, rue de Miromesni1-75008
PARIS).
(2) Publication "Keys of CEA" July 1986.
"Opinion polls" BRENOT - PAGES.

(3) "Impact on nuclear image of Tchernobyl accident"
BARNY - BONNEFOUS - ILIAKOPOULOS CEA - IPSN - LSEES - Oct 1986.
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SUMMARIES OF WORKSHOP SESSIONS

SUMMARY OF GROUP 1

OPERATIONAL AND SYSTEM SAFETY
CHAIRMAN J. CROCKER

The group considered the following areas:
a) tritium safety
b) activation product generation and release
c) lithium safety

d) superconducting magnet safety
e) operational safety and shielding
f) accident analysis
The group took the Fusion Safety Status Report as a working document

and went over the recommendations made in the various areas and validated
which of these recommendations are still valid and what changes have to

be made.

In general, the recommendations that were made in the Status

Report are still considered to be valid.

The following discussions

generally provide additions or modifications to the previous
recommendations and the previous recommendations are not repeated.
a) Tritium Safety

The group recommended in general to promote fusion designs with low
vulnerable tritium inventory.

The tritium content is mainly determined

by the choice of materials. Lithium lead as a breeding material holds
very little tritium in opposition to lithium oxide which holds
considerable more.
With regard to tritium in storage, the need for an unquestionable
invulnerability to release was also stressed. Tritium in storage in a
fusion plant forms the major part of the whole tritium amount.

Another recommendation was the consideration of biological hazards
of metal tritide. Behaviour of tritium dust, for example, which can be
partly tied up in metal tritide, needs to be better understood. Also
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its measurement and dosimetry ought to be improved.

There is a need to

develop better techniques for determination of surface contamination,

which probably have to be remote techniques.
The group also recommended a new item, which was not covered in the
recommentations of the Fusion Safety Status Report:

The development of

accurate methods to determine tritium inventory and distribution, which
are needed in the planning of maintenance and waste management activities.
b)

Activation Product Generation and Release

The group recommended to obtain data on activation product transport
mechanisms, in particular, under accident conditions in order to assess
and predict the release of activation products.

Another recommendation

was to obtain data to assess problems from activated dust from the vacuum
vessel. It was proposed to obtain initial data from the three major
machines in the world (JET, JT60 and TFTR).

In general, the group

recommended that reactor designs be pursued that use low and very low

activation materials.
c) Lithium Safety

Several tests have been done to study lithium fires, however, the

amount of lithium has always been limited to 10-100 kg.

The group felt a

test should be done with a larger, more representative amount of lithium,
in the range of 1000-10,000 kg to confirm the results from tests with
10-100 kg of lithium. The group also recommended that experimental
investigations be started to study the problems of the interaction of
high temperature lithium oxide (at 700 C) and pressurized water).
d) Superconducting Magnets Safety
In general, the group supported the TESPE-S experiments at the
Nuclear Research Centre, Karlsruhe. Similar tests should be done with
forced convection coils. Furthermore, it was recommended to use the
magnets of the Large Coil Task (LCT) in safety tests. The group also
felt that the safety implication of the usage of Helium II should be
investigated. Another point was that magnet designs must not be
susceptible to gross structure failure. This has to be incorporated into
the machine design.
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e)

Operational Safety and Shielding

The group recommended to review and analyse the data from the
nuclear magnetic resonance (NMR) Tomography to understand the effects of
magnetic fields on humans.

There should be a maintanance trade off study

to determine the benefit of manual access with partial shielding.

An

integrated maintanance study should be done to optimize staff exposure
and plant downtime.

Another recommendation was the development of

discriminating HT/HTO monitors in the near future.

f)

Accident Analysis

The group recommended that inherent/passive safety should be pursued
as a matter of priority.

There ought to be international cooperation and

exchange of codes and in code validation.

The group also recommended to

develop a function based safety analyses methodology employing
event/fault free and failure modes and effects analysis (FMEA)

incorporating inherent/passive safety.

An international effort should be

pursued to collect and analyse the data base on fusion component
failures.

The fire safety of fusion machines should be given greater

emphasis.
In general, the group recommended that an international effort
should be undertaken under IAEA auspices to produce a conceptual design
of an inherently or passively safe fusion reactor.

This effort should be

done in a similar way as the INTOR workshop and should be finished in a
time period of about 18 months.
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REPORT OF THE WASTE-MANAGEMENT WORKING GROUP II

Chairman Mr. P. Rocco

Objectives for Waste-Management Programme
1.

Minimisation of activity and/or volume of the wastes by selection of

suitable designs, materials, and procedures (includes optimisation with
respect to decay times related to storage and disposal options).
2.

Identification of fusion-specific waste-management and

decommissionaing scenarios following the examination of options for

different types of wastes.
3.

Technical and economic analysis of waste-management and

decommissioning scenarios and their impact on reactor design.

Recommendations
Related to Objective 1
*

Develop low-activation structural materials.

*

Assess effects of radiologically troublesome impurities and study the

means of reducing these impurities for all materials.
*

Examine tritium retention characteristics of materials and techniques

for detritiation or tritium immobilization.
*

Improvement of cross-section data base.

Related to Objective 2
*

Examine implication of regulatory criteria.

*

Assess behaviour of particular nuclides in typical disposal options.

*

Perform design study of a facility for long-term storage of tritiated

waste.
*
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Study immobilization and packaging for storage and disposal.

Related to Objective 3
*

Compare alternative system designs with a view to minimising the final

quantity of radioactive waste.
*

Compare system designs with the aim of reducing occupational exposure

during decommissioning.

*

Compare recycling and disposal options with respect to economics,

occupational exposure, and environmental impact.
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REPORT OF GROUP 3 ON ENVIRONMENTAL IMPACT 6.11.86

Chairman Mr. J.A.B. Gibson
Topics were discussed under 8 headings:
1.

HT & HTO Deposition

2.

Organically bound Tritium (OBT)

3.

Activation Products, Gases & Particulates

4.

Direct Radiation and Skyshine

5.

Validation of Codes

6.

Fusion Wastes, Recycling and Thermal Effects

7.

Chemical Toxicity

8.

Terminology

1.

HT & HTO Deposition

There is a difference of a factor of about 100 in "deposition"
between HT & HTO (HTO is 100 times more rapid).
Resuspension of tritium as HTO (from HT or HTO deposition from the

ground can occur by evaporation or transpiration depending upon, for
example, concentration, water content, soil porosity, temperature

humidity, vegetation.

In case of an accidental short release, the

resuspansion will be extanded over a period of several days and may
significantly add to the total dose received by a population.

This needs

investigation and incorporation into dose assessment codes.

Biological action in the soil is considered to be the major
conversion route for HT to HTO in the enviornment.

Other less important

effects include HT deposition to water surfaces compared with ground
surfaces which may be influenced by bacteria in the water which may act

similarly to traces in the soil to convert HT to HTO, but this will need
to be investigated.

The photochemical conversion of HT to HTO effects in

industrial areas should be considered.

2.

Organically Bound Tritium (OBT)

The contribution of OBT to the dose received from tritium intake is
stated in ICRP 30 to be less than 10% of the total so that it can be

neglected.
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Some evidence from the Italians presented at a recent CEC

meeting on tritium suggests that higher Levels in OBT in animals and

plants may lead to higher levels in humans consuming these materials.

ICRP are known to be preparing a similar report to ICRP 30 giving ALI &
DAC values for different chemical forms of tritium and when this is
published, then the OBT dose implications should be reviewed.
3.

Activation Products. Gases and Particulates

Ar,

N,

N are all short-lived and are easily assessable
14
by normal dispersion codes.
CO presents a problem with the
population dose if it is extrapolated to infinity.

Clearly, a de minimus

level is required for releases and waste disposal and a risk level of
_7
36
10 /year or lOu. Sv/year could be appropriate.
Cl may present a
problem if heat-transfer salt is used as a blanket coolant (Table 2 Til,
p 100 in IAEA TECDOC - 388) but this is no longer considered as a likely

option.
There appears to be no problems with using a modified fission code

for fusion nuclides, viz FUSECRAC except that the radionuclides listed in

section 6.7 still need All's to be provided by ICRP.

The critical

elements analagous to "mixed fission products" need to be determined for
0ray counting of effluents.

Activation of ground water by neutrons

needs to be prevented by appropriate shielding below a fusion reactor and
45
monitoring for
Ca in ground water will be required.
4.

Direct Radiation and Skyshine
The probabilities of shield failures will be required and some data

on neutron cross-sections above energies of 20 MeV could be needed for

assessing the impact of runaway electrons during plasma disruptions:

environmental problems are unlikely to be limiting.

5.

Validation of Codes

Three types of code and validation requirements were identified:
(i)

dispersion codes, uncertainties exist in modelling the near
field, and at very long distances;
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(ii)

redistribution codes for evapotransportation of HT & HTO need
to be validated and current studies in France and Canada will

contribute to this validation;
(iii) dose evaluation codes which include (i) and (ii) above need
validation of general models for transport of fusion
radionuclides through the food chain but site-specific models
will be required to take account of local populations and
crop distributions.

6.

Fusion wastes. Recycling and Thermal Effects
The first wall and blanket from a fusion power reactor will be

similar in radioactivity to the fuel from a fission power reactor but
with about twice the volume per GWY(e).

However, fusion reactor waste is

two orders of magnitude less radiotoxic than fusion fuel, will decay more

rapidly and will not require processing, beyond cutting up, unless it is
to be recycled.
Recycling may be required for materials which are very expensive or

limited in availability.

Recycling may be more hazardous than disposal

and the use of centralised or decentralised plants could influence both

environmental impact and the economy of the fuel cycle.

Thermal effects in the environment are unlikely to be significantly
different from conventional or fusion power plants unless materials such
as magnetohydrodynamic (MHD) power production curve into use when the

thermal impact will probably be reduced.

7.

Chemical Toxicity
Some materials such as Be, Cd, Pb and possibly deuterium are known

to be toxic and could give rise to environmental hazards.

8.

Terminology
(a)
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Biological Hazard Potential - a better parameter is required to
take account of mobility of radionuclides to and in the
environment.

(b)

Apparent Deposition Velocity should be used for HTO & HT as it

is time dependent as the ground water concentration becomes
14
saturated (may apply to

(c)

CO ).

Evapotranspiration covers evaporation from the soil and
transpiration from plants to provide resuspansion of tirtium
as HTO.

(d)

Environment normally means the environment in which the general
population live and work but it may be qualified as the
"working environment" for areas of a nuclear facility.
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GROUP IV
PUBLIC PERCEPTION 0F FUSION SAFETY

Chairman: Mr. H. Djerass i

Do we believe that we have to improve public perception of safety?
YES

What do we mean by public?
4 groups

PUBLIC PERCEPTION OF FUSION SAFETY
************

I.

PUBLIC DEFINITION (TARGET GROUP)

a. General Public

II.

INTERFACE/CAMPAGNE

a. We do not know how to

influence the general
public, except through -b
b. Influential Public
(Journalist-PoliticianTeachers and decision makers}

b. This is an important area
and we endorse the European
and U.S. study of Fusion
economic and environmental
safety issues

c. Non Fusion Scientific Community

c.

Scientific journal (high
and low level)

d. Locally exposed to nuclear site

d.

Local discussions (when
appropriate)
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PUBLIC PERCEPTION OF FUSION SAFETY

*********

There is a need for a clear study of the timescale for introduction of fusion
power.

What kind of general message?
We had only time for a general discussion, but we believe that fusion has

the potential to be an environmentally friendly energy source, and we are
actively working to achieve this goal.

Need for a simple limit for unit annual dose

Need for development of cheap personnal radiation monitor for public
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