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FOREWORD

International collaboration continues on work aimed at the demonstration

of fusion power generation. Such work also comprises a substantial amount of

studies on fusion safety aspects of future power reactors. Good co-ordination

of these efforts is vital for an optimum utilization of available resources

and for the success of an undertaking that covers such a wide spectrum of
research and development objectives and activities.

From its inception more than 25 years ago, the International Atomic
Energy Agency has made safety a central activity, and nuclear safety had been
an integral part of the Agency's programme throughout its history. The IAEA
continued to provide an international forum also for discussions of safety

questions related to fusion power development. Following the recommendations

of a Technical Committee held in 1981 which specifically addressed this
subject area*, the IAEA organized another Technical Committee on Fusion Safety

in 1983, in order to gain an overview of current studies on fusion safety in

Member States. This meeting was hosted by the Commission of the European

Communities (CEC) and was convened at the Joint Research Centre (JRC) of the

CEC in Ispra/Varese, Italy, from 17 to 21 October 1983. 34 experts from 12
Member States and various groups of the CEC attended.

The Technical Committee identified, inter alia, high priority fusion

safety research and development needs. Additional work leading to an
evaluation of the status of the issues identified was subsequently performed

by participants in their home laboratories and individual chapters of the
report presented here were prepared. The Agency gratefully acknowledges the
valuable contributions made by numerous experts to the preparation of this

fusion safety status report and particularly wishes to thank Mr. G.Casini

(CEC), Mr.J.Crocker (USA) and Mr.J.A.B.Gibson (United Kingdom) for compiling

the various parts of this report and for preparing the final draft document.

Thanks are also due to Mr.D.Rohrig (Federal Republic of Germany) for editing

the final text of the document. The Agency's officers that co-ordinated the

preparation of this report were Mr.F.N.Flakus (Division of Nuclear Safety),

Mr.J.Kupitz (Division of Nuclear Power) and Mr.M.Leiser (Division of Research

and Laboratories).

It is hoped that this report, representing state-of-the-art thinking on
fusion safety as at the beginning of the year 1985, will be useful for

stimulating fusion safety research studies and further enhance international

co-operation in this subject area.

*IAEA, "Fusion Safety", Proceedings of a Workshop, 23-27 March 1981,
IAEA-TECDOC-277, 1983.
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EXECUTIVE SUMMARY

In October 1983 a Technical Committee Meeting on Environmental and

Safety Aspects of Fusion, in the form of a workshop, was organized by the

International Atomic Energy Agency (IAEA). The purpose of the meeting

was to provide a forum for international exchange on fusion safety ideas

and recent experimental and analytical results, and to provide input to

the various fusion safety programmes on high priority research and

development areas. Agreement was reached at the meeting that a status

report on fusion safety to be published by the IAEA would be prepared by

attendees at the meeting plus other experts as appropriate.

The following is a brief summary of the material contained within

this report. Included is information on

a) tritium handling and safety,

b) activation product generation and release,

c) lithium safety,

d) superconducting magnet safety,

e) operational safety and shielding,

f) environmental impact,

g) recycling, decommissioning and waste management

h) accident analysis.

For each area the general status is summarized and recommendations

for high priority research and development are presented.

TRITIUM HANDLING AND SAFETY

Public acceptance of fusion power will be strongly influenced by

radiological issues such as those related to tritium. Development of

tritium containment technology is, therefore, a critical element in the

fusion reactor development with the goal of reducing potential tritium

losses to an acceptable level. Because of its mobility in high

temperature metals, tritium in heat transfer structures will be the most

difficult to contain. Therefore the problems related to the handling of

tritium will play a relevant role in the assessment of the safety and

environmental aspects of fusion, primarily in case of DT-fusion reactor

plants.
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An analysis of these problems is presented, based on the design

studies performed in the last years on fusion reactors and by taking into

account the existing know-how on tritium from fission reactors and the

results of experiments in tritium test facilities now in operation.

First, an evaluation of typical tritium inventories in a fusion

power reactor is given. Reference is made to the International Tokamak

Reactor (INTOR), for which a rather detailed study has been carried out

in the last few years, in the frame of the IAEA activities.

Typically, a total of several kilograms of tritium is expected to be

present in the plant as stored fuel, circulating inside the reactor

components and process systems, or accruing in the form of wastes.

The tritium loss mechanisms are investigated, namely:

tritium sorption on the plasma-side surface and related permeation

through the first wall structures into the coolant;

diffusion and permeation of tritium , produced in the breeder,

through the structures of the blanket into the vacuum chamber and

into the coolant and purge gas;

permeation of tritium carried away by the plasma exhaust, blanket

purge gas and other tritium processing systems, through the

containment walls;

leakage of tritium from the primary and secondary coolant into the

surrounding media (intermediate heat exchangers, steam generators

containment atmospheres, environment);

sorption and desorption, and leakage of low concentration tritium in

the atmosphere of the reactor hall.

The design concepts for ensuring a safe multiple tritium containment

in the various components of the plant are then reviewed. The clean-up

systems needed for the tritium decontamination inside the various

containment barriers are discussed, including both gaseous and liquid

tritiated fluids. The analysis covers:

the reactor hall, hot cells and tritium handling rooms or vaults

with normal atmosphere;

glove-boxes or caissons with inert or noble gas atmosphere

involved in tritium processes;
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manifolds or holding tanks in which vacuum effluents will be

collected;

cooling media of the reactor structures, in particular water.

The question of handling and immobilization of tritiated solid and

liquid wastes is then addressed and the methods in use are reviewed.

In the next section the expected tritium releases to the working

environment during normal operation, maintenance and accidental

conditions are presented. In this last case the degree of vulnerability

of the tritium inventory in the various components of the plant is

discussed by analyzing typical reactor accidents.

The safety criteria adopted for personnel access to the working

environment and the technico-economic implications are then discussed.

The impact on the reactor buildings is also shown.

In the last section the needs related to a correct anticipation and

assessment of the hazards associated with the maintenance operations are

discussed together with the means for protection against the hazards.

Recommendations

introduce guidelines related to tritium safety requirements at the

earliest stage of the design of fusion reactor plants;

stress the experimental effort to determine the tritium

adsorption/desorption characteristics of materials other than steel

suited for first wall systems (in particular for limiter/divertor

applications):

pursue the effort to understand the permeation through the

structures facing the plasma by means of realistic plasma driven

permeation experiments and model development;

investigate the capability of permeation barriers to tritium of

blanket and coolant structures compatible with the fusion reactor

environment to withstand severe and complex load conditions (thermal

fatigue, radiation damage effects, etc.);

pursue a comprehensive evaluation and testing programme to develop

tritium-compatible and leak-tight components as pumps, valves,

couplings, etc. of the size and specifications expected in the

fusion power reactors;
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assess the feasibility and attractiveness of alternative methods for

detritiation systems both for secondary containment (such as

inorganic getters for glove-boxes) and tertiary containment; perform

the related tests in reactor representative conditions (time

dependent desorption of tritium from metallic and other walls,

surface contamination level, strippable wall coatings, etc.);

develop methods for handling tritiated components removed from the

reactor, their temporary storage, tritium extraction and recovery

where applicable, and final disposal;

determine optimum matrices for the immobilization of tritiated

organic liquids, investigate their stability aganist prolonged

internal radiation and corrosion;

develop mechanisms/designs such that vacuum integrity can be

maintained for most maintenance activities and pursue the

experimental research on tritium out-gassing and bake--out systems;

develop mechanisms/designs to limit the volumes of atmospheres to be

detritiated in maintenance operations and accidental situations;

increase the effort to define a rational, scientific process whereby

appropriate standards and targets are derived in the design and

operation of the fusion facility;

pursue the investigation and test of protective clothings and other

systems for occupational exposure;

assess the trade-off between hands-on and remote handling approach

for maintenance operations inside the reactor room and develop the

appropriate robotic competence;

lay more emphasis in reactor designs on in-depth safety analyses of

components and systems, in particular as far as the tritium release

effects are concerned;

wherever possible, start simulation tests on mock-ups and

rehearsals, particularly when contact or semi-contact maintenance is

involved.

Other recommendations which play an important role in tritium

handling and safety, namely those related to tritium detection and

monitoring, tritium conversion to HTO and other compounds, as well as

those connected with the biological protection, are included in the

respective chapters.
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ACTIVATION PRODUCT GENERATION AND RELEASE

Radioactive material is produced in fusion reactors by the

interaction of the 14 Hev neutrons with surrounding materials. This

radioactive material, broadly termed activation products, is produced in

reactor structural materials, fluid streams and the reactor building

atmosphere. For the type of D-T burning, magnetic fusion reactors

considered in recent commercial reactor design studies, approximately

109 Ci of activation products are present at shutdown per GW (th). The

presence of these activation products greatly complicates the design of a

fusion reactor and constitutes significant safety problems. These

problems are in the form of 1) radioactive decay afterheat, 2) contact

dose rates to operating personnel, 3) potential radiological exposure to

the public from operational or accidental radioactive release, and

4) waste management and decommissioning difficulties.

The large majority of these activation products is produced in the

reactor structural material, with greater than 98% of these being present

in the first wall and blanket materials.

The specific isotopes, and thus the specifc radioactive decay

schemes, are strongly a function of the materials chosen for fabrication

of the reactor structure. Fortunately these products are bound within

the metal structure and are generally not readily available for release.

Typically the most troublesome activation products are isotopes of the

metal alloys used to construct the reactor. For example, for fusion

reactors made with stainless steel, radioactive isotopes of iron, cobalt,

nickel, chromium, and molybdenum are present as well as isotopes that

have been produced from the alloying impurities. Recent studies have

indicated that reactors with first wall and blanket structures made of

vanadium alloys or ferritic steel would produce activation products with

shorter half-lives and thus would be preferable to austenitic stainless

steel from a waste management perspective. Some advantage would also be

gained by use of vanadium alloys in the time frames of interest in

maintenance activities, but only minor advantages could be achieved in

the short time frames of concern during activation product release during

accidents. Some proponents have urged the use of very low activation

materials such as silicon carbide. For example, in approximately one

hour after shutdown the activation level in a silicon carbide first wall
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and blanket structure would be approximately six orders of magnitude less

than that of a stainless steel structure. Unfortunately present day

fusion reactor designers have not found a way to overcome the brittle

nature of silicon carbide for use as a major structural material.

Activation products exist in coolant streams from activation of the

coolant itself or as corrosion products from the materials used to

construct the coolant system pipes and surfaces. This activation product

inventory is circulated in an active sytem; therefore it is available for

release to the reactor hall during coolant sytems leaks and failures.

For systems with water or helium as a coolant this inventory would be in

the range from 10 to 10 Ci and would be produced primarily by

corrosion and sputtering; however for a 17Li83Pb cooling system,

activation of the lead would produce a circulating activation product

inventory of approximately 108 Ci.

Activation products produced in the reactor building environment are

a function of the gas chosen for use in the reactor building. Gases that

have been proposed are generally air, nitrogen, carbon dioxide, or

helium. The obvious natural choice, air, has relativiely high production

rates of 14C, 39Ar, and 41Ar, and is highly reactive with lithium

metal. However, it is generally accepted that proper design of the

reactor shielding and design and operation of the reactor building

ventilation system can reduce the safety problems of air activation to

acceptable levels.

As a result of the Workshop on Fusion Safety, a number of

recommendations have been made with regard to high priority research and

development or additional analysis that is needed in the area of

activation product safety. These recommendations are:

- Additional definitive assessment is needed of activation product

release mechanisms during normal operation, maintenance, and

accidents.

- Systems analysis is needed to determine the radiological fields and

doses that operating personnel could be subjected to during

maintenance activities.

16



Design studies should be performed to assess the impact and

potential for use of low activation materials in fusion reactor

designs.

Reduced activation materials should be developed so that acceptable

solutions are produced for waste management and materials recycle

issues.

The data base (cross-sections) on the generation of activation

products and assessment of their biological effects should be

completed for relevant materials expected to be used in fusion

reactors.

LITHIUM SAFETY

Tritium breeding through neutron lithium reactions will represent

one of the important aspects of DT fusion power reactors. The choice of

the best suited lithium bearing material in breeding blankets will depend

on many factors such as physical and chemical properties, fabrication,

reactions with coolant, tritium production capability etc. Safety

considerations will play an important role for this choice, insofar as

they encompass both operational and accidental reactor conditions. Among

the chief concerns is the chemical reactivity of the breeder with other

blanket materials, namely the coolants and structural materials. If the

breeder is in a liquid state, it may also serve as a coolant; in which

case the associated tritium and corrosion products would be circulated

through the primary system. Failure of any part of the coolant piping

would expose the coolant to the surrounding atmosphere and may produce

contact between the coolant and floor construction materials. It could

also lead to release of the tritium and activation products within the

coolant.

The use of lithium metal as a breeder has been considered

undesirable because of its reactivity with water, air and concrete.

Other liquids (e.g. 17Li83Pb) and solid breeding material (e.g. Li20)

have been proposed. Whatever choice is finally made, proper monitoring

instrumentation would be required to ensure that undesirable chemical

reactions are detected. Other important safety concerns include the

toxicity and radioactivity of the breeder materials and the neutron

multiplier materials that may be required, such as beryllium and lead.
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In this review the present state of knowledge about the safety

implications of the lithium-bearing materials is presented. The liquid

breeders appear to be attractive from a neutronic standpoint but more

chemically reactive than solid breeders. Thus the focus is on the safety

concerns of the liquid breeders.

Recommendations for Future Work

The knowledge of the alloys physical properties should be improved.

The knowledge of hydrogen isotopes solubility in breeding materials

is not adequate and needs to be improved.

Good phenomenological knowledge exists for Li and 17Li83Pb reactions

with air and with a water pool. Quantitative data and correlations

for the reaction kinetics are, however, not available.

Reactions of 17Li83Pb or other LiPb alloys with water under

geometrical constraints which superimpose the reaction kinetic

effects, need further investigation.

Reactions of 17Li83Pb other LiPb alloys with organic compounds,

thermal insulation materials, and other non-metallic materials are

not sufficiently known.

It would be useful to collect and prepare a handbook of reviewed

data pertinent to LiPb-blanket applications, and another for ceramic

Li breeder applications.

Large scale tests, involving various contact modes between the

liquid breeder and water are still needed to explore the complicated

phenomena involved.

Module development for reactions of breeders with air, water or

concrete should be strongly pursued.

The MHD-effects on liquid breeder heat transfer under accidental

conditions should be experimentally investigated.

The experiments in frequency to provide common data with structural

materials have to be enlarged.

The potential aerosol-carried radioactivity during major accidents

at least in case of lithium metal, or other transients associated

with high temperatures, need further investigation.

The long-term corrosion attack on instrumentation exposed to liquid

metal deserves more attention.

General exposure-effect information for potentially toxic materials

in fusion reactors should be accrued, even if the related hazards,
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when compared to the radiological, are already being characterized

at present.

The state of the art of the data base for chemical reactions both

for lithium metal and LiPb-alloys is inadequate. The data base has

to be comprehensive in basic properties and chemical reactivity with

air, water and concrete.

In the main body of this report, the correlation between small scale

and large scale tests of liquid breeder reactions is discussed. In doing

this the experimental information work available is outlined and

discussed. Tests involving up to 200 kg of breeder are made or in

progress; however the geometrical and operating conditions are not yet

fully representatives of realistic situations in blanket of fusion power

stations.

In the next section a review is made of the safety and environmental

aspects of self-cooled liquid breeder blankets. The problems of

corrosion between the breeder structural materials and ceramics as well

as the question of aerosol formation, are outlined and the experimental

results discussed. The following section deals with the leakage

monitoring and operation instrumentation associated with the liquid

breeder loops.

Finally the hazard of toxicity associated with some materials, as

beryllium and lead which will be possibly used in future reactors, are

discussed. The radioactivity problems due to activation of breeder

materials are included in Chapter 3 of this report.

SUPERCONDUCTING MAGNET SAFETY

The general consensus is that commercial fusion reactors will rely

on the use of large superconducting magnets to supply magnetic fields in

the 10-12 T range for plasma confinement. The stored energy in fusion

reactor magnet sets is very large, typically being in the range from 50

to 100 GJ. These magnets are typically located close to manifolds

carrying tritiated fuelling, coolant, and vacuum lines, activated coolant

lines, highly activated structures, large electrical equipment and

cryogenic systems. Thus the central issue in superconducting magnet

safety is to obtain a realistic evaluation of the potential for the
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stored energy and mechanical loading of the magnets to serve as

initiators for release of radioactive material from other systems to the

reactor hall and environment. Answers need to be explored to the

question whether magnetically stored energy can be rapidly converted to

kinetic energy and cause rupture of tritium and coolant lines and damage

to the reactor containment or confinement building.

A number of computer codes have been developed to allow calculations

of quenches, shorts, arcs, eddy currents, magnet heat transfer in both

pool and forced flow designs, and the behaviour of the complete magnet

system electrical circuit during severe transients. The codes are useful

in making calculations where magnet damage could be initiated. However,

none of the calculational techniques can presently realistically answer

the question posed in the previous paragraph.

Experimental data from small scale safety tests are being produced

in the U.S., Europe, and Japan. These data are providing verification of

the accuracy and validity of the various magnet safety codes. The TESPE

facility at Karlsruhe, a 6-coil toroidal magnet set with an outside

diameter of 2.55 m and a maximum field of 7 T, is devoted to magnet

safety testing having started in 1985. Useful data on large scale magnet

systems has been obtained from the failure of the 6 T High Performance

Demonstration Experiment (HPDE) magnet. This magnet failed

catastrophically at a field of 4.1T, indicating that large quantities of

kinetic energy can be generated from failure of superconducting magnets.

The magnet, however, was not representative of those being designed for

magnetic fusion. Thus, the data do not have strict applicability. The

needed data must come from well designed experiments with magnet coils

and sets that are typical of those being designed for fusion.

The following recommendations on additional high priority research

and development were made as a result of the Workshop on Fusion Safety.

Magnet instrumentation must be developed that will provide

definitive information on the existence and location of fault

conditions and must be capable of discriminating correctly among

quenches, shorts, and arcs.

Strategies must be developed for recovery of magnet systems from

faulted conditions through power supply control and dumping of
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stored energy. These strategies must allow for failure of

individual system components during the discharge cycle.

Experimental plans should be made for use of one or more of the

Large Coil Task magnets in potentially damaging safety tests.

A continued effort should be made to collect and analyze data from

future magnet failures.

Integrated computer codes should be developed to enable calculation

of the effects of magnet accidents on other components of fusion

reactors.

Analysis needs to be made of the effects of common-cause failure

initiators, such as fire, loss-of-power, earthquakes, etc. on

superconducting magnet systems.

Over the long term, superconducting magnet designs must evolve such

that gross magnet structural failure is not a credible event during

the lifetime of a fusion plant.

OPERATIONAL SAFETY AND SHIELDING

This chapter covers the protection problems associated with the

fusion reactor and its immediate environment, including:

biological effects of magnetic fields;

shielding calculation techniques;

partitioning of HT and HTO in the working environment;

monitoring of HT and HTO in the working environment;

inventory monitoring for accident control (tritium and activation

products);

ICRP data required for the evaluation of fusion radionuclides

(radionuclides used or produced in fusion reactors).

Each of these subjects will be highlighted below with the associated

recommendations included.
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Biological Effects of Magnetic Fields

The USA Department of Energy has produced guidelines for

occupational exposure to magnetic fields of between 10 and 500 millitesla

(mT) for whole body irradiation and between 100 and 2000 mT for

extremities (the lowest figure being for continuous exposure and the

highest for exposures of 10 minutes or less) The earth's magnetic field

is between 0.03 and 0.05 mT. The evidence in support of these limits is

indirect from effects on biological molecules in solution and on

membranes with some limited epidemiological evidence of cancer induction

on children but with no evidence from workers exposed to higher levels of

magnetic fields. The evidence for cancer induction in animals is weak

and at the worst, magnetic fields might help to promote cancer but not

initiate it. Effects on moving fluids in the body, e.g. blood, might

lead to cardiovascular-related morbidity and mortality but there is no

evidence for such an effect. Experiments with animals and fish have been

undertaken but with no consistent evidence of magnetic-field effects.

The following recommendations on work to be performed are made:

- more epidemiological investigations on continuous or intermittent

exposure to static magnetic fields of different strengths,

- a biochemical study of the initiation/promotion model, as well as

death as a stimulus to cell proliferation based on the alteration of

normal cell turnover as a consequence of magnetic field exposure,

- a complete bibliographic review of only one aspect of the biological

effects of magnetic fields, to be carried out by a specialist who

can suggest further research for a resolution of the problem,

a dosimetric device to integrate field strength and time to monitor

exposure.

Shielding Calculation Techniques

Data are presented for the USA although there is a European group

(EURADOS) looking at the more general problems of codes for radiological

protection and useful information could come from that source in due

course.

Monte Carlo and discrete ordinate radiation transport methods are

widely used in the design of fusion reactors. Monte Carlo codes such as
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MORSE and MNCP have been most widely used. The one-dimensional discrete-

ordinates code, ANISN is widely used for fusion reactor studies and their

two dimensional codes (eg DOT 3.5) are used to obtain solution of the

Boltzmann transport equations in various geometries. The codes' adequacy

depends upon:

1. how well the system studied can be represented in the particular

code;

2. the cross-section data used in the transport process;

3. the response function of the desired data (eg heating, radiation

damage, etc.).

4. the desired accuracy.

There is need to validate the codes for actual experimental

facilities, eg JET, TFTR, etc and there are some accelerator-based

experiments which may contribute to this validation.

Partitioning of HT and HTO in the Working Environment

Tritium used as fuel in the fusion reactor will be in the form of

T2 or DT, and any losses into the working environment are likely to be

in that molecular form initially. Elemental tritium can be converted

into the oxide form (water) by the following methods (either single or in

combination):

a) exchange with water vapour in the air;

b) gas phase oxidation;

c) heterogeneous catalysis of either process by surfaces.

Autoradiolysis and radiolysis by external radiation fields may

effect the reaction rates. The importance of the chemical form lies in

the ratio of the radiological impacts where the derived air concentration

(DAC) for HT is 2.5 x 10 times higher than the DAC for HTO. Methods

used to remove tritium from the atmosphere often involve conversion of HT

to HTO and this may increase the hazard both in the working environment

and for waste disposal.

Further work required may be divided into two parts:

(i) a detailed fundamental study of the surface-catalyzed oxidation;

23



(ii) exchange processes and a concurrent investigation of the

catalytic properties of materials likely to be encountered in a

reactor building.

Both parts are difficult and it is not all certain whether the first

will yield results that can easily be applied in engineering, or whether

the second will yield results of sufficient generality to be useful.

Fundamental studies are required to characterize surfaces and their

catalytic activity. However, such studies by their nature will be

limited to studying specific effects on carefully prepared surfaces.

Complicated problems such as the presence of layers of oxide on the

surface, of irregularities in the surface structure, or both, may require

a long research commitment. A more pragmatic short--term approach would

be to select certain materials and specifically examine the conversion

rates on a sample. This might appear to give more useful results except,

as has been noted above, such results are almost impossible to interpret

correctly. In particular, such studies are particularly susceptible to

major errors resulting from failure to include some small, but important

constituent into the apparatus. The temptation to commission such

simplistic studies will be great, but the reliability of applying such

specific results to the heterogeneous environment encountered in reactor

halls is most likely to be small. Initially it will be necessary to

characterize metal tritides and identify any organic molecules labelled

with tritium.

Monitoring for HT and HTO in the Working Environment

The fundamental problem for monitoring around a fusion reactor is to

identify the chemical form of the tritium since the derived air

concentration (DAC) for HT is 2.5 x 104 times the DAC for HTO.

Techniques are required for air monitoring in the working environment and

the effluent stack, for monitoring liquids needed for cooling (and as

effluents) and for surface monitoring as a wide variety of equipment

which may need to be handled. The techniques available or that are being

developed are reviewed in this chapter.

The development of prototype and commercial HT and HTO

discriminating monitors, which are expected to meet the needs of the

fusion community, is well under way. In-service performance information
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is required before they can be evaluated and experience transferred to a

new generation of radiation monitoring instruments.

Inventory Monitoring for Accident Control

Tritium will be the most important radionuclide for accident control

but the loss of other radionuclides in a fire must be considered and

should be included as part of the inventory monitoring. A discussion on

the control of tritium and a list of radionuclides likely to be found in

fusion reactors is included in this section. It is recommended that this

list be kept up to date as new design features are added.

ICRP Data Required for the Evaluation of Fusion Radionuclides

On the basis of a list of radionuclides important for fusion

reactors, it appears highly desirable that ICRP provide annual limits

on intake (ALI) and derived air concentration (DAC) values for the

radionuclides used or generated in fusion reactors.

ENVIRONMENTAL IMPACT

The chapter on environmental impact is concerned with identifying

protection problems associated with the release of radioactive material

into the outer environment during operation of the reactor. The chapter

is divided into four parts:

i) calculation of the dose from 1 Ci of HTO released into the

environment;

ii) conversion of HT to HTO in the environment;

iii) movement of radionuclides through the food chain to man;

iv) partitioning of tritium in humans.

Each of these subjects is discussed briefly with associated

recommendations included.

Calculation of the Dose from 1 Ci of HTO released from a Stack

This was considered to be a relatively straightforward exercise to

establish benchmark conditions for dose equivalent estimation for a
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release of HTO from a stack. If agreements can be reached on a defined

problem then a complete set of data can be produced.

Defined conditions are as follows:

a) Release of 1 Ci for a short-term (30 min).

b) Assume inhalation and skin absorption.

c) State conversion factor from Ci.s/m 3 to rem

(and/or rem/Ci intake).

d) Provide data for stack heights 0, 10, 30, 50 and 80 m.

e) Provide data at distances of 100, 200, 500 m, 1, 2, 5,

and 10 km.

f) Weather conditions: Pasquill category F, wind speed

1 m/s.

g) Give similar dose-equivalent data for worst weather

conditions.

The data so far provided will need revision by the reporters.

Conversion of HT to HTO in the Environment

It is known that elemental tritium is converted to tritiated water

vapour or other species owing to various environmental factors.

Tritiated water vapour is approximately 25,000 times more radiotoxic than

elemental tritium. In order to evaluate the environmental impact after a

release of elemental tritium (HT), it is essential to quantify the

conversion rate of elemental tritium to tritiated water vapour.

The mechanisms for the conversion of elemental tritium to tritiated

water in the environment are as follows:

1) exchange of elemental tritium with water,

2) oxidation by oxygen,

3) reactions of the metastable THe+ ion following tritium decay,

4) biological reactions, and

5) photochemical oxidation

Present knowledge on these conversion mechanisms and problems to be

studied are summarized, and conversion rates of elemental tritium to

tritiated water for these processes are calculated and summarized. In

addition, the conversion to tritiated methane which is a typical organic

tritium compound is also included.
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Various data of tritium conversion studies reported for the past

eight years through the International Nuclear Information System (INIS)

and in recent papers were reviewed. It is necessary to evaluate and

analyse these data so as to be used for safety analysis.

The following studies are needed:

- For exchange and oxidation process of elemental tritium to tritiated

water it is necessary to study catalytic effects on surface of

apparatus and construction materials and of particulates in the

atmosphere and soils. Dependence of the reaction order and rate

constants for oxidation reaction on tritium concentrations is

ambiguous, hence further studies are required. Further experiments

under a variety of conditions, with or without water vapour or

metal, in air or oxygen, are necessary to fix the importance of

oxidation and exchange reactions.

- A study on the reaction between THe+ and H20 would also be
2

required. Dependence of the biological oxidation in soil on soil

types and meteorology is not clarified. Deposition velocity of

elemental tritium to the soil and the residence time of tritiated

water in the soil would depend on the conditions of meteorology,

soil and vegetation in the vicinity of each facility. It is

required to study these items and develop a model to predict the

biological conversion rate in the natural environment.

It is necessary to develop a chemical kinetic model to quantify the

photochemical oxidation rate of elemental tritium to tritiated water

in the lower atmosphere. It is also required to investigate the

concentration of free radicals, such as hydroxyl radical, which take

part in reactions with elemental tritium in the atmosphere, and the

isotope effect on the reactions.

To undertake these studies it will be necessary to have a close

cooperation between the designers of fusion reactors, radioecologists,

radiobiologists, physicists and chemists working on tritium transport in

the environment.
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Movement of Radionuclides through the Food Chain to Man

In order to assess the consequences to man of radionuclides released

from fusion facilities, the parameters affecting the movement of

radionuclides through the food chain to man must be determined. In the

analysis of potential airborne and aqueous releases of radionuclides from

a fusion facility, the dose received by man is usually determined using

models which make extensive use of transfer parameters (eg air to soil,

soil to vegetable and vegetable to man). For each of the available

models, different sets of transfer parameters may be required. For the

presently available models and computer codes, transfer parameters are

available for a majority, but not all, of the expected fusion

radionuclides listed in table 6.6.1. The possibility also exists that

present codes ignore certain fusion-specific aspects of radionuclide

movement through the environment. Tritium is a specific example where

the chemical form will influence its toxicity. The initial conversion

from HT to HTO was considered and the further conversion through the food

chain discussed. The requirements for tritium in the food chain are very

dependent upon the intial conversion from HT to HTO. Conversion in

animals and plants may also be important for ingestion by man and so

detailed studies of partitioning in the biosphere are required. Models

for disposal and movement of tritium and other radionuclides through the

food chain need to be agreed, at least on a regional basis. Any elements

peculiar to fusion will need to be included.

Partitioning of Tritium in Humans

This section identifies the portion of HT and HTO organically bound

in the human body. Current models for dose calculations following tritium

metabolism assume that the tritium concentration in the body is always

the same as in the body water. As a consequence, the dose equivalent

contribution due to a possible presence of organically bound tritium

fraction having a retention time longer than that of aqueous tritium may

be greatly underestimated. A number of studies have been carried out

recently to determine the fraction of tritium which is organically bound

in the body. A metabolic model which considers both the water and

organic tritium fraction has been developed to fit experimental data.

Results of this model indicate that if loose and bound tritium are

considered to be uniformly diffused in the soft tissues, then the
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committed dose for an intake of bound tritium is 2.6 times higher than

for the same intake of unbound tritium. Preliminary measurements

indicate that a fraction from 10% to 30% of the total tritium burden in

human tissues is in the bound form. The origin of hyrogen in organic

compounds in man has been estimated as being 35% from drinking water, 50%

from soil water and 15% from air. Further information is required on the

following subjects:

- Contribution of various food types to total organically bound

tritium in the body 4

- Factors affecting the fraction of total body tritium in the bound

form.

- Physical distribution and retention of organically bound tritium

following ingestion or inhalation.

Once the above information has been obtained, a generalized model

should be developed which calculates unbound and bound tritium fractions

following a given tritium intake as well as the resultant dose

equivalent. Given the existing tritium facilities, and potential for an

increase in the number of laboratories and fusion facilities handling

tritium, it is important that this question be resolved in the short term.

RECYCLING, DECOMMISSIONING AND WASTE MANAGEMENT

This chapter is concerned with the problems of recyling radioactive

materials, decommissioning and radioactive waste management. The

subjects are presented with recommendations included.

The problems associated with the management of radioactive wastes

produced during the routine operation and decommissioning of fusion

reactors have yet to be definitively assessed and it is suggested that

they should be identified at the reactor design stage. Technical, safety

and economic issues require consideration at the design stage to ensure

that potential difficulties are identified and solutions are incorporated

in the design.

Based upon experience with fission reactors, steps can be taken

during the fusion-reactor design stage to minimize production of

radioactive wastes during operation and decommissioning and also ensure
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that hazards posed by decommissioning and radioactive waste management

operations are acceptable.

The general requirement of a programme of design which will

facilitate the safe handling of operating and decommissioning radioactive

wastes is required. The programme should establish that applicable

regulatory requirements, criteria and limits are properly recognized.

Recommmendation

It would be highly desirable to produce guidance on a radioactive

waste management programme for use by designers of fusion reactors and

associated equipment. This programme should:

- consider the production and management of routine operating

radioactive wastes from routine operation;

- identify decommissioning wastes;

- define and document a decommissioning scenario;

- identify the organisational structure and responsibility for

implementing a decommissionability programme.

ACCIDENT ANALYSIS

As part of the pre-operational approval process for fusion reactors

either experimental or commercial, analyses must be performed to show

that the reactor can be operated without undue risk to the operating

personnel or the general public during either normal operation or severe

accidents. For normal, operational radioactive releases, experience with

other similar systems can generally be used with some confidence that the

predicted releases are suitably conservative. Providing adequate safety

for severe, generally hypothetical, accidents is not as straightforward.

The accident spectrum ranges from expected, trivial accidents that the

plant can easily withstand to severe plant accidents that may have an

expected probability of 10-3 to 10- 6 per plant year. Thus experience

cannot be relied upon to provide answers to the types and consequences of

severe accidents that a plant could suffer. For such accidents,

comprehensive computer models are developed so that defendable, suitably

conservative analyses can be performed. Development of these models is

often a long--term iterative process between mathematical formulation and

verification with experimental data.
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A variety of safety analysis models have been or are being developed

in the U.S.A., Japan, and Europe for performance of fusion reactor safety

analyses. Models are available and in use for calculating

1) plasma disruption accidents,

2) coolant system accidents (loss of flow, coolant, or pumping

power),

3) magnet system accidents,

4) lithium fires,

5) tritium system accidents,

6) plasma chamber breaks,

7) cryogenic system accidents, and

8) accidents initiated by severe natural phenomena.

In general, these analysis techniques attempt time-dependent

deterministic calculation of the physical response of the system

following a postulated initiating failure event. Using the state of the

system as determined from the calculation, radioactive release

source-terms are calculated, deduced, or postulated and radiological

consequence calculations are performed. In general, most of the present

deterministic calculational techniques for fusion safety analysis suffer

from lack of validation by comparison of calculational results with

independent experimental data. Independent is the key operational word

here, because it may be expected that a calculational model developed

from a given data base will reproduce that data base.

The following recommendations were made at the Workshop on Fusion

Safety for additional high priority research and development in the

accident analysis area:

- A set of realistic accident initiators and scenarios should be

developed to provide guidance to future safety experiments and

improvements in fusion reactor design. To provide adequate rigor, a

disciplined logic approach such as the fault/event tree methodology

should be used.

- Development of comprehensive, time-dependent systems codes for

fusion safety analysis should continue to receive high priority.

- Experiments should be performed to quantify important parameters of

possible fusion accidents and to provide verification of

calculational models.
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Safety-related instrumentation needs to be developed to detect

system failures and initiate corrective action to ameliorate the

consequences of those failures.

In addition, it is recommended that. the development and application

of probabilistic risk assessment techniques should continue to be pursued

for fusion. Such techniques provide the most rational basis for reactor

safety assessment and should be developed for use in the commercial

fusion reactor licensing and regulatory process.
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1. PREFACE

1.0 INTRODUCTION

Research on fusion has reached the stage where operation of

experimental devices with deuterium (D) and tritium (T) will be realized

in the near future. Also, design studies have been performed in some

detail in an attempt to specify and clearify the characteristics of

commercial fusion power plants. With the introduction of D-T burning

fusion reactors, safety issues must be resolved to ensure adequate

protection of operating personnel and the general public from the

radioactive inventories that will inevitably exist in such devices.

In October 1983 a Technical Committee meeting on the environmental

and safety aspects of fusion was sponsored by the International Atomic

Energy Agency (IAEA) at the Joint Research Centre at Ispra, Italy.

Approximately 37 attendees were at the meeting representing Australia,

Belgium, Federal Republic of Germany, France, India, Italy, Japan,

Netherlands, Spain, Sweden, United Kingdom, United States of America, and

the IAEA. The primary objectives of the meeting were to provide a forum

for international exchange of ideas, analyses, and data on fusion safety,

and to provide input to the fusion community on additional high priority

fusion safety work that should be pursued. Also agreement was reached at

the meeting that a status report on fusion safety to be published by the

IAEA would be prepared by attendees at the meeting plus other experts as

appropriate. This report has been prepared as a result of that agreement.

Information on the following subjects is contained within this

report a) tritium handling and safety, b) activation product generation

and release, c) lithium safety, d) safety of superconducting magnets,

e) operational safety and shielding, f) environmental impacts g) waste

management and decommissioning, and h) accident analysis. For each area

the general status is summarized and recommendations for high priority

research and development are presented.

Also, a brief summary on safety considerations in fusion reactor design

is presented as an overview of relevant fusion safety issues.
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1.1 SAFETY CONSIDERATIONS IN FUSION REACTOR DESIGN

A very limited number of options exists for generation of commercial

power for the future. The options are generally considered to be solar

power, the fission breeder, and nuclear fusion. Nuclear fusion as a

source of commercial power is at an early stage of development. Recent

plasma physics results, however, are encouraging, and scientific

feasibility is expected to be demonstrated in the late 1980s. Based on

current fusion reactor conceptual designs, design trends, and preliminary

safety assessments, it appears that the health and safety risks to the

public from this technology are as low or lower than other

"inexhaustible" energy technologies. In addition, the early stage of

development of fusion provides the ability for continued improvement in

the safety-related aspects of material selection and design.

Because of the experimental nature of fusion devices built to date,

the design of commercial reactors has been limited to preliminary

conceptual design studies. Although there are differences in size and

detail, the general consensus from these studies is that the first

commercial reactors will 1) employ deuterium and tritium as the fuel, and

2) require use of lithium as a material for production of tritium. For

the future, the development of advanced fuel cycles would eliminate the

need to supply tritium and to use lithium in the fuel cycle. This would

further enhance the safety of fusion reactors.

In any deuterium-tritium burning fusion reactor design there are

several safety and environmental issues that must be addressed. The

major issues involve: 1) use of tritium in the fuel cycle, 2) activation

of structural materials, corrosion products in fluid streams, and reactor

hall environment by high-energy neutrons, 3) energy sources with the

potential for causing release of a portion of the radioactive

inventories, and 4) the handling and disposal of radioactive waste. Each

of these issues is discussed below.

1.2 SOURCES OF RADIOACTIVITY IN FUSION REACTORS

There are two principal inventories of radioactivity that will be

present in fusion reactors. These inventories are 1) tritium that is

used as a constituent of the fuel in the fusion process and 2)
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radioactive products that are produced in structural materials, coolant

streams, and reactor building atmosphere by interaction of materials with

high energy neutrons produced in fusion process. The following

discussions summarize some of the more important safety considerations of

these two inventories.

1.2.1 Use of Tritium in Fusion Reactors

In the first commercial fusion reactor, tritium, an isotope of

hydrogen, is expected to be used as one of the constituents of the fuel.

As a result of industrial and military applications, techniques for

handling tritium have been developed and the safety concerns are fairly

well understood. Tritium decays with a half-life of 12.3 years, emitting

a relatively low energy (less than 18.6 keV) beta particle. Since the

penetration of the beta particle in skin is less than 0.01 mm, the

primary health hazard results from ingestion rather than external

radiation.

The health hazard of tritium is dependent on the chemical form.

Because of its ease in uptake and distribution in the body in the oxide

form, tritiated water is approximately 25,000 times more hazardous than

tritium in the elemental or gaseous form. Tritium will normally be in

the elemental gas form in the fusion reactor but could be converted to

tritiated water in a fire or by oxidation or hydrogen exchange after

release into the environment. The atmospheric oxidation rate is slow,

less than 1% per day. Tritiated water can enter the body through the

skin and lungs and is retained in the body with a biological half-life of

about 9.5 days depending on the individual. Unlike some fission products

produced in uranium or plutonium fission, tritium is not known to be

significantly concentrated in food chains [1].

Dilution of tritium gas to nonhazardous levels occurs rapidly in the

atomosphere. Experience in accidental releases of the gas indicates that

even large releases may not result in serious consequences. In 1974, an

accidental tritium gas release of nearly 0.5 MCi of tritium gas in the

elemental form occurred at the Savannah River Plant [1]. The atmospheric

oxidation rate was determined to be under 1% per day, and measured

concentrations were well under calculated and permissible levels.
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Table 1-I TRITIUM INVENTORY AND FLOWS IN CONCEPTUAL DESIGNS

UWMAK III NUWMAK* STARFIRE

Inventory (kg)

Vacuum pumps 7.75 1.6 0.15

Reprocessing 7.75 0.35 0.35

Storage 18.6 19.4 1.0

Breeding Blanket 1.67 0.1 10.0**

Miscellaneous 0.03 - -

Flows (kg/day)

Throughput 74.4 19.4 1.3

Burned 0.62 0.28 0.53

* An additional 4 kg of tritium will reside in the structural material

as a result of the high solubility of tritium in titanium.

** Tritium tied up in solid LiAlO2 breeding blanket.

Fusion reactors will probably contain a tritium inventory of between

5 to 40 kg or 50 MCi [2,3,4,5J. The largest inventory will be in the

blanket, vacuum pumps, tritium processing system and the fuel fabrication

and injection system. In addition, sufficient tritium to operate during

a shutdown of the breeding system for a few weeks would require storage

of a few kilograms. Table 1-I lists the tritium inventories and flows

for the UWMAK III, NUWMAK, and STARFIRE conceptual designs. The STARFIRE

reactor design has employed plasma physics and operational techniques

that result in tritium burnup fractions of approximately 40%. This high

burnup fraction results in a much lower daily tritium throughput, which

should greatly reduce the potential for large tritium releases. However,

the ability to achieve this high burnup value is questionable.

During normal operation, tritium could enter the environment by

leakage from gaskets and seals or permeation through walls and pipes.

Leakage may be the most significant source of tritium in the primary

containment. Tritium levels can be controlled by minimizing the use of

gaskets and mechanical seals and employing multiple containment

(double-walled piping and glove boxes) for the more sensitive

components. In addition, tritium cleanup systems will be provided to

maintain concentrations at safe levels. The Tritium Systems Test
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Assembly (TSTA) at Los Alamos National Laboratory will simulate the

tritium flows in a fusion reactor excluding the breeding system. This

facility will be used in investigating leakage and permeation problems,

cleanup and containment techniques, and also to develop and test

components for future fusion systems. The response of the tritium

fueling system to off-normal accident situations will be investigated

which will allow development of an effective safety system [3].

Operational releases into the environment will probably result

primarily from permeation from the breeding blanket and tritium

extraction system. The permeation rate may be high as a result of the

high operating temperatures of these systems and the large area of the

interface with the primary cooling system. Tritium that permeates into

the primary coolant could then permeate through the heat exchanger and

eventually into the atmosphere or cooling water. Work at Oak Ridge

National Laboratory (ORNL) indicates that oxide layers formed in heat

exchangers may significantly reduce the permeation rate [6]. There is

also continuing research on oxide scales established by in-situ or by

pretreatment methods acting as very effective permeation barriers at

least for austenitic steels in the temperature domain 450 - 950 0C [7].

To further reduce permeation, blankets may need to operate at low tritium

concentrations and employ barriers such as double walls and surface

coatings. Advances in tritium technology could reduce operational

releases to less than 10 Ci/day [4]. Release rates at that level would

not pose a health hazard.

1.2.2 Activation Products

Another source of radioactivity in a fusion reactor is activation

products that are generated by interaction of materials with high energy

neutrons produced in the deuterium-tritium fusion reaction. The

activation products are produced in structural materials, coolant

streams, and reactor building gases. Calculations based on conceptual

designs have shown that in excess of 1 GCi of activity can be produced

[8]. The large majority of these activation products are contained

within the materials of the first wall, blanket, shield, and magnet

structures. Materials development programs sponsored by the US

Department of Energy (DOE) are evaluating alloys that could achieve the

high performance required and minimize the production of induced

radioactivity.
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Activation products are built up rapidly in the structural material

of a fusion reactor and a significant fraction of the equilibrium

inventory is present in the reactor after only a few days of operation.

The inventory and decay characteristics of the activation products is

determined by the choice of structural material.

Stainless steel (316), aluminium alloys, vanadium alloy, and

ferritic steel have been proposed for use as first wall and blanket

materials. The extensive experience with stainless steel in fission

reactors and its ease of fabrication make stainless steel an attractive

candidate. However, the relatively long radioactive decay time of

activated stainless steel constituents complicates reactor maintenance

and waste management activities.

The rapid decay of the vanadium alloy and aluminium during the first

few weeks may facilitate maintenance operations such as changing the

first wall. In addition, the rapid decay for vanadium may allow early

recycle of the material, however, vanadium alloy is hard to fabricate and

there is limited experience in its use. Because of their low melting

temperature, aluminium alloys require a lower operating temperature and

are currently not considered as reasonable materials for fusion first

wall and blanket structures.

Ferritic steel may give a long wall life while reducing the

radioactive hazard from the activation products. The effects of large

neutron fluences on ferritic steels is not known, however.

Other materials, such as silicon carbide ceramics, may extend first

wall lifetime and produce essentially no activation products. Although

material choice may allow a significant reduction in the activation

products, factors relating to fabrication, impurities, cost, and supply

may limit the flexibility of selection.

By comparison, the inventory of activation products contained within

the coolant streams and reactor building atmosphere are approximately one

to four orders of magnitude less than that contained within the solid

structural materials. Activation products are deposited within the

coolant streams of the first wall and blanket by three primarymechanisms,

direct activation of the coolant, sputtering caused by interaction of
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materials with high energy neutrons, and corrosion. In the case of

17Li83Pb being used as a coolant, activation of the lead can produce

approximately 108 Ci of activity. For systems with helium coolants,

sputtering is the dominant mechanism. For systems with water or liquid

metal coolants, corrosion of activated coolant channel surfaces

contributes the most to the inventory. Analysis performed as part of the

STARFIRE design study showed that 3.2 x 104 Ci of radioactivity was

deposited in each of the two primary coolant systems.

If the atmosphere around the reactor is air, a considerable Ar-41

inventory can be produced from neutron streaming through penetrations.

This inventory could limit the accessibility to the reactor building

after shutdown, but constitutes little hazard from the point of view of

an accidental release.

1.3 MECHANISMS FOR POTENTIAL RADIOACTIVE RELEASE

There are a number of potential accidents that may be postulated to

cause a release of a portion of the radioactive inventory of a fusion

reactor. The most severe of the postulated accidents are those in which

potential or stored energy of the system may be converted to thermal or

mechanical energy as a result of system or component failures. These

include fires and explosions, magnet system accidents, plasma

disruptions, coolant system failures, and auxiliary system failures.

These potential or hypothetical mechanisms for accidental release of

radioactivity are discussed in the following subsections.

1.3.1 Lithium Fires

Lithium in some form will be required in tritium-burning fusion

reactors to breed additional tritium fuel. Some early designs required a

large inventory of lithium for use both as a breeding material and a

coolant. The trend is now to more compact designs that use less lithium

or use other lithium compounds and employ other coolant materials [5,9],

e.g., helium, water, or 17Li83Pb.

If the hot liquid lithium should be exposed to air, a large energy

release could occur. Lithium reacts strongly in air, liberating about

3.7 times more energy by weight than liquid sodium. Lithium spill

experiments indicate lithium-nitrogen reactions are significant and tend
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to reduce the total energy release and temperatures by reducing the

amount of lithium available for the more energetic lithium-oxygen

reaction. Lithium will also react with water or water in concrete

releasing energy.

Early designs used liquid lithium metal for the breeding material

and as a primary coolant. More recently, designs have featured less

reactive lithium-lead eutectic or various solid lithium compounds. For

example, the STARFIRE [5] commercial reactor design study at Argonne

National Laboratory has used LiA102 as the breeding material and water

as the blanket coolant. In addition, evacuated containment buildings or

buildings with inert atmospheres have received consideration which would

effectively eleminate lithium air reactions.

If lithium in a reactive form is used in reactors, inherent and

engineered safety design can be used to eliminate or mitigate lithium

fire accidents. Based on computer modeling, the following design

strategies have been shown to be effective [10]: 1) use steel liners for

concrete, 2) reduce the lithium inventory per breeding loop, 3) reduce

the oxygen concentration in the reactor building, 4) use structural

material with high heat removal potential, 5) install a containment

atmosphere cooling system, 6) employ a dump tank system below likely

spill areas, and 7) employ a pressure relief ventilation system with

appropriate filters.

Both experimental and analytical work are required to evaluate the

trade-off between the performance achievable with liquid lithium and the

potential safety advantages of less reactive lithium forms. Experimental

studies are under way at the Hanford Engineering Development Laboratory

(HEDL) and at the Joint Research Centre in Ispra to evaluate the safety

aspects of both liquid lithium and alternate lithium forms. Tests have

been performed with liquid lithium to determine reaction rates and

temperatures during reactions with air, nitrogen, argon, carbon dioxide,

and concrete. Results to date show that reaction of 100 kg of lithium

with air can lead to greater than 1200 C flame temperatures. Fire

extinguishment techniques have also being investigated and developed at

the Massachusetts Institute of Technology [10] based on fundamental

thermodynamic principles and the HEDL experimental results.
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1.3.2 Magnet System Accidents

A characteristic feature of the magnetic fusion system designs is

the requirement for large superconducting magnet systems. To achieve the

quality of confinement required for a fusion reactor, the plasma volume

and consequently the magnetic field volume, must be large. Also, a high

magnetic field strength (approximately 10-15 Tesla) is required to

confine plasma at high density and temperature. Conventional

nonsuperconducting magnets would consume an unacceptably large amount of

electric power. The principal safety concern on the use of superconduct-

ing magnets involves the potential for a magnet accident to result in

radioactivity release.

The energy stored in the magnetic field of magnetic fusion reactors

is large. For example, the stored magnetic energy in recent tokamak

designs is approximately 50 GJ. Conceptual designs of mirror and Elmo

Bumpy Torus (EBT) reactors indicate that the stored magnetic energy will

be of the order of 100 GJ. Considerable work has been done on the

identification of magnet accident initiators; however, the consequences

of these accidents and interactions with other components of the reactor

need additional analysis and/or experimentation. Release of the sizable

energy stored in the magnetic field could result in magnet overheating or

generation of missiles and possible release of part of the large amounts

of liquid helium used to cool the magnets. Magnetic inductive coupling

could potentially propagate such a failure to other magnets ,pr

components. Appropriate design and safety barriers can probably limit

the consequences of such accidents to localized equipment damage with

little risk of release of radioactive material. Methods have been

developed to dump the magnet energy in an emergency and, if necessary, to

equalize the temperature in the coil to reduce thermal stress. Coil

cases could effectively contain missiles generated by a coil disruption

and also serve as a passive means of energy dissipation through inductive

coupling [11}.

The Large Coil Task has been established at Oak Ridge National

Laboratory. This program will subject approximately one-half scale

magnets (2.5m x 3.5m bore) to a variety of tests under normal and

off-normal operating conditions. Data from this program should resolve

many of the safety and reliability questions regarding the use of
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superconducting magnets. Experiments at Karlsruhe with the TESPE magnet

set will focus on safety issues in the 1985-87 time frame. Destructive

tests are included as part of this program.

1.3.3 Plasma Disruptions

If a major plasma disruption should occur in a tokamak, the thermal

energy of the plasma may be deposited on a small area of the first wall.

It has been estimated that 200 MJ will be released from the plasma during

a major disruption in the INTOR device. Experiments on ISX-A and ISX-B

at ORNL have indicated that the plasma can contact the vacuum chamber

anywhere, and that a hot spot on the torus interior exists after the

disruption. The recent disruption at the Joint European Torus showed

that mechanical damage of the vacuum vessel can result from a

disruption. If the plasma energy were deposited on a small area of the

first wall of an ignited reactor, local vaporization, ablation and

melting, with the release of activation products to the vacuum pumping

system, could occur. The release of first wall material into the plasma

during a disruption.will quench the plasma burn and terminate fusion

power production.

In the tandem mirror reactor, a loss of plasma confinement could be

initiated by the failure of the neutral beam injectors maintaining the

end plug potential. As a result, the plasma energy would be rapidly

deposited on the walls of the end cells. Likewise, the failure of the

microwave sources in the EBT reactor would cause a loss of plasma

confinement and a local deposition of the plasma energy. In both of

these cases, the plasma disturbance is initiated by a failure external to

the plasma; however, thermal consequence similar to those in the tokamak

could result.

Fusion reactor designs should provide a means for emergency plasma

shutdown. If failure in some component of the fusion reactor makes heat

removal and plasma control impossible, fusion power production will have

to be stopped, and the shutdown procedure should not lead to a major

disruption. The injection of impurities into the plasma has been

suggested as a way to increase the line radiation and Bremsstrahlung

losses, thus cooling the reacting interior of the plasma. Emergency

shutdown in a controlled manner is a requirement for any reactor control

system.
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1.3.4 Coolant System Failures

The primary coolant system of a fusion reactor provides the function

of removing the heat energy from a blanket/first wall region surrounding

the plasma. The blanket/first wall receives its energy in the form of

neutrons and direct radiation from the plasma. The blanket region

contains lithium in some form to breed tritium needed to fuel present

fusion reactors. The blanket/first wall heat energy is then transferred

to the primary coolant usually flowing through tubes in the blanket/first

wall structure. The primary coolant is then pumped to either an

intermediate heat exchanger or a steam generator transferring the heat to

a secondary coolant.

Loss of coolant or loss of coolant flow accidents in fusion reactors

require prompt and reliable shutdown of the plasma heat generating

process within a short time span, depending on the system design. An

operating reactor generating 1000 MW electric power will have a thermal

load of about 2500-3000 MW to the blanket/first wall. Large temperature

excursions leading to blanket/first wall damage, structural failure and

possible radioactive material release can occur if the heat source is not

shut down rapidly.

Decay heat from neutron activated structural material must be

considered in the design of fusion reactor coolant systems. Although

this heat source is relatively small, a loss of coolant flow accident

could cause structural failure in the blanket/first wall region if an

auxiliary coolant sytem is not provided or if the sytem is not inherently

safe against this type of accident.

1.3.5 Auxiliary System Accidents

There are a number of safety concerns in a fusion reactor that do

not directly involve the handling or use of radioactive materials but

which constitute sources of energy that could serve as initiators for

radioactive releases. In addition, the energy stored in these systems

can represent a hazard in its own right. Most of these concerns involve

hazards that are also faced by other industries, such as the use of high

voltages and high currents or the handling of toxic and potentially

explosive chemicals. The chief areas of concern among the auxiliary
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systems are: 1) methods of plasma heating, 2) cryogenic fluids

apparatus, 3) fueling equipment, 4) vacuum pumps and vacuum chamber, 5)

divertors, 6) direct convertors, and 7) high voltages and eddy currents.

The plasma in a fusion reactor must be heated to ignition conditions

by neutral-beam heating, radio-frequency (RF) heating, or other

methods. Neutral beams are of concern in cases where the beams are

energized in the absence of a plasma, resulting in damage to the opposite

first wall and possible release of activation products. Interlocking

circuitry and possibly local shields on the first wall are provided to

prevent damage. In addition, neutral beams require large, linear

penetrations through the reactor first wall, blanket, and shield. The

neutron streaming along the penetrations can be an occupational hazard

directly, and can greatly increase the neutron activation in devices

requiring maintenance.

Mirror reactors will require neutral beams for both plasma heating

and for end-plug maintenance in the tandem mirror configuration. In most

mirror designs, the plasma is not ignited, and thus the neutral beams

must operate in steady state. Thus, the operational requirements on

neutral beams on mirror reactors will be more severe than on ignited

tokamak or EBT reactors.

Radio-frequency heating has been proposed both as a means of heating

the plasma to ignition and as a method for continuously driving the

plasma current. When used for raising the plasma temperature to

ignition, about 75 MW of RF power is required. For the current driving

mode, about 120 MW is required. In either usage, the power of these RF

sources is much larger than of contemporary RF broadcast transmitters,

and thus special precautions will have to be taken.

Cryogenic fluids will be present in the magnets, in the cryogenic

vacuum pumps, and in their respective helium refrigerators. A large

number of additional devices are necessary to supply and distribute the

cryogenic fluids. Because this inventory of liquid helium or nitrogen

could be exposed in an accident to components at the 300 K ambient

temperature, a significant amount of energy could be absorbed in the

warming process. In the boiling and warming of liquid helium from 4.2 K

to 300 K, about 0.2 MJ per liter of helium liquid could be available to

pressurize reactor components.
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The fueling system presents a hazard because of the potentially

explosive concentrations of hydrogen (either as deuterium or tritium)

that may occur due to infiltration of air into the equipment.

Additionally, some fueling techniques have proposed the use of a high

speed rotor to accelerate small pellets of solid deuterium and tritium

into the plasma. The kinetic energy stored in that rotor could be

substantial, and care must be taken to assure that the rotor cannot

suddently jam or fracture, with the resultant generation of missiles.

The vacuum pumps and chambers present several mechanical safety

concerns that are not covered by the cryogenic systems. Turbomolecular

pumps contain high-speed rotors that, under certain conditions, can

fracture and generate missiles. In the event of a vacuum chamber

failure, the cryopumps could warm up and release their load of deuterium,

tritium, and helium. Depending on concentration and the infiltration of

air into the vacuum chamber, this situation could lead to potentially

explosive mixtures within the reactor.

Although they are an adjunct of the magnet system, divertors pose

some safety concerns unique to the rest of the plasma confinement

apparatus. The divertor surface is the only part of the reactor which is

specifically designed to intercept magnetic flux lines. Because of this

connection, the divertor is in very rapid communication with part of the

plasma volume (the "scrape-off region"). A failure of the divertor would

quickly lead to an increase of the neutral and impurity content of the

scrape-off region, and could initiate an MHD plasma disruption.

Since the magnets and plasma heating devices are electrical, the

dangers of high voltages and eddy currents are present. Most of the high

voltages supply either neutral beams or RF heating sources, though some

high voltages are used in plasma diagnostics. Eddy currents, induced by

the changing magnetic field of a plasma disruption, could pose a danger

to workers at a distance from the reactor if instrumentation is not

properly shielded and isolated electrically. X-radiation produced by

high-voltage systems may also be an occupational hazard.

1.3.6 Hydrogen Explosions

Fusion reactors will contain significant quantities of hydrogen

isotopes, deuterium and tritium. These isotopes can combine explosively
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with oxygen under certain conditions. Detonation can occur with hydrogen

concentrations in the range from approximately 18 to 59% in air. The

consequences of such explosions are strongly a function of hydrogen

isotope release magnitudes, building geometry and volume, and the gas

chosen for the building atmosphere. Preliminary investigations have

shown that fusion reactor containments can easily be designed to

accommodate such accidents; however, hydrogen explosion potential must be

continually factored into future fusion reactor and building designs.

1.4 RADIOACTIVE WASTE MANAGEMENT

Waste generated in fission reactors has proven to be a serious

public concern. Although technical solutions for waste handling and

disposal have been developed, implementation of any of these solutions

has proven to be difficult. Fusion reactors will also produce

radioactive waste in the form of activation products in structures and

tritium contaminated material. The hazard associated with this waste is

strongly dependent on the materials and design. A strategy in which

waste concerns influence choice of materials and designs should minimize

the hazards of handling and disposal.

The primary source of waste in the fusion reactor results from

periodic replacement of the first wall and inner blanket structures.

Some material properties of the first wall and blanket are degraded by

the fluence of high energy neutrons. Materials currently under

consideration are limited to a total fluence of about 10 MW-Yr/m .

Neutron wall loadings of about 2 to 5 MW/m2 are projected for fusion

reactors in the current conceptual designs. The first wall and possibly

parts of the blanket will, therefore, need to be replaced every two to

five years based on present irradiation technology. Development of new

materials such as ferritic steels, vanadium alloys, or ceramics could,

however, significantly increase the wall lifetime. Other sources of

waste include tritium contaminated materials and contaminations in

coolants.

Recycle of reactor material could eliminate or greatly reduce the

waste problem as well as reduce the drain on natural resources.

Calculations of worker exposures indicate that stainless steel-316 could

be recycled after a holding time of about 40 years. Aluminium could be
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recycled in less than a year if a method is developed to remove the

long-lived isotope, Al-26. These calculations assume no shielding but

operator time near the material is minimized.

Eventual decommissioning of fusion plants appears to be costly. The

primary reason for the high cost is the large size of the reactor

facility. The trend in conceptual designs is towards more compact

reactors. If this trend proves to be realistic, the cost for on-site

decommissioning should not be significantly higher than for fission

reactors [8].

1.5 CONCLUSION

It must be realized that no technology for generation of commercial

power is entirely free of risk or safety problems. The primary safety

concerns with nuclear fusion involve 1) use of tritium in the fuel cycle,

2) generation of activation products by high-energy neutrons, and 3)

energy sources that could result in release of a portion of these

radioactive inventories. However, early recognition of potential safety

problems with fusion reactors provides the opportunity for improvement in

design and materials to eliminate or greatly reduce these problems. With

an early start in this endeavor, fusion should be among the lower risk

technologies for generation of commercial electrical power.
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2. TRITIUM HANDLING AND SAFETY

2.0 INTRODUCTION

In recent years the investigation on the safety and environmental

aspects related to the use of tritium in the fusion machines and power

reactors has been increased. This was based on the following factors:

more details available from the reactor design studies;

the capability to exploit the large experience acquired from the

operation of fission reactor plants, in particular heavy water

reactors;

the acquisition of new experimental data on the tritium behaviour in

structures and in the environment, and on its health effects.

In this paper the safety aspects related to tritium handling in

fusion reactors are reviewed in order to identify the outstanding problems

and the research and development needs. In the assessment, reference is

made to the DT-fusion plants (Fig. 2-1) even if many of the remarks and

conclusions presented apply also to future power stations based on more

advanced fuel cycles such as DD-systems.

Fig. 2-1 Tritium Fuel Cycle in a D-T Fusion Reactor
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The mechanisms which govern tritium losses in the reactor components

are first described. Then the criteria and systems used for tritium

containment are reviewed. This applies both to the problem of tritium

clean-up in the reactor during operation and to the question of tritium

immobilization in the waste. Typical values of tritium releases during

normal operation, maintenance and accident conditions are finally

presented together with the illustration of the procedures required in

order to satisfy the safety criteria for personnel access and work. Other

subjects related to tritium safety, namely:

a) tritium detection, monitoring and instrumentation;

b) conversion rate of gaseous tritium to HTO;

c) radiation impact of tritium releases on the natural environment and

on population

are not considered here because they are included in Chapters 6 and 7 of

the report.

2.1 TRITIUM SYSTEMS INVENTORY

The tritium inventory in individual fusion reactor components depends

on:

- the length of time that the reactor is operated;

- the manner in which the device and its components are designed and

operated.

The latter area includes plasma conditions expected in the device

(deuterium-tritium operation, fusion power level, fractional burn) and the

lifetime projected for given components. Most estimates given for tritium

inventories are the steady-state values. The inventory in a given

component does not usually reach the steady-state value in an experimental

device because the availability (reactor operating time) is less than that

required.

In order to have an evaluation of the typical tritium inventories in

a fusion reactor, reference is made to INTOR, the INternational TOkamak

Reactor, for which a rather detailed study has been carried out in the

last few years in the frame of the IAEA activities [12]. Such a reactor

has all the features of a commercial power station apart from the

electricity production, which is considered only in the test modules.
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2.1.1 Reactor Components

The components associated with the reactor and being in the reactor

hall are: the reactor vessel inner surface (the first wall), the limiter

or divertor plates, the vacuum pumps and associated ducts, the fuelling

systems (pellet fuellers), the tritium breeding blanket, the coolant

systems associated with the first wall, limiter or divertor plates, the

blanket and the shield behind the blanket, test modules, RF-heating

systems or neutral beam systems, and the superconducting magnets. All but

the last item are expected to contain tritium.

2.1.2 Other Systems

The three main areas where tritium is found other than in the reactor

hall are:

a) the tritium processing area;

b) the hot cells;

c) the rad-waste area.

Within the tritium processing area are contained: the plasma exhaust

processing system: purification unit, isotope separation unit, gaseous

tritium waste treatment unit, and all secondary units needed: glove box

detritiation, atmospheric tritium recovery for the tritium processing

building, solid waste processing (non-gamma), then control room,

analytical laboratory, tritium accounting, the tritium storage vault, the

tritiated water recovery unit (gamma removed prior to entry to this area),

the tritium receiving area, and fuel preparation units for the pellet

fuellers. In hot cell areas the following items are located: the blanket

tritium recovery system removing gamma impurities, passing the tritium

stream to the plasma exhaust processing system in the tritium processing

building and returning the tritium-free helium purge stream back to the

reactor; the test modules blanket recovery systems; the heaters used to

remove tritium from the limiter/divertor plates before they are consigned

to waste; the test modules after removal from the reactor for examination

or shipment; the atmospheric tritium recovery systems (ATR) for the hot

cell and the reactor (gamma contamination assumed); and the demineralizers

needed for the different coolant streams.

In the rad-waste area, waste materials are assumed to be stored.
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As seen in the above description, it is assumed in the design that

tritium areas will be kept gamma-free when possible. Where this is not

feasible, the gamme radiation dictates where a system is located. Thus,

there are two separate atmospheric tritium recovery systems, one is

associated with the tritium processing area, the other with the reactor

and the hot cells. In addition, blanket tritium recovery systems are

located in hot cell areas.

In Table 2-I are presented typical values of tritium inventory in

the various components and systems of an experimental reactor the main

features of which are derived from INTOR, namely: fusion power: 600 MW,

fractional burn-up: 0.05, availability: 25%.

TABLE 2-I - Tritium Inventories

Reactor components grams

- First wall 100 - 1000

- Divertor/limiter collector 300 - 1500

- Heating devices (neutral injector, RF plugs) 1 - 10

- Breeding blanket: solid (Li 0) 500 - 1000

liquid (17Li83Pb) 10 - 100

- Coolant 10 - 15

- Fuellers 250

Process systems

- Plasma exhaust and heating 280

- Tritium recovery from blanket (solid) 50 -100(

- Primary coolant detritiation 70

- Air clean-up 1 - 10

Storage 250 - 550(2)

- Used components temporary storage 20 - 40

- Solid and liquid wastes not evaluated

(1) for a one-day or less residence time.

(2) assuming a tritium reserve for 6-12 hours of fuelling.
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2.2 TRITIUM LOSS MECHANISMS

One can distinguish among various types of tritium adsorption,

permeation and desorption of tritium through the solid walls of reactor

components and systems, namely

a) tritium adsorption and desorption on the plasma-side surface and

related permeation rate through the first wall structures into the

coolant;

b) diffusion and permeation of tritium, produced in the breeder, through

the structures of the blanket into the coolant;

c) leakage or permeation of tritium from the primary and secondary

coolant into the surrounding media (intermediate heat exchangers,

steam generators, environment).

In the following a review will be made of the state of the art and

outstanding problems related to the mechanisms which make up the basis of

the various tritium losses as mentioned above.

2.2.1 Adsorption and Desorption Rates on the Plasma-side Surface

The rates of tritium adsorption and desorption on the plasma-side

surface of a fusion reactor play a dominant role in determining the

tritium inventory, permeation and outgassing in the first wall

structures. A reasonable, but not complete, data base and theory exists

for metals [13], but far less is known about low atomic number non-metals

that are currently in vogue for limiter/divertor applications.

Adsorption

Tritium is adsorbed from the plasma on the first wall and

limiter/divertor of a fusion reactor by two mechanisms. First, tritium

gas can adsorb on the surface, dissociate, and diffuse into the bulk. The

second mechanism involves the direct implantation of energetic tritium

ions or charge exchange neutral atoms. For a metal with an endothermic

hydrogen heat of solution, direct implantation is generally a much more

significant source of tritium than gas phase adsorption. For exothermic

metals such as vanadium, gas adsorption can be more important than plasma

implantation, for many temperatures and pressures. In the

case of refractory, low atomic number compounds (e.g. TiC, SiC, etc.)
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direct implantation is generally a much larger source of absorbed tritium,

because of the extremely low gas phase permeabilities [14].

Desorption from metals

Release of the non-reflected tritium at the plasma-side surface of a

metal can occur by a thermal desorption process and by thermally activated

molecular recombination. Hydrogen can be directly desorbed from surfaces

by an energy transfer with the incident flux of photons, electrons, or

hydrogen ions, and charge exchange neutrals created during a plasma

discharge. The rate of release of hydrogen (JH) is given by:

J = JiNO (2.1)
H iH

where J. is the incident flux (photon, electron, or ion), NH is the
1 H

hydrogen surface coverage, and o is the cross section for desorption.

The efficiency (n) is defined as:

)= JH NH O (2.2)

Ji

While the cross sections (c) are a fundamental property of the

desorption process, the efficiency (n) depends additionally on the

particular hydrogen surface coverage.

The relative importance of photon, electron, and ion desorption of

hydrogen from stainless steel is summarized in Table 2-II, taken from

ref. [15]

TABLE 2-II - Desorbed Hydrogen Flux per Unit Hydrogen Coverage

Particle a (cm ) J. (cm 2 1 ) JN (- )
1 H H

-18 -20 18
Photon 10 - 10 2 108 0.01 - 1.0

-17 16
Electron 10 7 106 0.1

-16 16
Charge exchange neutral 10 10 1.0

The energy dependence of ion induced desorption from stainless steel

is illustrated in Fig. 2-2 [16].
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hydrogen wall coverage (NH), the typical surface hydrogen coverage

during a discharge must be determined before the overall contribution of

desorption processes to recycling can be quantitatively assessed. Besides

the above mentioned desorption processes, the Removal only other possible

m echanism for tritium release from a metal surface is by thermally

activated molecular recombinations 17ulations.

Hydrogen retention and release for a metal is generally described by

a fhydrogen diffusiwall coverage ( ,in the typical surfance hydrof trapping

sites, with a recombination limited kinetics boundary condi tion o181.

Hydrogen retention results from trapping of hydrogen at radiation damage

or intrinsic defects, and from bulk hydrogen solid solution formation or

second phase (i.e. hydride) precipitation. The typical analysis solves

the diffusion equation, including a source term for the injected hydrogen

and a sink term to account f hydrogen diffustrapping. The surface boundary

condition- is generally assumed to be second order, of the form
2

' . .' J = K C2 (2.3)

where J is the atom flux of hydrogen molecules leaving the surface, C
S
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Fig. 2-3 Calculated Molecular Recombination Constants from a Number

of Metals with Ideal Surface Conditions.

is the near surface mobile hydrogen concentration, and K is the
r

molecular recombination rate constant. Fig. 2-3 shows the calculated

molecular recombination rate constant for several metals, assuming ideal

surface conditions. Most of the fundamental parameters for hydrogen-metal

interactions are known or can be inferred from the present data base.

The major unknowns for tritium release from metals include the

detailed effects of surface conditions and the influence of the fusion

reactor radiation field (i.e. gamma and neutron fluxes) on tritium

transport and release [18]. The effects of surface conditions on

permeation have only begun to be investigated; very few systematic studies

of dynamic hydrogen transport in a radiation field have been attempted

[19]. Gamma fluxes could alter surface recombination rates, especially

for oxides, while neutron bombardment could alter bulk diffusion.
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Desorption from non-metals

Far less is known about hydrogen isotope retention and release for

non-metals such as carbon and carbides. Fundamental understanding is

lacking and only phenomenological models are available. Carbon exhibits a

wide variation in trapping behaviour, depending on sample temperature.

Near room temperature, hydrogen is completely trapped at the end of range

[20-27] until saturation is reached. The saturation concentration at a

ratio [H]/[C] = 0.4 is independent of ion energy. Further implantation

produces a rapid release of the implanted hydrogen at nearly the

implantation rate. The behaviour of hydrogen in carbon is often modelled

by the "local mixing model" [24]. At higher temperatures, the trapped

deuterium concentration in the near surface decreases and rapid evolution

of the implanted hydrogen is observed. Thermal desorption of the hydrogen

trapped in the near surface is also observed in the range of

900 - 1200 K. This phenomenological behaviour is observed for virtually

all carbon morphologies that have been studied. The behaviour of hydrogen

release from carbides and borides is qualitatively similar, although the

data base is even smaller than that for carbon. Additional experimental

research and theoretical understanding are clearly required for low atomic

number materials such as carbon and carbides, as well as for promising

limiter/divertor materials.

2.2.2 Permeation through First Wall Structures*

Plasma driven permeation differs from gas driven permeation insofar

as the mechanism how H atoms enter the materials is concerned. In gas

driven permeation H2 molecules must be adsorbed onto the surface,

dissociate there, and then move from adsorption on the surface to

absorption in the bulk. The last step is hindered by an energy barrier

which is typically a sizeable fraction of 1 eV and so presents a major

obstacle to permeation. In case of plasma driven permeation D and T ions

and neutrals with energies in the range of 1-500 eV enter the bulk of the

materials directly. A schematic diagram showing steady-state particle

fluxes in the wall during plasma driven permeation is shown in Fig. 2-4.

* This section is excerpted from the paper: R.A. Kerst and W.A.

Swansiger, Plasma Driven Permeation of Tritium in Fusion Reactors, J.

Nucl. Mater. 122-123 (1984) 1499.
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Fig. 2-4 Schematic Diagram of Plasma
Driven Permeation of Hydrogen.

pi and <p are penetration and permeation particle fluxes, respectively.

C is the number density of the untrapped particles, D is the diffusion

coefficient and k is a phenomenological rate constant for molecular
r

recombination. Transport from the implantation plane to outside may be

either diffusion or recombination limited. To establish which process is

rate limiting, the transport parameter w is defined:

w(x) = (2k x/D) (.i/2k )/ (2.4)

where x is the distance from the implantation plane of either surface of

the wall. With L being the wall thickness, and A the implantation

depth one distinguishes three transport regimes: when w(L-A) < 1, the

system is recombination limited in both directions (RR); when w(L-A) > 1

and w(A) < 1, it is recombination limited upstream and diffusion

limited downstream (RD); and when w(A) > 1, it is diffusion limited in

both directions (DD). This formalism is a generalization of the

transport parameters of Ali-Khan et al. [28] and Doyle [29].

Plasma driven experiments

The simplest type of experiment involves placing a hot filament in

H2 gas with a line of sight to the upstream surface of the membrane.

Since the energies of the H atoms are in the range 0.1 - 1 eV, A is

very small and the inequality w (A) < 1 is assured. An example of such

an experiment on a Fe target, 1 mm thick, was reported by Waelbroeck and
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co-workers [28] in 1978. This first experiment illustrated two points

concerning permeation:

1) the entry of H into the material is enormously facilitated;

2) there is a new dynamical behaviour as compared to gas driven

permeation.

Livshitz et al. [30] have made measurements through a very thin

(i.e. 20 im) Pd membrane using thermal atoms. Their measurements

indicated that the RR regime is obtained in this material for a wide

range of values of T, 4i and kr . The rise time to steady state was

as much as 5.10 times that which would be expected from diffusion,

showing that the transport was severely recombination limited.

More appropriate for simulating first wall conditions in fusion

reactors are experiments using energetic ion drivers, such as gas

discharges or ion beams. Early experiments using discharges produced

large permeation rates but did not have sufficiently well characterized

conditions to allow comparison with a model. The first experiment using

an ion beam was reported by Perkins and Noda [31]. They used an
13 -2 -1

unanalysed D beam of 15 keV energy and 5x10 cm s flux on SS 304

and 304L membranes in the temperature range 740 - 950 K. This experiment

gave a peculiar result: within 20 s after initiating the implantation,

4p reached a maximum, then decreased markedly over a time scale of 200

s. This "spike" effect was confirmed by experiments done with a variety

of materials (SS, Ni, Mo, Fe) by Tanabe et al. [32] and by Causey et al.
15 -2 -1

[33] using beams of 3 to 30 keV at fluxes of up to 4x10 cm s

Winter et al. [34] used a combination of low energy (15 eV) discharges to

explore the energy dependence of plasma-driven permeation through Fe at

653 K. They found that the spike appeared at 500 eV, but not at 15 eV.

Sharapov et al. [35] have reported results from a gas discharge through Mo

and Ni for energies in the range 250 - 600 eV. For Mo, they found that,

when log(p ) was plotted vs 1/T, an inversion was seen between 710 and

860 K, rather than the expected linear relationship. Zakharov et al. [36]

developed a model which holds that the inversion is due to enhanced H

diffusion at low temperatures due to interaction with mobile defects

produced by the energetic implantation. Three explanations for the

"spike" effect have been offered:

1) increase in k caused by sputtering away or chemical reduction of

surface contamination;
surface contamination;
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2) increase in k caused by energetic ion induced surface defects

which catalyse molecular recombination;

3) reduction of D by migration of ion induced bulk traps to the region

deeper than the implantation plane.

Permeation models

Since a large fraction of particles implanted into the first wall of

a Tokamak reactor will have energies lower than some hundred eV and thus

very short ranges, RD transport is virtually assured. The time dependent

problem with a quadratic boundary condition must be solved numerically. A

number of computer codes have been developed for this purpose, namely:

DIFFUSE [37], PERI [38] and TMAP [39]. DIFFUSE incorporates an extended

source term to correctly account for implantation profiles. It also

includes the effects of radiation induced traps, thermal diffusion (Soret

effect) and temperature gradients. PERI lacks traps and the extended

source term (cannot employ DD transport) but includes heat transport.

TMAP combines the features of DIFFUSE and PERI and includes thermal

analysis capabilities and chemical reactions. A summary of experimental

data of plasma driven permeation of hydrogen through SS is shown in Fig.

2-5 and compared to DIFFUSE results. a represents the molecular

X\ ';. Plasma Driven Permeation
, o H through SS

-2 '3. I

\\" T

To -4 < 0

0 · \

0

-4 * ao et al
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:}-shra. et l. ' Summary of Data of Hydrogen
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-6-.... ' '. -- *-- --- .Stainless Steel. The Symbols are
0.8 1.2 1.6 2.0 ^ Experimental Data and the Lines

I000/T(K) are from the Steady State Model.
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-4
sticking coefficient; a = 1 means "clean surface" and a = 10 means

"dirty surface".

Since 1980, many calculations of permeation rate through the first

wall of Tokamak reactors have been reported. The dependence of p on
P

various plasma and wall parameters has been studied [40]. The most

important ones were shown to be upstream surface condition, which

determined k via a and the temperature distribution. For SS, a can
r 4 2

vary by a factor of 10 , leading to a variation in 4p of 10.

From the standpoint of both permeation and inventory it is desirable to

have the maximum temperature gradient possible consistent with the need to

keep thermal stresses in the wall structure low. This condition maximizes

recycling at the upstream surface while shutting off diffusion to the

downstream side. The importance of thermal diffusion (Soret effect) has

been investigated and is uncertain at this time due to uncertainties in

the data for thermal diffusion coefficients.

Radiation-induced traps have no effect on the steady-state permeation

rate, but the combination of high trap concentration and binding energy

with low wall temperature may cause the time to reach steady state to

exceed the life of the reactor [41]. An area needing investigation is the

dynamic effect of neutron irradiation damage on permeation. For INTOR

conditions, estimates of tritium permeation through a SS wall range as

high as 0.2 g/d (see Fig. 2-6). For a commercial fusion reactor, the

calculated permeation rate could be considerably higher.

SIAIWLSO STIlL_ *' 0. 2f ITAINL 11 «TfCL

* 0
a

!f I I"*°^· Fig. 2-6

e.o
D0 * X 4 a , O Time Dependence of Tritium Permeation

TIME o(108) Rate Through the First Wall of INTOR.
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2.2.3 Diffusion and Permeation in the Blanket

The kinetics of tritium transport through the breeder, the cooling

and the purge gas structures is generally assumed to be governed by a

diffusion process. The boundary conditions are either the Sieverts law or

a null tritium concentration. In case of solid breeders (ceramics) the

question of the chemical form of the tritium bred is critical in

determining permeation losses through the structures. Experiments at ANL

[42] have shown that, at least in the case of lithium oxide, a significant

fraction of tritium bred is released in the elemental form, or it is

decomposed by radiation environment. However, recent data at INEL [43]

have shown that the addition of a few parts per million of oxygen to a

helium coolant prompts rapid conversion of released tritium to the oxide

form; although the exact mechanisms are not entirely understood, it

appears that the conversion occurs during the process of tritium

permeation through thin oxide films formed by the presence of the small

quantity of oxygen. This conversion, of course, significantly increases

the biological hazard of the tritium but also introduces a vital mechanism

for tritium control and loss prevention.

In case of liquid breeders, tritium diffusion through the bulk of

liquid metal (Li or 17Li83Pb) can possibly be neglected because, according

to the available data, the diffusion coefficient in these breeders is

several orders of magnitude greater than in the structures (typically

stainless steel). The importance of the tritium permeation through the

structure will increase with decreasing tritium solubility in the

breeder. In case of 17Li83Pb the solubility is expected to be very low

which results in a high partial pressure of tritium, of the order of 1

torr, and consequently a high permeation of tritium through the structures

into the coolant. In this kind of blankets, the question of realizing a

tritium barrier becomes important.

2.2.4 Permeation Barriers

It is likely that low-Z coatings such as C, TiC, etc. on the

plasma-side wall would reduce the tritium permeation rate. However, due

to the expected erosion of the first wall surface during plasma operation,

it is difficult to evaluate today the real possibility and interest of

producing barriers to prevent the permeation of tritium injected in the
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first wall from the plasma side. Therefore, the attention has been mainly

focused on the capability to realize permeation barriers on the coolant

side of the first wall or of the blanket modules. Investigations have

been moved along different directions, namely:

a) production of coatings on the coolant pipe surface;

b) pre-oxidation of the coolant walls;

c) formation of an oxide layer during operation when the coolant is

water.

Calculations show that many types of coatings can significantly

reduce the permeation rate both in case of first wall and blanket. Table

2-III shows the results applied to INTOR conditions by using different

metals or oxides [12]. However, it can be anticipated that the cost and

complexity of such a type of production would not be negligible. In case

of steel, some tests to produce oxide layers in a controlled way have been

performed; as an example it was found that films formed on

HNO -passivated austenitics reduce the permeation of deuterium through

the wall [12]. However, this beneficial effect disappeared when the pipe

was subjected to thermal cycles as it would be the case in a fusion

reactor. Other factors which make it difficult to give now a fixed

judgement are the possible corrosion phenomena and radiation effects. A

rather extensive set of experimental data on the inhibition of

hydrogen-isotopes permeation rate in water cooled steels due to the growth

of an oxide layer during reactor operation, exists [44]. As an example,

the growth of oxide films (corrosion films) on austenitic materials under

TABLE 2-III - Calculated Steady-State Tritium Permeation Rates for

Stainless Steel Walls Operated with a 573 K/373 K

Temperature Gradient. All Coatings are 10 Jim thick.

First wall/coating Tritium permeation (g/d)

Stainless steel 0.50

SS/Au 1.18x10- 5

SS/W 4.0x10 8

SS/A1203 1.85x10 1 6

SS/Si 4.15x10 20
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the influence of different values of oxidation potentials in the

temperature region between 450 and 950°C has been investigated at

KFA-Jiilich [45]. Generally, hydrogen permeation "reduction factors"

(compared with the bare metal) between 200 and 1000 and more, after some

days of exposure of the steels to an atmosphere of H2 /H20 ratio 1:1

(oxidation potential = 10 bar) were formed. The lower values are

observed at lower temperatures. After longer times (weeks) under such

atmoshperes, the reduction factors can take values up to several

thousands. Oxide barriers grown in atmospheres with much higher oxidation

potentials do not seem to be stable when exposed to atmospheres with lower

partial pressure; they first lose their hindrance capability but then they

recover to much higher values than before. Such scales are then stable

over quite a larger interval of oxidation potentials. Generally speaking,

it appears that layers with good retention properties grow if a parabolic

time law is observed.

Good scales are apparently coherent with high hindrance factors which

simultaneously show a remarkably enhanced activation energy for permeation

as compared with the bare metal. The same reduction factors are observed

in such cases for the tritium and the hydrogen both coming from opposite

directions. These results look rather promising, even if one has to note

that the experience is in the temperature range between 450 and 950°C and

with austenitic steels, where a developing coherent Cr203 layer was

formed which is responsible for the permeation barrier effect as well as a

barrier against further corrosion attack [7].

In any case, the remarks already made on the fusion reactor operation

conditions today make doubtful any estimation on the real reduction factor

on permeation which could derive from a possible oxidation of the water-

cooled pipe walls. All the area deserves more experimental investigation.

2.2.5 Leakage

A number of barriers against the spread of tritium both as gas and as

tritated water, are available. These are indicated in Table 2-IV. The

most effective of these barriers is to detritiate the fluid by means of a

tritium removal facility, since this removes the tritium right from the

source. The difficulty is that this is a rather expensive approach and

leads to its own considerations for safety. A much more cost-effective
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TABLE 2-IV - Barriers Against the Spread of Tritium

Barrier Barrier aganist Reduces

occupational environmental

exposure emissions

Tritium removal yes yes

Leak-tightness yes yes

Confinement and local control

ventilation yes no

Vapour recovery possibly yes

Purge ventilation yes no

alternative is to establish sufficient leak-tightness to contain the

tritiated fluid and not let it escape into the environment. With existing

technology it is possible to design systems with essentially zero leakage

characteristics. For those systems with significant concentrations of

tritium, and potential for large acute leaks or spills, the use of

additional barriers such as confinement of the tritiated system in a small

area, liquid and possibly vapour recovery from such confined areas may be

considered. The experience of the CANDU nuclear power plants has shown

that heavy water systems with tritium concentrations of 20-30 Ci/kg may be

safely handled [46].

In a recent enquiry performed on the operating experience of the

French heavy water reactors [47], the following conclusions were derived:

a) in routine operations, leakages are rare and low; they are rapidly

detected by the atmospheric tritium control system;

b) all maintenance operations give tritium releases, even after purging

and drying the circuits. The frequency of these operations is low as

a consequence of the containment technology used (stainless steel

ductwork, bellow sealed valves, submerged rotor and screened stator

pumps). In order to limit the tritium contamination, the following

procedures have been considered:

- interventions on heavy water circuits are always preceded by the

setting of a confinement around the part of the circuit to be
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dismantled (e.g. a temporary tent with recovery systems),

- major maintenance operations are preceded by drying the concerned

circuit with special equipment which allows recovery of water

vapour,

- important leakages are channelized towards tanks. Valves are

generally equipped with recovery device capacity and with a

humidity detector.

In the French enquiry doses due to tritium contamination were found

to be negligible (less than 50 mrem/a per person) compared to gamma-doses

from activated products. For the four-unit Buzel-A Canadian plant, the

tritium related internal dose is approximately 15% of the total plant

dose. The development of leak-tight systems with essentially zero leakage

requires that some fundamental principles be applied in the design of the

system. Among these are:

a) to simplify the design as much as possible, so that non-essential

components with leakage potential are eliminated;

b) to reduce, as far as possible, the number of mechanical joints. This

may be done, for example, by the use of field welding technology;

c) wherever leakage may occur, e.g. where static or dynamic seals are

used, particular care should be given to the design and the selection

of the components.

The proper selection of leak-tight components requires that component

leak-tightness specifications should be carefully defined. The

specifications should preferably be based on the operating temperatures

and pressures of the system, since leakage varies with these parameters.

Finally, methods with sufficient sensitivity should be available to

measure component leakage at least to the lowest quantity specified. A

method based on the use of infrared spectroscopy has been developed which

measures component leakages as low as 10 mg/day [48].

The components of a system where leakages are likely are static seals

such as flanged joints, mechanical couplings, and dynamic seals in valves,

pumps, blowers, fans, etc. Other components with leakage potential are

devices such as flow and pressure transmitters, temperature probes, sight

glasses.
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The majority of leaks in flanged joints occur as a result of

temperature and pressure changes during system start-up and shut-down.

Under these conditions there is a non-uniform distribution of temperature

between the bolting and sealing surfaces so that expansion or contraction

is not taking place at the same rate. The solution is to use seal welded

flanges or live loaded studs.

Mechanical couplings are all prone to leakage and the simplest and

surest way to eliminate this source of leakage is to do away with the

coupling and weld the connection. Welding provides a leak-free connection

that is cost-competitive with couplings.

Leakage at valves may be reduced to near zero if proper care is taken

in the selection or design of the component. Bellows sealed valves,

diaphragm valves and magnetically coupled valves have all essentially zero

leakage. Bellows sealed types have been known to fail after about 100,000

cycles and so may not be used as control valves. Diaphragm valves should

not be used where the possibility of downstream pressure exceeding

up-stream pressure exists. They are primarily useful for low pressure

applications with discharge to the atmosphere.

Magnetic couplings may be used on butterfly valves to ensure zero

leakage. Magnetic couplings are also available for blowers and pumps and

have been field-tested at 100 Horsepower with pressure differentials of up

to 3,000 psi. One drawback is that the induced eddy currents in the metal

generate heat.

Stem sealed valves are much more prone to leakage. However, with

proper design of the stuffing box and the use of live loading they too can

be made essentially leak-tight. Examples of components designed for good

leak-tightness are given in Fig. 2-7.

In order to ensure a completely leak-tight system, attention must be

given to leak-tightness problems at a very early stage in the design of

the system. This will reduce overall costs while ensuring that an

extremely leak-tight system develops. If the system contains appreciable

concentrations of tritium, it is advisable to back up leak-tightness with

one or two additional barriers against the spread of tritium in order to

ensure that the impact of the system on occupational and public safety is

minimal.

67



tII CLute

cwnjzt l

^/j1Us l vit-l &=tt ia -- Z r--. i

Fr 1 'j " " ~"ur!
l

I * j -'

,ll .- ] 77 /// SrI , *<SL -- FtF

bsdote" l a re b ah;///'< ." ..L... *pi osph. In.

2.3 l aRITrI CONTAINMENT

b a s e d o n t h e " a s l o w a s r e a s o n a y a" (A / p, / 

2.3.1 Multiple Containment d Con cept

A fusion reactor plant is designed to encase the tritium in order to

minimize radiation impact on the occupational workers and environment

based on the "as low as reasonably achievable" (ALARA) philosophy. In

general, a triple containment is used. Primary containment corresponds to
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the tritium containing equipment. The equipments are installed in

gloveboxes, hoods and jackets, which act as secondary containment.

Atmosphere of secondary containment is detritiated by gaseous tritium

processing systems. Tertiary containment is represented by the reactor

building or an air-tight room, acting as the last barrier against tritium

release to the environment. The atmosphere of tertiary containment is

also designed to be detritiated by gaseous tritium processing systems in

accidental situations.

In the multi-barrier containment concept now described, the

atmospheric clean-up systems for tritium removal represent vital

components for the effectiveness of both the secondary and tertiary

containment, although the design and operation requirements are quite

different for the two systems.

The secondary containment clean-up system has to treat the atmosphere

of the area housing the process equipment, which is normally not

accessible for the operators. The volumes are rather limited and the

atmosphere, often an inert gas, is usually used in a closed circuit. Its

aim is to minimize the leakage of tritium released routinely and/or

incidentally from the process equipment into the operational area. The

related problems are particularly relevant in case of hands-on operations

in gloveboxes.

Tertiary containment includes reactor building and air-tight room.

The containment volume, especially in the reactor room, is, therefore,

very large and thus the required cost for tertiary containment and

containment atmosphere detritiation systems becomes enormous. In normal

conditions, the containment atmosphere is ventilated by ordinary

air-conditioning systems. In the event of off-normal tritium release to

the tertiary containment, atmosphere detritiation systems are actuated and

ordinary ventilation is switched off. The containment is maintained at

slightly negative pressure to prevent tritium leakage out of the

containment. In evaluating the capacity of detritiation systems to clean

up tertiary containment, the phenomenon of tritium soaking should be

considered. This phenomenon can be reduced effectively if the wall is

covered with metal liners. For accidental releases within the tertiary

containment, catalytic oxidation followed by adsorption process is

appropriate for small release flow rates. In case of large releases (as

for a pipe break), drier systems are evidently very efficient in the

69



removal of aqueous tritium and thus avoid pressure increase; they are also

adequate for dealing with elemental tritium releases because they prevent

buildup of much more hazardous HTO, be it from isotopic exchange with

humidity, be it from reaction with oxygen in the containment air.

An example of application of the concept of multiple containment

systems is given by the facility set up at KFA-JUlich to store 10 Ci of

tritium [49]. Under normal conditions, the safe containment and handling

of tritium is achieved by a two-fold containment system of high tightness,

distribution of the tritium over several storage containers in which it is

stored in the form of uranium tritide, the use of two filtering systems as

well as high quality operating and control equipment. The third contain-

ment is represented by the wall of the isotopic laboratory. These walls

are plated with a thin Al-layer to act as a barrier against tritium

diffusion.

4
In case of a hypothetical accident, where a maximum of 2x10 Ci

tritium gas may be released, the personnel has to leave the contaminated

area immediately so as to keep the exposure rate by incorporation of T or

HTO as low as possible. The exposure rate to people by inhalation of HTO

beyond the laboratory fence (260 m distance to the source) will then not

exceed 0.6 rem.

The proper choice of the design parameters for the multiple

containment requires a technico-economic optimization. Typical variables

are the source terms, such as tritium concentration in the primary coolant

and leakage rates, ways of transfer through containments, means of

detritiation, production of waste, etc. A computer code named TRITO

(Tritium Transfer Optimization) [50] has been recently developed at

CEA-France for this purpose. First applications of the code to the

comparison of two INTOR situations, the first with a single containment,

and the second with two containments of the primary coolant (water)

system, have been made. Typical results are shown in Fig. 2-8, where the

daily total cost (K) as a function of the tritium concentration in the

water (C ) is presented. The calculations have been performed for
o

different values of the tritium leakage rate from the coolant circuit

(S). The figure shows that in all cases considered, the cost is lower in

case of the two-containment solution; in this case the curve shows a
3 .- 3

minimum for C close to 10 Ci m , which is also a suitable value

from the water detritiation process point of view (see 2.3.2).
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Fig. 2-8 Daily Costs as a Function of Primary Coolant (Water) Tritium
Concentration (Co).

2.3.2 Clean-up Systems

As shown, in the multiple containment approach the processes and

systems for tritium removal represent a vital aspect for the effectiveness

of both the secondary and tertiary containment. In the following a review

will be presented of the main problems raised and technical solutions

proposed for this purpose, both in case of gaseous and liquid fluids.

Gaseous tritium removal

The main areas in which gaseous tritium will occur are:

a) the reactor hall, hot cells and tritium handling rooms or vaults with

normal atmosphere;

b) glove-boxes or caissons with inert gas or noble gas atmosphere;

c) manifolds or holding tanks in which vacuum effluents will be

collected.
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Decontamination will be accomplished by catalytic oxidation of

tritium to form HTO and subsequent absorption of the tritiated water on

molecular sieves. Experience of the various clean-up systems can be

obtained by the existing tritium handling laboratories.

The Sandia Tritium Research Laboratory at Livermore became

operational in 1977. This laboratory employs sealed glove-boxes connected

on demand to two central decontamination systems, the Gas Purification

System (GPS) and the Vacuum Effluent Recovery System (VERS). Performance

tests on these systems showed that tritium removal systems can achieve

concentration reduction factors much in excess of 10 per cycle. The

throughput of the GPS measures 340 m hr and of the VERS 17

m hr [51]. The emergency tritium clean-up system (ETC) at the

Tritium Systems Test Facility (TSTA) at Los Alamos is designed to recover

and process the room air, should a tritium release occur. The TSTA cell

contains 3000 m of building atmosphere. The flow rate through ETC is

2340 m hr . The tritiated water is collected, partly as liquid water

and by adsorption on molecular sieve beds. A 100 g T2 spill into the
3

facility would give an initial concentration of 355 Ci/m in the cell

and the ETC would reduce the room level to 40.10 - Ci/m within 24 hr

with a release of less than 10 Ci to the atmosphere [52].

At Mound Laboratory three different detritiation systems have been

investigated: the glove-box atmosphere detritiation system (GADS) is based

on adsorption on a fixed bed of molecular sieve cooled by liquid nitrogen,

the air detritiation system (ADS) relies on the "conventional"

oxidation-adsorption process and the emergency containment system ECS uses
3 -1

saturated alumina adsorbers. Its throughput measures 1680 m hr [53].

More or less all designs of atmosphere or glove-box process systems

for future projects take these existing detritiation systems into

consideration.

Atmosphere detritiation systems

The main problem in processing the atmosphere of a reactor building
3

with a volume of 30,000 m or more seems to be the tremendous flow rate,

necessary to provide adequate detritiation times. Extrapolation from

existing systems (several 1000 of m hr- up to 150,000 m hr-1 ) was
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done, mainly to establish data for capital costs and clean-up time [54].

Nevertheless, no system of these dimensions was built.

Commissioning of blowers, or even compressors, valves, catalytic

ovens and molsieve beds may be a problem. In addition, it is a well known

fact that scaling up installations for unit operations often fails due to

a decrease in efficiency. This may be valid especially for those

components which operate under flow conditions (reactor, driers). An

alternative solution might be operating smaller units in parallel. A

discussion on the economic implications of air detritiation systems in a

reactor (INTOR) is presented in section 2.5.4.

Glove-box detritiation systems

In principle, all systems are based on the conventional two-step

method: oxidation of the tritium and removal of the water formed. This

method shows some shortcomings, namely:

- large number of individual components;

- high energy requirements;

- introduction of oxygen in inert-gas operation;

- continuous heating of catalysts;

- high molecular sieve volumes;

- HTO on the molecular sieve does not constitute water removal.

As long as no competitors are present, this method will be developed

and applied further. Especially in oxygen-free static systems, getters

may be used to capture released tritium: active metal getter beds are

described in [55] and the use of acetylenes in [56].

A new method of gas detritiation has been recently developed (TROC

process) [57]. This method basically consists of a single procedure

conducted at room temperature in just one reaction column, tritium being

irreversibly deposited by catalysis on an unsaturated, organic compound.

This produces stable, saturated, solid compounds which can readily be

separated from the preferably liquid component. The new method was first

tested with hydrogen in a laboratory test device. Further results were

obtained with a 1000 litre pilot rig and tests with tritium were also

performed [57]. Optimum laboratory tests showed a decontamination factor

of 103 achieved within 30 minutes; in comparison, during the first testsof 10 achieved within 30 minutes; in comparison, during the first tests
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of the pilot plant, only a factor of 102 within 120 minutes could be

achieved. In tritium tests, a residual activity of 7.5x10 - Ci remained
-3

when some 10 Ci T2 were introduced. More than 99.6% of the initial

tritium was found to be adsorbed by the organic liquid. A real-size

device to process a 6 m glove-box (2m x 1.2m x 2.5m) has been recently

tested with tritium. It turned out that a residual T-activity of
-5 3

1.2-1.5x10 CiT /m can be achieved within a short
2 3

operational time. One example is presented: a T release of 380 uCi/m
3 2

has been reduced to 12 vCi/m within 35 minutes.

Treatment of vacuum effluents

The main torus vacuum system (TVS) deals with the transport of the

spent fuel to clean-up units. Besides this, the TVS has to pump down the

torus between plasma discharges and during discharge cleaning

operations. There are considerable amounts of tritium to be pumped off

with those operations (residual T2, outgassing, isotopic exchange).

Also all diagnostic equipment must be pumped and also a variety of

sub-systems of the tritium handling system. All these vacuum effluents

cannot be vented directly via a stack, but must be collected in storage

tanks and subsequently processed by a detritiation system (Table 2-V).

TABLE 2-V - Process for Vacuum Effluents

Species Method

Tritiated hydrocarbons high temperature catalyst

Ammonia cryogenic separator

Oil vapours filter, demister

CO2 cryogenic separator

Besides T2, HTO and tritiated hydrocarbons, oil moisture and other

chemical compounds like tritiated ammonia will occur in the effluents.

Filters, demisters and separators partly operating at cryogenic

temperatures, partly at elevated temperatures, have to be installed

preceding the detritiation system in order to protect the catalysts. As

an undesired effect, HTO will be collected in cryogenic traps.
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Liquid tritium removal

Liquid (water) clean-up systems are needed in two cases:

a) to detriate the primary coolant;

b) to deal with tritiated water coming as a by-product of gaseous

tritium clean-up systems.

In the following the attention will be focused on the primary coolant

detritiation. During the INTOR assessment [12], several processes for

water detritiation have been investigated. The most appropriate are

described hereunder [121.

a) Vapour Phase Catalytic Exchange/Cryogenic Distillation (VPCE/CD).

Tritium is transferred from light or heavy water to the elemental

form in a catalytic exchange reactor. Cryogenic distillation is used

for the isotopic separation of the elemental forms.

b) Direct Electrolysis/Cryogenic Distillation (DEL/CD). Water is

electrolysed to hydrogen and oxygen. Hydrogen is distilled in a

cryogenic column for isotopic separation. Detritiated hydrogen is

recombined with oxygen from the electrolytic cell and recycled to the

coolant loop.

c) Combined Electrolysis Catalytic Exchange/Cryogenic Distillation

(CECE/CD). Here electrolysis and catalysis perform a preliminary

isotopic separation and produce elemental hydrogen, then the process

is completed by cryogenic distillation.

d) Water Distillation/Electrolysis/Cryogenic Distillation (WD/EL/CD).

Water distillation produces slightly enriched water to an

electrolyser. The elemental hydrogen is fed to a cryogenic

distillation system for the final isotopic separation.

A comparative analysis of these processes has been performed [12],

assuming a tritium permeation rate of 10 Ci/d (0.1 g/d) through the

coolant structures and a tritium concentration in the coolant of 1 Ci/1.

Correspondingly, the volume processed was 1000 l/d.
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The results of the comparison are as follows:

the CECE/CD and the WD/EL/CD seem the most promising processes from

an economical point of view;

CEC/CD detritiates water to low levels which could be unrestrictedly

released to the environment, and accepts feeds with different

tritium concentrations which should permit to process together

several tritium systems. The disadvantages are a limited operating

experience and the necessity to operate in the front end tritiated

water at higher concentrations than the other processes;

WD/EL/CD has many years of commercial experience in heavy water

production. This process can accept feeds at different tritium

concentrations. In the design option used for the economic

analysis, water would not be detritiated to levels allowing

unrestricted release to the environment. In this case, multiple

processing would be required;

DEL/CD seems feasible since there is practical experience in low

level tritiated water electrolysis and hydrogen isotope cryogenic

distillation, also if they were not used together on a large scale;

VPCE/CD does not appear suitable for low level light water

purification. It could be of interest in case heavy water were the

coolant in the first wall system.

2.3.3 Solid Waste Handling and Disposal

Fusion plants will be confronted with the problem of storing a

number of tritiated components removed from the reactor during maintenance

and in accident conditions. The question of the best strategy suited for

the management of these solid wastes up to their final disposal is,

therefore, vital. The today criteria and methods for tritiated solid

waste handling and disposal are in general inadequate. In the following

such criteria will be first recalled; then the results of the first

studies on management strategies will be outlined.

76



Current methods for tritiated waste handling

In the USA low level tritium contaminated wastes are either

compacted in Department of Transportation (DOT) 55 gallon drums or

packaged in 4'x4'x7' DOT 7A steel boxes fabricated by Container Products

Corporation, Wilmington, North Carolina. These waste materials are at

contamination levels (10 dpm/100 cm ) that are not likely to

contaminate the outside of the shipping container by permeation or

migration. Higher level solid waste, such as contaminated piping or

experiment hardware, is considered on a case-by-case basis. In some

instances, the hardware is capped or plugged. In others it may be

necessary to have an aluminium or sheetmetal secondary container made.

These items are then packaged in one of the DOT 7A steel boxes if the

estimated tritium activity is below 3.7x101 Bq (1000 Ci).

Solid waste materials with estimated tritium activity above
13

3.7x10 Bq are decontaminated, where possible, in a glove-box. If the

tritium levels cannot be sufficiently reduced for handling as low level

waste, a DOT type B disposable container is used for their packing and

disposal.

In the particular case of uranium storage beds, the waste uranium

material may either be removed from the bed and treated or the bed itself

may be used as the storage vessel depending upon the economic/hazard

considerations involved. For this discussion we will assume that the

uranium material will be removed from the bed and collected in an inert

atmosphere glove-box until a sufficient quantity is accumulated to warrant

processing and storage. The accumulated uranium material is loaded into a

reaction vessel and connected to an oxidation station (all handling and

processing steps are performed in an inert atmosphere glove-box). There,

the material is subjected to a 350°C vacuum bake in order to drive off the

tritium gas, and afterwards to oxygen (air) exposure to provide controlled

oxidation of any pyrophoric material. The vacuum bake is maintained at

350°C until no outgassing is detectable. The oxidation process is carried

out at 350°C under 4 atmospheres of air overpressure and continues until

no oxygen uptake is detectable.

After this processing, the material is considered fully oxidized and

is placed in painted cans for removal from the glove--box and disposal as

normal waste.
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In French shallow land burial of "Centre de la Manche", tritiated

solid wastes can be disposed, provided the tritium content does not exceed

0.2 Ci/ton for non-coated wastes and 2 Ci/ton for coated wastes.

Management strategy of tritiated wastes for fusion plants

In a recent French study [58] a technico-economic analysis has been

performed of the methods for handling the used components (internals),

such as the first wall and blanket sectors, of a fusion reactor of

NET/INTOR type. The options considered were:

a) parcelling, tritium recovery, packaging, surface disposal;

b) parcelling, tritium immobilization, packaging, surface disposal;

c) parcelling, packaging, surface disposal.

The working hypothesis was that of managing up to 300 tons of

metallic wastes per day with tritium contents ranging from 1 mCi/g to

0.1 Ci/g.

Provisional conclusions were:

over 1000 Ci/ton, method (a) (tritium recovery) is the most

convenient;

between 100 Ci/ton and 1000 Ci/ton, immobilization and deep disposal

could be competitive;

- below 100 Ci/ton, surface storage with some immobilization looks

acceptable.

2.3.4 Liquid Waste Immobilization

Tritiated liquid waste immobilization research has concentrated

mainly on aqueous waste and the use of cement as a solidification agent.

Cemented wastes have been additionally treated by polymer impregnation,

encapsulation with polymers or sealing in polyethylene containers to

further reduce tritium release rates [59]. Other conditioning treatments

that have been investigated for tritiated aqueous wastes include absorbing

the waste on ion exchange resin and encapsulating this with epoxy or

polyester resins, and solidification and encapsulation with water

extendible polyester [60, 61]. The immobilization of tritiated organic

wastes has received little study; one approach is to emulsify the waste,
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solidify the emulsion with cement, and encapsulate the solidified waste in

a polymer [62].

McKay considered the immobilization of tritiated wastes from fuel

reprocessing and postulated that the conditioned waste needed to retain

its integrity for only 82 years provided the constant percentage leakage
-3

of tritium did not exceed lx10 % per day [63]. This release rate has

not been achieved from any solidified tritiated waste without additional

barriers, however, encapsulation in epoxy, polyester, and/or packaging in

polyethylene containers enabled release rates between 10- 3 and 10-5

per day to be obtained [61].

2.4 TRITIUM RELEASES TO THE WORKING ENVIRONMENT

Tritium release is classified in operational and accidental

releases. The former occurs in normal operation and maintenance and the

latter in abnormal conditions. In this section, the source terms and

pathways for the operational tritium release are clarified and the release

rate is assessed. On the other hand, in order to assess the risk given by

accidental release, tritium inventory which represents a potential

magnitude of the accident has to be estimated (see Table 2-I).

2.4.1 Operational Releases

During normal operation, major sources of tritium release to the

working environment are:

i) leakage and permeation from plasma chamber;

ii) leakage from coolant lines;

iii) leakage and permeation from tritium process systems.

Tritium release rates from tritium process systems (except fuellers)

to the working environment are estimated to be negligibly small compared

with those from plasma chamber and coolant lines, because these systems

are provided with tritium containment and decontamination measures.

The plasma chamber, coolant lines and fuellers are all located in

the reactor room and so tritium release in normal operation is expected to

occur only in the reactor room. Based on operational experience of
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fission reactors, the leakage rate of coolant, especially at valves and

steam generators, is considered to represent the major portion of routine

release. A break-down of estimated release rates for each tritium source

term in INTOR [64] in normal operation and maintenance, as well as in

accident conditions, is shown in Table 2-VI. From this table, estimated

tritium release rates for normal operation are less than 30 Ci per day.

TABLE 2-VI - Estimated

(INTOR)

Ranges of Tritium Releases in the Reactor Room

Systems/conditions Normal Maintenance Accident

(Ci.d ) (Ci.d - ) (Ci)

-2 3
Torus 10 -2 20 - < 10

Limiter/divertor -< 10 

First wall/blanket < 103 < 105
-2 -1 3

Diagnostics 10 - 10 < 50 < 10
-2 2 5

Fuellers 10 - 5 10 - 10 < 2x10
-2 -1 4

Blanket recovery lines 10 - 10 < 10 < 2x10
-2 -l -2 5

Pumps 10 -10 < 50 10 2 10

Primary coolant (H2O)

Lim/Div/FW < 6 2 - 210 < 105

Shield < 0.2 - 1 30 - 60

Blanket < 0.2 - 1 105

Total < 30 < 10 < 105

In maintenance, large release of tritium could occur from several

systems. Tritium release rate from tritium facilities to the environment

are estimated to be small because of the presence of multiple containment

barriers as is the case in normal operation. First wall/blanket can be

dominant tritium sources in maintenance. The plasma vacuum chamber will

be contaminated after the reactor shut-down as a consequence of the

tritium desorbed from its surfaces and of the neutron activation of its

structures. In INTOR, 40-100 Ci/cm (= 10 rem/h of contact dose) of

activated products are expected in the first wall, an average value of 10

Ci/cm3 in the blanket structures, with a total shut-down activity of

109 Ci.
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Possibly a part of this activity will be associated to dusty

material (1mm erosion of INTOR first wall implies about 3 tons). The

extreme working conditions of the plasma vacuum chamber will require

automated and remote inspection and maintenance systems. They must be

capable to reach the whole inner surface of the plasma chamber to carry

out "in situ" repair and to substitute small pieces. More important

repairs or the complete substitution of reactor components will require

the disconnection of large and heavy (up to 150 tons) structures and their

transport to hot cells.

It can be shown that the most difficult items are:

control and repair systems for the reactor inner components with

visualization capabilities and/or with fully automated operation;

- disconnection/connection of welded and bolted flanges;

- transport and precise positioning of large and heavy pieces.

All the previous interventions cause a loss of containment, and the

design philosophy for maintenance must reduce to the minimum possible the

spreading of contamination due to tritium and erosion products. Possible

solutions are to employ provisional tunnels or transfer flasks between the

containment enclosures (e.g. torus, hot cells). In INTOR the rate of
3

tritium release has been estimated to be of the order of 10 Ci/d.

2.4.2 Accidental Releases

As shown in Table 2-I, tritium inventory is estimated to be in the

range of 4.7 - 7.5 kg in INTOR. Tritium inventory can be divided into

vulnerable and non-vulnerable inventory(Table 2-VII). Non-vulnerable inventory

includes tritium in storage, breeding blanket and first wall, which

amounts in total to 3.2 - 6.0 kg. So tritium in vulnerable form amounts

at the maximum to 1.5 kg. The potential tritium release in accident

conditions is determined by tritium inventory in vulnerable form. The

majority of tritium in vulnerable form is in tritium facilities, for

example fuel processing system and breeding blanket tritium recovery

system. In the following the potential tritium releases in different

accident situations are shown as an example for the INTOR case. The

maximum value for tritium release in a single accident was taken as 10 g

(10 Ci) in the reactor room and in the environment.
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TABLE 2-VII - Vulnerable and Non-Vulnerable Tritium Inventories (in grams)

1. Vulnerable inventories in:

a) Reactor building

- plasma chamber

- limiter/divertor/first wall coolant

- blanket coolant: solid breeder

liquid breeder

- shield coolant

- cryopumps (12 units)

- fuellers (2 units)

b) Tritium system processes

- blanket tritium recovery solid breeder

- fuel gas reprocessing

- pellet preparations

- primary coolant detritiation unit

- others

2. Non-vulnerable inventories in:

a) Reactor building

- blanket solid breeder

liquid breeder

- first wall/limiter/divertor

- blanket recovery lines

1530

0.1

3

negligible

2

negligible

up to 5 g/unit

up to 10 g/unit

up

up

up

up

20

to 100

to 250

to 100

to 65

3250 - 6000

500 - 1000

50 - 200

400 - 2500

up to 3

b) Tritium system boxes

- storage up to 2300

Ruoture of the plasma chamber vessel

Just after the rupture air flows into the plasma chamber. When the

pressure in the plasma chamber and in the reactor room reach equilibrium,

tritium is released through thermal expansion and natural convection. The

amount of tritium released may be up to a tritium quantity in the plasma vacuum

chamber of 0.08 g. In the case of accident cryopumps should be cut off and

tritium release from them must be prevented.
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Rupture of the first wall coolant pipe

Up to 2 tons of cooling water can flow into the plasma chamber. The

pressure in the chamber rises to 0.5 MPa, and the chamber vessel can be

breached. The tritium release can be, at the most, the sum of tritium

inventories in the plasma chamber (0.08 g), in the water cooling of the first

wall (0.02 g), and in the first wall itself (0.1-0.2 g). It is assumed that

cryopumps are cut off and tritium release from them is prevented.

Accident of a cryopump unit, e.g. due to hydrogen detonation

Release of, at the most, 10 g of tritium to the reactor room.

Rupture of a cryopump gate valve during regeneration

Release of, at the most, 10 g of tritium to plasma chamber or in the

reactor hall.

Rupture of the distillation columns and surrounding vacuum jacket in the

isotope separation unit of the fuel gas reprocessing system (e.g. because of

loss of refrigeration)

Release of, at the most, 120 g of tritium into glove-box of 20 m with

subsequent removal through inert gas purification system.

Rupture of components of the blanket tritium recovery system (liquid nitrogen

cold trap, liquid storage tank, electrolysis unit)

Up to 350 g of tritium in tritiated water can escape into the glove-box.

If glove ports are not plugged and the temperature of glove-box is 25°C,
3 -1

tritium release rate to the tritium processing room can be up to 10 Ci.h 1

Rupture of blanket vessel

Huge tritium releases due to blanket accidents are not expected, since

tritium is retained by the solid breeder and since breeding material is

allocated in many tubes or modules.
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Rupture of coolant pipes in the blanket

Cooling water flows into the blanket and reacts with Li20. Temperature

in the blanket rises and pressure in the blanket vessel can exceed the

allowable value. The blanket vessel ruptures, pressure in the plasma chamber

may increase and rupture of the plasma chamber vessel can occur. Release into

the reactor room of, at the most, the sum of tritium inventories in the

corresponding part of blanket module (14 g) and plasma chamber (0.006 g).

For the 17Li83Pb blanket, a pipe break inside the vessel may cause

pressure oscillations with a peak of about 9 MPa and a static final pressure

equal to the coolant pressure (6.5 MPa) after about 5 ms. Under these

circumstances, the stresses on the structure are very high, particularly on the

flat vessel walls. In case of blanket unit rupture, 0.3 g of tritium are

released.

Accident in tritium storage system

Tritium storage is subdivided into small units of maximum tritium

inventory equal to 10 g. Two kinds of storage may be contemplated: gaseous

form in small vessels or hydride form on getter beds. In both cases, measures

have to be taken to prevent that an accident may involve more than one unit.

2.5 TRITIUM SAFETY CRITERIA AND STANDARDS

One of th key issues in the design of a fusion facility is the need

to establish an appropriate level of safety for facility staff and for the

public at large. Standards and limits such as site emission targets or

work area dose rates must be derived on a rational basis which reflects

genuine levels of acceptable safety for exposed individuals. Only then

can the performance requirements for tritium system integrity, confinement

barriers and tritium collection systems be defined.

2.5.1 Rational Basis for Safety Performance Standards

It is important to note that tritium safety criteria and subsequent

design targets are likely to be unique to any specific fusion facility.

Factors such as device availability, reliability, station life, planned vs

unanticipated maintenance requirements, projections of expected staff
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occupancy in hazardous areas, licensing and regulatory requirements,

environmental vs occupational safety trade-offs, staff levels, and the

overall worth of the facility mission, are all factors which will

influence the final values. Although it is not always an easy issue to

address, designing for maintenance in a nuclear facility, fusion or

otherwise, requires a commitment to establish and implement appropriate

safety targets very early in the design phase.

Numerical values for emissions and exposure targets should reflect

internationally accepted standards for safe operation of a nuclear

facility. Effort must be made to link design standards and operating

targets with fundamental scientific safety criteria as outlined in ICRP26

and ICRP30; but again recognizing that values are likely to be unique to

any particular facility.

The situation to be avoided is the application of ad hoc or

'default' values for emission/exposure targets which, although often

referenced and quoted as desirable, have been accepted without a rational

basis.

2.5.2 Implementation during Design Phase

Since the impact of released tritium on the general public is a

basis concern, the potential concentration and dose rate at the exclusion

boundary due to postulated accidental tritium release are important

parameters for plant design. These tritium concentrations and dose rates

depend on a number of variables, many of which are site dependent (e.g.

the distance to the site exclusion boundary: potential wind, atmospheric

and topographic conditions; and the building and ventilation system

designs.

However, efforts have been made to bracket the possible consequences

using comparisons of tritium dose calculations from several tritium

containing facilities under accident and normal operating conditions.

These comparisons [64] suggest that dose rate consequences lie somewhere

between 6.5x10- 6 and 2.0x10- 4 rem/Ci for postulated accidental ground

level releases of tritium in the oxide form.
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Impact on building designs

To ensure the safety of the general public requires attention to

building designs to prevent the potential release of tritium from the

plant. The reactor building, the hot cell facility, the tritium process

building, and the radioactive waste treatment building will be part of the

confinement systems to control radioactive release. These buildings will

have appropriate requirements and criteria to help ensure adequate control

of tritium. One design approach expected to be applied is the

compartmentalization of the tritium inventories. An example of this

approach would be the specification of a separate building for tritium

processing so that the bulk of tritium processing operations and storage

can be physically separated from the operational activities and hazards of

the reactor.

In all these buildings, tritium-containing systems should be placed

within partitioned cells where the ventilation can be controlled and

monitored. These cells will confine the tritium and prevent its mixing

with the entire building volume. A major source of tritium release is

expected from the leakage of cooling systems that become contaminated with

tritium. The major components of cooling systems, including pumps,

valves, and heat exchangers, can be placed in cells in the reactor

building to help control the tritium released by the leakage from these

components.

Tritium confinement in the reactor building can have a major

influence on the reactor building size and shape [65]. Release of

cryogenic liquid helium from the magnets and the release of steam and hot

water from coolant lines are the major potential sources of reactor

building pressurization. Scoping studies show that the time scale of

helium release and building pressurization is long enough to allow

ventilation systems to react and ensure release through the ventilation

stack, which greatly reduces the impact of any tritium release. For

tritium releases that are not accompanied by pressurization mechanisms,

the building can be isolated and the tritium levels reduced to acceptable

levels before release. Tritium handling equipment within the reactor

building needs to be designed with several levels of confinement to

prevent accidental releases of tritium. Since the reactor building is

likely to be a major part of the confinement strategy, the structural
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design of the building is expected to be based on criteria for

withstanding severe natural phenomena (i.e. earthquakes and tornadoes), as

well as potential interior and exterior missiles.

Tritium confinement witin the tritium processing building can be

provided using state-of-the-art tritium control techniques, which include

special cells, ventilation systems, glove-boxes and double-walled piping.

The source of tritium in the hot cell facility is expected to be

influenced by the need for tritium confinement. Seals and seal welds in

several areas of reactor design will be needed to control tritium leak

rates. Turbomolecular vacuum pumps need to be evaluated to help reduce

the tritium inventories from those expected in cryogenic vacuum pumps.

Special attention needs to be given to coolant system design to segregate

those coolants with the highest tritium concentration to allow better

control of the tritium that permeates through the first wall into the

coolant channels. Magnet cooling systems should be designed to help

reduce potential cryogenic releases during magnet accidents.

2.5.3 Tritium and Maintenance

Hazard anticipation

Most, if not all, of the radiological hazards associated with the

maintenance of tritium systems have been identified by members of the

scientific community. Uncertainties remain concerning their magnitude but

the hazards themselves are fairly clear. Systems should be designed and

installed in future facilities in order to ensure that safety related

risks are acceptable. Once a facility has been commissioned, it must be

operated and maintained. During maintenance operation, personnel must

anticipate all significant radiological hazards and those of an acute

nature (e.g. opening a system containing tritium). Without adequate

hazard anticipation and assessment by maintenance staff, protection

against the hazard may be inadequate. Hazard anticipation is not new. To

date, however, it has been used with varying degrees of success at the

field level. Worker training and maintenance procedures incorporating

hazard anticipation as an important and necessary step are two effective

methods of ensuring that maintenance and support staff anticipate all

significant hazards. The consequences of not anticipating the hazards

correctly could be very high in fusion reactors. Methods of making the

procedural and training 'barriers' effective should be developed.
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Hazard assessment

Hazards that have been anticipated as being significant must be

assessed with respect to their magnitude both before the maintenance

activity begins, as well as during the activity if levels could change.

Development of adequate monitoring procedures and equipment is definitely

required. As this will be addressed by others, it is assumed for the

operational procedure area that adequate tritium monitoring equipment is

available for use by maintenance personnel. One area in particular

requiring development concerns the assessment of radioactive particulate

hazard levels in air and on surfaces. These result from activation and

corrosion products, metal tritides, etc. It will be the responsibility of

maintenance personnel (or radiation surveyors) to ensure that the

monitoring equipment is used properly. Again, personnel training and the

availability of sound procedures will play an important role in the hazard

assessment process. Consequences of incorrect assessment could be

significant. This must be seriously considered when putting together a

radiation safety program for a facility.

Protection against hazards

Certainly, protection against radiological hazards encountered during

maintenance activities is of vital importance. From an operational

procedure perspective, numerous methods currently exist for providing

protection against radiological hazards. These include the use of remote

tooling, portable shielding, local ventilation, source confinement, air

supplied protective suits, source decontamination, etc.

Designers will be required to find effective methods of

decontaminating sources in addition to supplying good remote tooling.

Sources (pipes, etc.) containing high levels of tritium adsorbed on

surfaces and incorporated in wall materials will, in some cases, require

thorough decontamination prior to opening the system for maintenance.

Bakeout procedures are examples of a method to control the hazard at the

source. Maintenance personnel performing the work must understand what

'protection devices/techniques' are available and when to use them.

Effective training and procedures once again are very important in

ensuring that protection is adequate.
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Mock-ups and planning

Mock-ups and rehearsals will likely be extensively used prior to

performing actual work, particularly when contact and semi-remote

maintenance is involved. The mock-ups and rehearsals are required for

safety reasons as well as those associated with the functional repair or

maintenance of system components. It is important that the key elements

be identified and incorporated in the mock-up.

Planning for outages will be critical in that the activities

requiring remote maintenance may prevent personnel from entering an area

or building to carry out contact or semi-remote maintenance. Coordination

of all activities to be performed during the outage is vital, both for

safety reasons as well as reactor availability. This problem exists to

some extent at present but it will be magnified for future fusion devices

requiring relatively frequent replacement of highly radioactive internal

components.

2.5.4 Personnel Access to the Reactor Room

The safety criteria taken for the fusion plant design are derived

from the experience with fission plants. Typical limiting values are:

4
10 Ci/a as a maximum tritium release to the environment during

standard operation;

5 1Ci/m as a maximum permissible concentration (MPC) for

unprotected workers, to be extended to 500 1Ci/m in case of

workers equipped with protection suits.

Various strategies can be devised in order to meet these targets.

They will depend also on other hypotheses, in particular on the minimum

time required for human intervention after reactor shut-down. In setting

up these targets, one has also to take into account the other sources of

radioactivity, mainly those related to neutron activation.

The first evaluations made during the INTOR study (reactor hall
33

volume 1.5x10 m ) have shown that:

during standard operation, if the release will be = 10 Ci/d, the

reactor room air could be ventilated directly to the stack;
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for higher tritium standard leakages, an air detritiation system is

needed. Such a system will consist of blowers, pre-heaters,

catalytic reactors, after-cooler and water removal systems. The

required flow rate and cost was evaluated as a function of the

tritium concentration level. Typically, for a release of 30 Ci/d, a

cost of 75 M$ has to be expected for the air detritiation system to

meet the conditions for unprotected workers in the reactor hall. A

reduction of a factor of 10 in cost was found if the concentration
3

level could be increased to 500 l.Ci/m . The corresponding total

costs for a ten-year operation would be 200 and 16 M$, respectively.

This is an incentive to reduce as much as possible the air

detritiation volume, for example by subdividing the reactor hall in

various rooms.

In case of maintenance or accidental conditions, the tritium

concentration in the reactor room 24 h after shut-down is larger

than 1 MPa, even if the air in the reactor room is processed by a

practicable detritiation system. In maintenance and accident

conditions, therefore, some protection suits are required for

personnel access. Personnel access can be allowed up to a tritium

concentration of 500 1Ci/m by wearing bubble suits with an

independent air supply. However, the efficiency of a worker in a

bubble suit decreases by a factor of 2. The relationship between

protective clothing and efficiency is summarized in Table 2-VIII.

TABLE 2-VIII - Working Environment and Protective Clothing Requirements

(from Reference [12], p. 361)

Room Surface

concentration contamination Clothing required Efficiency

-0 -0 None 100%

(uncontrolled
areas) -

<5 tCi.m <50 counts.min smock and shoecovers 71%
-3 -1

<5 jlCi.m 50-10000 counts.min 2 pc. blues & gloves 56%

5-5001Ci.m- 3 No water > 1 ci.L- Bubble suit & 50%

supplied air
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The reduction in the productivity of maintenance personnel due to

the use of bubble suits should be included in the availability

estimates for the reactor. In some extreme accident conditions it

may not be possible to enter the reactor room even with protective

suits.
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3. ACTIVATION PRODUCT GENERATION AND RELEASE

3.0 INTRODUCTION

Use of the deuterium-tritium fusion fuel cycle directly causes

activation of materials surrounding the plasma champer. This fact has

been appreciated since the early assessments of fusion [66] and early

design studies [67]. Many studies focusing on activation problems, e.g.

References [8, 68-72], followed the earliest fusion assessments. The

amount of research on activation product generation and release has

appropriately grown considerably in the past few years; this review is

intended to very briefly summarize the basic issues, results, and

unknowns. The interested reader can refer to the cited references for

more technical details.

The next section briefly discusses the issues and highlights of the

activation product inventory. The sections following are concerned with

exposure and release pathways corresponding to the inventory: normal

operational release pathways, maintenance exposure and release

mechanisms, accidental release mechanisms, and waste management. This

review concludes with some ideas on directions for future research.

Z .

A notable recent development in fusion research has been the

efforts to promote and examine low-activation materials. These are

discussed, where relevant, in the individual sections. The focus on

low-activation materials is sufficiently new so that only some of their

ramifications are now known. As indicated below, this line of research

is likely to continue to be important as research aims at incorporating

safety and environmental concerns into the fusion research effort.

3.1 ACTIVATION PRODUCT INVENTORY

The D-T fusion reaction produces a 14 MeV neutron, which will react

with many isotopes in materials surrounding the D-T reaction chamber.

These transmutation reactions can produce radioactive isotopes through a

host of nuclear reactions. Although this review is limited to D-T

activation products and problems, it should be noted that other possible

fusion fuel cycles do not necessarily avoid activation problems
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[73, 74]. For example, use of the D-D cycle produces an activation

inventory of the same order as D-T, partially because the D-D cycle

requires a much larger reactor for the same power output [73].

The next two subsections highlight the issues and materials of

interest in activation products. Then, the sources of uncertainities in

the activation product inventory are mentioned.

3.1.1 Inventory-Related Issues

A recent study [75] of the materials impact on potential

consequences of fusion reactor accidents listed several issues relevant

to fusion radioactivity.

"These can be listed in approximate order of the time scale involved:

1. Decay afterheat

2. Contact dose rates (maintenance difficulties)

3. Public dose due to acute accidential releases

4. Public dose due to normal operational releases

5. Chronic dose due to accidential releases

6. Material recycling, waste disposal, decommissioning.

It is very important to realize that there may be an immense difference

among the isotopes which tend to dominate each of these problems. Thus,

a specific alloy may appear better than others in some aspects but remain

a worst case in another" [75]. Tungsten and manganese are examples - low

activation from the waste management standpoint, but two of the most

activated at shutdown, as seen in the activation values in Ref. [77].

Several activation-related issues exist, and there may be the need to

perform tradeoffs among them. This possibility is touched on in this

review and has been considered in the multi-institutional project, the

Blanket Comparison and Selection Study (BCSS) [78, 79]. The recent U.S.

Department of Energy (DOE) panel on low-activation materials [77] grouped

these activation concerns into waste management, maintenance, and safety.

3.1.2 Materials Potentially of Interest

The types and amounts of activation products in a D-T fusion

reactor are determined by the choice of materials surrounding the

reaction chamber. Amount, location, and interplay among materials are
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relevant. Since the neutron flux is attenuated by materials, those

materials closer to the plasma, plasma-related equipment and the blanket,

are subjected to the highest flux and are generally found to be the most

activated in design studies. However, activation of components much

farther from the plasma, e.g. magnets and building atmosphere, is still

relevant. Table 3-I lists some elements that may be subjected to

significant neutron fluence [99].

The table demonstrates that many elements may be present for a

large number of reasons. The BCSS considered several materials, see

Table 3-II. The very large number of possible materials and their

combinations greatly complicates activation product research. The goal

of the BCSS is to identify the most attractive materials for blanket

application so as to allow prioritization of additional research.

Table 3-I. Elements Potentially Subjected to Neutrons [99]

Element Potential Uses/Reasons Why Present

H Fuel (3H), water

He coolant, purge stream, reaction exhaust

Li breeder, coolant

Be coating, multiplier

B coating, shielding component, steels

C coating, shielding steels, concrete, carbon dioxide, ceramic

breeder

N coating, building cover gas, steels, molten salt coolants

0 air, water, ceramic breeders, molten salt coolants

F molten salts

Na Li impurity, concrete, molten salt coolant

Mg structure

Al structure, ceramic breeder

Si SiC structure, steel impurity, ceramic breeder

P alloy impurity

S alloy impurity

C1 alloy impurity

Ar air component

K Li impurity, molten salt coolant
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Table 3-I. (cont.)

Element Potential Uses/Reasons Why Present

Ca alloy impurity

Sc oxide layer for MHD insulation

Ti V-alloy, ferritic steel, ceramic breeder

V V-alloy, ferritic steel

Cr alloys

Mn steels

Fe steels

Co austenitic steels

Ni austenitic steels, other alloys, braze

Cu Cu-alloys, braze

Zn alloy impurity

As alloy impurity

Se alloy impurity

Y oxide coating for MHD insulation, tritium getter

Zr ceramic breeder, alloy impurity

Nb magnets, steels

Mo steels, divertor

Pd catalyst

Ag Pb impurity

Sn impurity

Sb impurity

Te impurity

Ba impurity

Ta V-alloy, coatings

W ferritic steel, coating, shielding, divertor

Pb multiplier; breeder, coolant (as 17Li83Pb)

Bi Pb impurity

Th impurity

U impurity
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Table 3-II. Materials Considered in the Blanket Comparison and Selection

Study, References [78, 79]

Structural Metals

PCA*, austenitic steels

HT-9, ferritic steels

V15Cr5Ti

Breeders

Lithium

17Li83Pb

FLIBE (47 LiF-53 BeF2)

Li20

LiA102

Coolants

Lithium

17Li83Pb

Nitrate Salt (50 NaN03-50 KN03)

Helium

Water

*) PCA = Prime Candidate Alloy

3.1.3 Uncertainties in Activation Product Inventory

The major uncertainty in specifying the activation product

inventory for fusion is the uncertainty in material selection and

design. Once those are determined, the activation product inventory can

be fairly well known through use of somewhat standard

neutronic/activation calculation codes.

Most design studies and several research papers have discussed the

details of the calculations and the resulting inventories [5, 77-85], and

they will not be repeated here. Two uncertainties beyond design detail

and material selections, neutronics unknowns and impurity elements are

significant and will be briefly mentioned.

A major source of activation product inventory uncertainties is the

uncertainties in the relevant cross-section libraries, which can have up

to a factor-of-several influence on predicted isotope inventories [84,

85]. The problems arises from fusion researchers not using the same

cross section library but also the uncertainties in the data themselves.

97



Some of the relevant cross sections are not well known, particularly

those leading to some of the longest-lived activation products. These

are generally produced in only small amounts, and the cross sections are

more difficult to measure. Often, theoretical cross-section values have

to be used. Progress should continue in reducing cross-section

uncertainties.

The other major source of uncertainties is the exact elemental

composition of the materials involved. Various impurity elements can

play a major role, sometimes a dominant one, in determining the

activation characteristics of a material [5, 75-77, 79-88]. In general,

the role of impurities increases as the level of activity from the main

material components decreases. These impurity levels are not fixed but

are functions of desired activation levels and material processing

economics. An attempt was made to use "best-guess" impurity levels in

the BCSS [79]. Unfortunately, this type of uncertainty further

complicates any evaluation of the activation advantages of low-activation

and very-low-activation materials versus practicality and cost

disadvantages [68]. Only detailed, material-specific analysis of the

required processing can provide the needed dependence of activation

levels on processing.

Another aspect of defining the composition of the materials is the

exact isotopic mix of the relevant elements. The activation levels from

use of given elements could, in principle, be reduced by using an altered

mix of isotopes, i.e., by enriching an element in those isotopes that

activate less. Although this possibility has been mentioned often, few

studies have actually examined the activation/cost tradeoff. One study

[89] for light-water reactor application calculated a favourable rate of

return, being 14% when using elementally pure iron and enriched

nickel-64. However, it is generally felt that isotopic tailoring of

fusion materials is less attractive and more speculative than elemental

tailoring as practical means to reduce activation [77].

3.1.4 Summary

The activation product inventory is seen to be a strong function of

material choice and design details. The number of materials possibly

present is large, complicating research efforts. Needed research in
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predicting activation products for fusion reaactors includes the

following: improved and standardized cross-section data for uncertain

nuclear reactions and trade-off studies between processing costs to

reduce impurity concentrations and activation levels. The following

sections are related to how the presence of activation products is a

concern.

3.2 NORMAL OPERATIONAL RELEASE PATHWAYS

The most detailed evaluation of normal operational releases for

fusion reactors is in the technical report of the U.S. Generic

Environmental Impact Statement (GEIS) [74, 90]. The two basic sources of

releases are fluids and cover gases, discussed in the following

subsections. Fluids include blanket coolant, blanket tritium purge

stream, near-plasma component coolants (e.g. limiter), and liquid

nitrogen cooling in purge and magnet systems [74, 90].

3.2.1 Blanket Coolant

The two main mechanisms for producing activation products in

blanket coolants are activation of the coolant itself and

corrosion/sputtering/erosion of the activated structural walls. Once the

activity is present within the coolant, the main release pathways are

leakage and processing systems.

Coolant activation

Among the coolants considered in the BCSS [78, 79], two get

strongly activated. Activation of either 17Li83Pb and Nitrate Salt

(NaNO3-KNO 3) will produce activation inventories of the order of

10 curies. The major problem in 17Li83Pb is the lead, with silver and

bismuth impurities also being significant problems. Resulting activation

products include several isotopes of silver, mercury, thallium, lead,

bismuth, and polonium. Details can be found in the final MARS [100] or

BCSS reports [79]. Fortunately, these elements are not particularly

volatile, so one does not expect them to off-gas from the liquid

17Li83Pb. Mercury and polonium may be exceptions.

99



Use of the sodium-potassium nitrate class of salts, of which

Nitrate Salt is a member, would cause significant activation problems.

Relevant activated elements produced include carbon, sodium, chlorine,

potassium, and argon, see Table 3-III. The argon activity, 107 curies

of Ar and Ar, is particularly worrisome since this noble gas

would be difficult to control during salt: processing.

Table 3-III Activity Levels in Heat-Transfer Salt(a) Blanket Coolant

After Five Full Years Operation at 5MW/m2 Neutron Wall

Loading for a STARFIRE - Size Reactor, from Reference [78]

Source Product Shutdown Isotope

Element Isotope Activity (Ci) Half Life

N C-14 1.2x10 6 5730 yr

Na Na-22 1.7x107 2.6 yr

Na-24 7.2x107 15.0 yr

K C1-36 1.2x104 3x10 5 yr

C1-38 1.5x106 37.3 min.

K-38 6.2x106 7.6 min.

Ar-39 1.5x107 2.69 yr

Ar-41 9.9x10 6 1.83 hr

a. Heat Transfer Salt is 40% NaNO2-7% NaNO3-53% KNO 3 by weight,

Nitrate Salt is 46% NaNO3-54% KNO3 by weight.

Activated corrosion/sputtering/erosion products

For coolants other than helium, corrosion appears to be the

dominant pathway for structural materials to be released from the wall

and entrained in the coolant. For helium, both sputtering/erosion and

corrosion appear to be important processes [75, 76]. Once in the

coolant, the products may deposit downsteam. Several coolant-structure

combinations are potentially of interest, see Table 3-IV. Some estimates

of corrosion product inventories for some combinations are listed in

Table 3-V.
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Table 3-IV Coolant-Structure Combinations Considered in the Blanket

Comparison and Selection Study, Reference [78]

Structure

Coolant PCA HT-9 V15Cr5Ti

Lithium X X X

17Li83Pb X X X

Nitrate Salt X X

Helium X X X

Water X X X

Table 3-V Estimated Activity Inventory in some Coolant Systems,

from Reference [75]

Coolants Alloy Inventory

Water 316 SS 128 kCi

Helium 316 SS 41 kCi-sputter(a)

12 kCi-corrosion

Lithium 316 SS 13.4 MCi

Lithium V-alloy 23 kCi

FLIBE TZM 8.5 kCi

a. Inventory from sputtering of structural material walls, other

inventories result from corrosion

The levels of activated corrosion products in the Table are seen to

vary by three orders of magnitude. The steel-liquid metal systems appear

to represent a significant problem. The liquid metals are sufficiently

corrosive to steels that the temperatures in the liquid metal, hence

reactor thermal efficiencies, are limited by the corrosion rate. The

limit in the BCSS for these systems is a wall dissolution rate of

20 lim/yr, forty times higher than that used in the sodium-steel U.S.

LMFBR program. Significant development in liquid metal processing will

have to be developed to keep the activation product inventory to

manageable levels.
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3.2.2 Blanket Tritium Purge Stream

Since all blanket tritium breeders are lithium compounds, the

corrosion product issues for them are reviewed in the lithium safety part

of this review. Briefly, the problems are qualitatively similar to the

case of blanket coolants, although often of a lower order of magnitude

because of lower flow rates. The liquid breeders, lithium, 17Li83Pb and

FLIBE, will contain significant amounts of corrosion products. 17Li83Pb

and FLIBE will themselves heavily activate due to the presence of lead

and fluorine, respectively. The solid breeders, e.g. Li2O and

LiALO , will have a helium purge stream passing through them to remove

the tritium. Some sputter/erosion products from the walls or corrosion

products from the wall-breeder interface may become mobile.

3.2.3 Near-Plasma Component Coolants

The various special components near the plasma, e.g. limiter

(tokamak) and choke coil (mirror), will need to be cooled. The

activation product issues are qualitatively similar to those for blanket

coolants. Although such systems will be about an order of magnitude

smaller in coolant volume and at lower temperatures than blanket cooling

systems, the coolant flow rates will generally be higher. Thus, one can

not say at this time how serious the activation product problem will be

in these systems; no modelling of corrosion products in these systems is

found in the literature.

3.2.4 Nitrogen Cooling

Liquid nitrogen may be used to cool several components, e.g. vacuum
14

pumps, and magnet systems. Such use is likely to cause 4C production.

3.2.5 Building Cover Gases

Several gases have been proposed for use as a cover gas within a

fusion reactor building, e.g. air, nitrogen, carbon dioxide, and helium.

The two primary motivations for using a gas other than air for at least

part of the building are (a) the relatively high activation of air [5]

and (b) fire control [5], especially for reactors using elemental

lithium. If the building gases were enclosed for five years of
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operation, the activity levels in an air or nitrogen atmosphere would

reach the maximum permissible concentrations for worker exposure [5].

However, continuous release of the gases would not appear to represent a

significant public hazard, at least in the cases of nitrogen, carbon

dioxide, or helium [74, 79]. The level of activity in these gases is

strongly influenced by shielding design, which controls the neutron

fluence to the gases. For the amount of shielding in the STARFIRE design

[5], the maximum exposure of a member of the public from a nitrogen,

carbon dioxide, or helium cover gas would be of the order of nanorem/yr

or lower [79]. Nitrogen and carbon dioxide exposure would be dominated

by 1C. Helium activation would likely be dominated by whichever

impurity gases were present.

Air activation is likely dominated by the production of 14C,
39 41

Ar, and Ar. It appears that for a STARFIRE-type shield design,

even activation of air would not lead to significant offsite exposure
39

[74], although the Ar dose contribution was not included. The

important conclusion is that calculational tools do exist to adequately

predict the level of this problem for a given design.

3.2.6 Leakage Pathway

As mentioned above, the two major operational release pathways are

leakage and fluid processing. In both cases, the blanket coolant seems

to be the worse source. The GEIS estimated that about 10 liters per day

of a pressurized water blanket coolant would leak into either the

building or into the steam cycle via the steam generator components.

Such leaked material would then be released into either the atomosphere,

building stack, off-gas from steam side, evaporation from steam side, or

into the aquatic system [74].

The technical report of the GEIS provides some examination of the

leakage pathway for the steel-water and steel-helium cases. The

technical report of the GEIS points out, however, that these are not

adequately well known. Other coolant systems are even less known and the

GEIS did not attempt any quantification. The liquid metal and molten

salt systems may have less volume of coolant leakage than the water and

helium systems because of their lower pressure - few MPa for liquid

metal, 0.5 MPa for Draw salt versus 5 MPa for helium and 15 MPa for

water. However, the specific activity in the liquid metal and molten
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salt systems appears higher. Thus, on balance, one cannot say how these

alternate coolant systems compare with the water and helium cases.

3.2.7 Coolant Processing

The other major pathway is processing steams. The technical report

of the GEIS goes into considerable detail concerning the required

processing systems and associated activity losses for a steel-water

system. It also provides some discussion of the steel-helium system.

The other coolant-structure cases are much less known.

3.2.8 Operational Pathway Summary

The dominant issue in operational releases appears to be the

coolant - activation of coolant and activated corrosion products in the

coolant being the mobilized source term, and leakage and processing being

the major release pathways. Table 3-VI gives the estimated normal

releases from the steel-water STARFIRE system, totaling to about 170

Table 3-VI Estimated Activated Product Effluents from the STARFIRE

Steel-Water Design, from Reference [74]

Effluent Release Rates, Ci/yr

Radionuclide Atomospheric Aquatic

C-14(a) 2.0x10 -3

N-16(a) 2.9x10-3

Ar-41(a) 7.4x10- 3

C-14(b) 1.8x10- 9

N-16(b) 1.3x10- 2

Cr-51

Mn-54

Mn-56

Fe-55

Fe-59

Co-58

Co-60

4.5x10 - 2

1.6x10- 2

l.OxO12

1.9x10- 4

1.1xlO- 1

2.6x10- 4

1.6x10- 2

1.3x10- 2

1.5x10- 2

1.5x10- 1

6.8x10- 2

a. For

b. For

air building atomosphere

carbon dioxide building atmosphere
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mCi/yr lost from the water coolant via aqueous effluents and 280 mCi/yr

via airborne effluents [74]. The effluents for the steel-helium case are

estimated in the GEIS to be about an order of magnitude less, although

perhaps more uncertain. The corresponding doses to the public, although

uncertain and highly site-dependent, appear to fall under 5 mrem/yr [74].

It is instructive to note that the relevant isotopes are generally

not those of primary interest in waste management. Of those isotopes in

Table 3-VI, only 4C and 60Co are of prime interest in both normal

effluents and waste management.

Needed additional research falls into two general categories -

corrosion product estimates and coolant release estimates. Calculation

of normal effluents requires knowledge of corrosion product formation,

transport, deposition, and general behaviour. The required information

is only available for the steel-water case, with the steel-helium case

information being marginal. The situation is complicated because design

details, e.g. temperature, are highly relevant, in addition to inherent

characteristics of the coolant-structure systems. Once the corrosion

product situation is known, research is necessary to know what will be

done with them during normal operation.

3.3 MAINTENANCE EXPOSURE AND RELEASE MECHANISMS

The area of maintenance exposure and release has very much in

common with the preceding discussion on normal operational releases. For

purposes of this review, the two major maintenance exposure pathways are

coolant system problems and component replacement problems. The GEIS

[74, 90] divided its maintenance discussions into these two, plus

tritium-related exposures, which are not covered in this review.

As implied in the title of this section, there are two dimensions

to maintenance - radiation exposure to workers from actual maintenance

activities and indirect exposure to workers or the public from activation

products mobilized during maintenance operations. As discussed below,

these are somewhat interconnected.

Before a discussion of the actual exposure/release pathways, one

additional topic is relevant, low activation goals.
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3.3.1 Low Activation Goals

The U.S. DOE panel on low-activation materials established contact

maintenance related goals for the fusion program [77]. This goal is that

"Limited contact maintenance (should be) allowed everywhere in the

reactor in a reasonably short time after shutdown. A more

selective version of this goal is to achieve limited contact

maintenance in a reasonably short time after shutdown for

components located outside the blanket".

where they go on to explain

"Federal regulation 10CFR20 limits a worker's radiation exposure to

1250 mrem during any month period. This limit imposes a practical

upper bound of about 1000 mrem/hr for limited access. For planned

routine maintenance, a still lower limit of about 10 mrem/hr would

be needed. By 'reasonably short time', we mean a time short enough

that limited contact maintenance becomes economically advantageous

relative to remote maintenance. The panel believes that this time

will be less than 14 days, although the actual dividing line will

depend on the details of design and cost".

"For the 'more selective version of the maintenance goal', we again

mean a time short enough that limited contacted maintenance is

economically advantageous relative to remote maintenance. The

panel believes this time will be less than 2 days, though the

actual time will depend upon details of design and cost".

Corresponding to these goals, the panel defined four categories of

reactor materials, Table 3-VII. As noted in following sections, the

panel also defined goals and categories for the areas of reactor safety

and waste management.

3.3.2 Coolant System

The key determinant in coolant-system exposure is the activity

levels in coolant piping [74]. For coolants that do not heavily activate

themselves, water, helium, lithium, the activity levels are controlled by

the activated corrosion product deposition levels. Activated coolants

like 17Li83Pb and Nitrate Salt would contribute their own radiation field

in addition to that from corrosion products. The coolant activation and

activated corrosion product discussion in the preceding section on

106



Table 3-VII Categories for Fusion Reactors and Materials Based Upon

Criteria Relating to Maintenance, from Reference [77]

Reactor and Materials

Very Low Activation

e.g. high purity SiC or C

Low Activation, e.g.

commercial quality SiC, C;

V-Cr-Ti alloys

Reference Activation, e.g.

steels without Ni, Cu, Nb, Mo

Standard Activation, e.g.

commercial steels

Contact Maintenance

Limited hands-on maintenance

behind the blanket within 2 days of

reactor shutdown

Limited hands-on maintenance

permitted outside the blanket or

outside the shield within 2 days of

reactor shutdown

Limited hands-on maintenance

perimitted outside the shield within

2 days of reactor shutdown

No special requirement

operational releases is fully relevant here. It should be noted that the

two pathways for exposure are actual contact with contaminated piping and

maintenance in areas contaminated by leaks from the coolant loops.

Knowledge of either pathway depends on knowing the coolant

activation/corrosion product levels. The latter exposure pathway also

depends on knowing the size and location of leaks. The steel-water

system is fairly well known. The steel-helium system is marginally

understood. Other metal-coolant systems are insufficiently understood

allow meaningful predictions at this time.

to

It should be noted that these types of exposures are not limited to

coolant systems. If significant activity were mobilized within the

tritium purge system, a pathway exists for tritium systems to be

contaminated with gamma-emitting activity. However, tritium system

designers in design studies, e.g. STARFIRE [5], have not accounted for

the possibility of the tritium purge steam containing any significant

gamma-activity.
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The low-activation panel [77] did not explicitly consider the

coolant system pathway to maintenance exposure, rather focusing their

remarks on actual dose rates for contact maintenance on activated

components, e.g. blanket and shield. However, their stated goals can

also apply to coolant system considerations - but with complications.

For coolant system maintenance to meet the low-activation goals, several

factors must be met: (a) the transport of activated wall material must be

limited, either because the wall material does not heavily activate or

because the corrosion product release rate is sufficiently small, and (b)

the coolant itself must not heavily activate. Because of the latter

factor, it is not clear that 17Li83Pb or Nitrate Salt coolant system

would meet the low activation goals, even if the blanket structural

material did.

3.3.3 Component Replacement and Repair

Besides the coolant system issues, the other major non-tritium

maintenance issue is direct irradition exposure of workers from their

hands-on maintenance of an activated component, e.g. blanket module or

shield [74, 77, 87, 88]. Activation product release, as opposed to

worker exposure, may be less of a problem, depending on the actual

component and maintenance operation involved.

Since existing calculational tools are generally adequate to

calculate component activation, the key unknown is the type, duration,

and frequency of maintenance operations. The exposure will scale

directly with increased frequency of operations and the duration of each

one. The type of operation would determine the possibility of mobilizing

any activated material. Some discussion on these points may be found in

the GEIS [74]. Basically, little is currently known about such

variables, particularly for more exotic components and materials.

3.3.4 Maintenance Summary

In the area of coolant system maintenance, the basic unknown and

corresponding research needs are the same as for operational releases.

In the area of activated component maintenance, the basic unknows are the

type, duration, and frequency of required maintenance operations. In

general terms, the activity levels for activated components are fairly
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well known, but the required maintenance is not [77]. On the other hand,

the activity levels in coolant systems are much less well known, but the

required maintenance is probably better understood.

Overall, the DOE panel on low-activation [77] has established

important goals. The structural and coolant choice will be prime

determinants in meeting these goals. Whereas hands-on maintenance of the

blanket structure itself may not be achievable, BCSS results [79]

indicate that hands-on maintenance of the tritium breeder purge system

and coolant system may be achievable if helium is used as the working

fluid.

The steel-water system, and to some degree the steel-helium system,

have been investigated in the GEIS [74]. The maintenance exposures and

releases for other systems are largely unknown.

3.4 ACCIDENTAL RELEASE MECHANISMS

Among the possible modes of activation product release, accidents

are the most complicated to analyze. They are also in many ways the most

important to public safety, since only accidents could lead to large

offsite consequences. One of the more recent developments has been the

evolution of design and material choice philosophy [75-79], summarized in

the next subsection. The following subsections summarize the current

status in understanding accident scenarios and the various release

pathways. Although considerable progress has been made in these areas,

it is still too early to be able to accurately estimate accident risk

from activation products.

3.4.1 Accident Evaluation Goals and Philosophies

A recent systematic comparative evaluation of the impact of

material choice on potential accident consequences [75, 76] provided

identification of several specific desired features of reactor design and

material choice. The conclusions from that study have provided the basis

for the safety design philosophy and safety evaluation of the BCSS [78,

79]. Space is too limited here to detail the various specifics; however,

the common thread is that reactor material choice and design should

109



strive for inherent safety versus the need for active engineered

protective systems.

For purposes of this review, an underlying complication is that

more than activation levels are relevant to accidental activation product

risk. Non-activation issues include the relative mobility of the

chemical elements involved, the probability of various initiating

accident events, and the degree of fault tolerance of a given reactor

design to those transients. The last item depends on the physical,

mechanical, and chemical properties of the materials and components,

before and during the transient. These complications prevented the DOE

panel on low-activation from establishing quantitative goals for reactor

safety as they did in the areas of waste management and maintenance [68].

3.4.2 Mechanism

Many accident transients can be postulated. The interested reader

can read References [75, 76, 78, 79] for details. However, the large

number of transients ultimately depend on a narrower number of actual

mechanisms to mobilize activation products. These are as follows:

(a) Spill or leakage of already-mobile activated fluids (e.g. coolants)

and activated corrosion products

(b) Physical mobilization of solid activated material, e.g.

vaporization and ablation of first wall material subjected to a

plasma disruption.

(c) Chemical mobilization of solid activated material; generally this

means the accidental production of volatile chemical species.

These mechanisms will be discussed in the following subsections. Before

doing so, it is important to emphasize that many material and geometry

properties can have a significant influence on whether, and to what

extent, any of these mechanisms can actually take place.

3.4.3 Activated Fluids and Corrosion Products

Once again the subject of activated fluids and activated corrsion

products is relevant. The issues include the same as those indicated

previously. The one new issue is how much of the deposited corrosion

products could actually be released from the coolant system in the event

of a leak or rupture [75, 76]. Present information suggests that a
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higher fraction of deposited wall activity in a water system could be

released because of the more violent nature of the pressurized water

blowdown [75]. Although the mechanism of fluid leak/rupture is likely to

be of higher probability than the other accident release mechanisms, the

magnitude of the consequences is quite limited because of the relatively

low activity in such systems relative to that occurring in the structural

materials.

3.4.4 Physical Mobilization

Physical processes that could mobilize previously solid material

include (a) vaporization/ablation from a sudden high heat flux from a

plasma disruption, neutral beam mis-fire or mis-aim, etc., (b) entrapment

of solid material in a fluid stream, e.g. solid breeder particles

accidentally blown out of a breeder zone by accidental intrusion of a

high pressure fluid, and (c) structural melting. The analytical tools

relevant to these mechanisms are becoming better developed. The major

uncertainties are in the areas of design, plasma physics unknowns, and

probabilities. Existing results indicate that, like the fluid release

mechanism, the possible risks to the public are fairly limited [70].

3.4.5 Chemical Mobilization

The only possibility of a fairly large release of activation

products seems to be chemical mobilization, although thermal transients

are generally necessary for this mechanism to occur. For example,

Holdren [84, 85] based his estimates of major offsite consequences on the

accidental production of volatile chemical species. Establishment of

inherent safety for fusion will likely require demonstration that large

scale production of volatile species is not credible.

The primary process of interest is oxidation of solid material

leading to production of volatile oxides. Another potentially important

process is rapid attack of structural material by lithium during a

lithium-air fire leading to activated material being entrained in the

lithium fire aerosols. This latter topic is addressed in the lithium

safety review and not repeated here.

Considerable research is under way in the area of activation

product release from structure - preliminary modelling [91], PCA

111



experiments in air [92], V15Cr5Ti experiments in air [93], HT-9

experiments in air [94], and PCA and HT-9 experiments in helium

containing oxygen and water impurities [95]. The relevant oxidizing

gases are air, water/steam, carbon dioxide, and mixtures thereof or

diluted in helium. Relevant variables include: material temperature, gas

temperature, gas composition, gas pressure, gas flow rate, and precise

material composition. Results are needed for each element in the base

alloy. Calculations of the public radiological health effects from

release of activated volatile oxides demonstrate that the elemental

contribution to public dose varies considerably from the elemental

percentage in the alloy itself [75, 96]. Several factors are relevant:

the relative volatility of the oxides produced; the isotopies of each

element that are present, the relative dose from inhalation and

ingestion, cloudshine and groundshine, from each isotope; and the health

effects from dose to individual organs. An example of the last factor is

the difference between the health effect from skin dose, (highly curable

skin cancer), and the health effect from bone dose (Leukemia).

In initial scoping tests of PCA and HT-9 in air, the most volatile

element oxide is molybdenum for temperatures above about 800°C [92, 94].

Chromium, manganese, iron, and nickel were also detected. Preliminary

tests of PCA and HT-9 in impure helium show similar results [95]. Small

amounts of chromium, tungsten (from HT-9), silver (from HT-9), and

manganese were detected. The presence and detection of silver was a

surprise, since it is only a very minor (<0.00001%) impurity in HT-9.

Silver release probably came from evaporation since silver oxides are not

stable at the test temperatures (>600°C) and should not have been

produced.

In initial scoping tests of V15Cr5Ti in air and carbon dioxide, the

major volatile element was vanadium above 650°C [93]; chromium and

titanium were barely detected. In fact, a molten oxide, V205-Cr203--TiO2,

was produced in air with a melting point of 655°C, consuming the entire

sample. It will be very important to keep V15Cr5Ti from oxidizing gases

at elevated temperatures or to change the alloy composition so that it is

less susceptible to oxidation. The initial experiments imply that the

oxidizing potential of the gas is a key variable. Exposure to carbon

dioxide produced limited vanadium oxide (V02, 1545°C m.p.) volatility

while the more oxidizing air produced a much more volatile vanadium oxide

(V205, 670°C m.p.) and molten oxide residue.
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The existing information is sufficient to indicate that molybdenum

and vanadium are key elements that may become volatile as oxides in an

elevated temperature-oxidizing transient. The data base is insufficient

at present to adequately predict amounts. Far more information is needed

concerning the influence of all the variables mentioned above; only a few

data points currently exist. Tests should extend to cover additional

oxidizing gases, that could be present, e.g. steam, as well as extended

temperature, gas flow rate, and pressure regimes.

A key dimension is the exact alloy composition. The non-fusion

oxidation literature is extensive, especially at lower temperatures.

However, none of it is directly relevant to the fusion alloys, PCA, HT-9,

and V15Cr5Ti, even though some general trends in behaviour can be noted

[75, 91]. Minor compositional changes can have a significant influence

on oxidation behaviour [75, 91]. The oxidation differences between

fusion alloys and commercial alloys should be examined to allow more

potential use of the non-fusion data base. Most importantly, the fusion

alloy development program should begin to consider how their proposed

compositional changes to developmental alloys can improve, or worsen,

oxidation behaviour.

It is instructive to note that the isotopes and elements relevant

in this type of accidental release may differ markedly from those

isotopes relevant to waste management. The different time scales, hence

isotope half-lives, and relevant chemical behaviour among the different

activation product problems vary. An example is the tradeoff in adding

vanadium to a steel, perhaps to replace some long-term activating

element. In this case the waste management problems may be reduced at

the cost of adding a potentially more volatile element, hence increasing

accident problems. Much more data is needed to understand these matters.

3.5 WASTE MANAGEMENT

Material activated in a fusion reactor will ultimately be dealt

with either via disposal or by reprocessing/recycling. The U.S. DOE

panel on low-activation materials established goals for the U.S. fusion

program, which are discussed in the next subsection. Although the entire

waste management area is fairly well understood, some uncertainties

remain. Finally, some specific results of the low-activation studies are

mentioned.
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3.5.1 Goals

The U.S. DOE panel on low activation materials [13] adopted a

quantitative goal in regards to waste management:

"Shallow land burial of all materials (should be possible). The

materials must meet at least the requirements of Class C Waste

Classification in the Code of Federal Regulations, 10CFR61."

They point out that "this depends strongly on the specific nuclides

but generally requires the radioactivity to be S1 Ci/m " [77]. In

setting this goal, they were adopting the framework of the U.S.

regulation for low-level waste that can be given shallow land burial, as

opposed to high-level waste to be given deep-geological burial. The

legal limits are codified in 10CFR61 [97]. Table 3-VIII lists the DOE

panel's classification of materials based on waste management criteria.

Table 3-IX indicates the definitions of the various materials to qualify

for at least the least restrictive class (class C) of shallow burial

wastes. Attainment of more restrictive Class A or Class B is desired.

A major value of this quantified goal is that the fusion program

has a clear target to aim for - in contrast with the other areas where

activation products are concerns.

Table 3-VIII Categories of Fusion

Criteria Relating to

Reactors and Materials Based Upon

Waste Management, from Reference [77]

Reactor and Materials

Very Low Activation

Low Activation

Reference Activation

Standard Activation

Waste Management Criteria

Reactor materials meet criteria for

class A waste disposal in 10CFR61.

Reactor materials meet criteria for

Class B waste disposal.

Reactor materials meet criteria for

Class C.

Reactor materials do not meet

criteria of shallow land disposal of

radioactive waste given in 10CFR61.
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Table 3-TX Nuclear Waste Classification and Storage under 10CFR61

Rules, from Reference [77]

Waste Class

Class A, segregated

waste

Class B, stable waste

Class C, intruder

waste

Definition

Decays to acceptable

levels during site
(a)

occupancy

Stabilized and decays

to levels that do not

pose a danger to public

health and safety

in 100y

Does not decay to safe

levels in 100y.

Decays to acceptably

safe level in 5 00y(a)

Disposal

Segregated, minimum

requirements

Covered to reduce

surface radiation to a

few percent of natural

background

k5 meters below surface

with natural or engineered

barriers

Waste that does not

meet Class C intruder

waste definition

Does not qualify for

near surface disposal.

Proposed disposal

methods are considered

on case-by-case basis

(a). 10CFR61 [97] defines "acceptable level" to mean that inadvertent

entry into the waste with continuous occupancy would result in less

than 500 mrem yearly dose. Natural background radiation gives an

average yearly dose of about 100 mrem.

3.5.2 Uncertainties

Other than the uncertainties in actually predicting the amounts of

various isotopes that will be produced in a fusion reactor, discussed in

the activation product inventory section, the major waste disposal

uncertainty is the appropriate concentration limits for isotopes not in

10CFR61. 10CFR61 established limits for only nine potentially

fusion-relevant isotopes, see Table 3-X. It is known that other isotopes

115



Table 3-X Concentration Limits per 10CFR61 for some Isotopes of Interest

in Fusion Waste Management, from References [87, 97]

Radionuclide

H-3

C-14(a)

Ni-59(a)

Ni-63(a)

Co-60

Sr-90

Nb-94(a)

Tc-99

Cs-137

Total of all

nuclides with less

than 5 years half-life

Al-26(c)

Nb-92(c)

Ag-108m(c)

Bi-207(c)

Bi-208(c)

Bi-210m(c)

Class A

40

8

22

35

700

0.04

0.02

0.3

1

700

Concentration Limits,

Class B

(d)

(b)

(b)

700

(d)

150

(b)

(b)

44

(d)

Ci/m 3

Class C

(d)

80

220

7000

(d)

7000

0.2

3

4600

(d)

0.1

0.3

3

17,000

0.1

2

a. Isotope assumed present within activated metal, lower limits

generally apply if in less stable form.

b. 10CFR61 [97] does not have a limit for this isotope in this class

of waste.

c. Concentration limits not established in 10CFR61, but were estimated

for the MARS study [87].

d. No 10CFR61 limits for these isotopes for Class B or C. "Practical

considerations such as the effects of external radiation and

internal heat generation on transportation, handling, and disposal

will limit the concentrations for these wastes. These wastes shall

be Class B unless the concentrations of other (isotopes) determines

the waste to the Class C".
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will need to be limited as some are also very long-lived and potentially

hazardous. Maninger and Dorn [87] estimated concentration limits for

some of these isotopes for the MARS study by using the methodology

foundation for lOCFR61; these are also listed in Table 3-X. It is seen

in the Table that the concentration limits can vary by four orders of

magnitude among isotopes so that it will be important to establish limits

for all long-lived fusion isotopes. Another uncertainty is the exact

interpretation of 10CFR61. Since the regulation is in the form of

concentration limits, one could in principle meet the letter-of-the-limit

for any waste by some amount of dilution. Obviously, at some point this

becomes impractical from such considerations as land area requirements,

cost, and the number of transportation shipments. Yet a modest amount of

dilution might make sense and in fact a factor of about 30 is used in the

MARS analysis to qualify HT-9 and 17Li83Pb as meeting Class C [87, 100].

3.5.3 10CFR61-Relevant Results

The 10CFR61 methodology allows determination of how much of each

element can be used in the fusion neutron zone for a given neutron

fluence as follows. 10CFR61 methodology determines the allowable isotope

concentration limits. The specific activity is in turn determined by the

fluence and the amount of each element that is present. Therefore, for a

given time period in a fusion reactor of given neutron flux, one can

determine the allowable elemental limits in reactor materials. One

example (Table 3-XI) is the case of first wall materials subjected to

9 MW-yr/m2 fluence, which is roughly equivalent to 2 years operation of

typical tokamak or mirror reactors. Another example is the MARS analysis

[87], which indicated that the production of 108mAg and 208Bi from

17Li83Pb (with silver impurity) would be sufficiently high to preclude

17Li83Pb from Class C, based on 10CFR61-type limits for those isotopes

and no dilution.

The DOE panel results [77] in Table 3-XI indicate that several

elements must be kept to low levels if Class C requirements are to be

met: nitrogen, nickel, copper, niobium, and molybdenum. The MARS

results also indicate concerns for silver and lead [87]. BCSS results

indicate concerns for aluminium [79]. The limit on nickel means that

nickel-stabilized austenitic steels like 316 SS and PCA would not qualify

for near-surface burial. The molybdenum limit means that the existing
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Table 3-XI Examples of Initial Concentration Level Restrictions Based on

10CFR61 Waste Disposal Rules Evaluated at 10 years after

Shutdown and 9 MW-YR/M, frm Reference 77]Shutdown and 9 MW-YR/M , from Reference [77]

Element Limiting

Radionuclide

N C-14

0 C-14

Mg Na-24

Al Na-26

Si Si-31

Ti Ca-45

V V-49

Cr V-49

Mn Mn-54

Fe Fe-55

Co Co-60

Ni Ni-63

Cu Ni-63

Zr Sr-90

Nb Nb-94

Mo Nb-94

Class A

365

250,000

106

106

106

106

106

106

5,000

350

30

100

12

400

0.1

365

Initial Concentration Limits (a)

Class B Class C

--(b)

--(b)

106

106

106

106

106

106

106

106

106

2,000

240

106

--(b)

--(b)

3,650

106

106

106

106

106

106

106

106

106
6

106

20,000
2,400

106

1

3,650

a. These limits apply to the first wall region and are in units of

atom parts per million based on assumed atom density of base

materials of 8x102 2/cm3 .

b. Storage in this classification for this isotope is not defined in

10CFR61.

versions of the fusion alloys PCA and

unless one appeals to waste dilution.

will be difficult for alloy designers

HT-9 would not qualify either,

The nitrogen and niobium limits

to meet.

The copper limit is sufficiently low to disqualify copper first

walls or limiter surfaces for Class C, even for month-long use in one of

the throw-away fusion reactor concepts. The 2400 ppm limit for copper

for a fluence of 9 MWOyr/m 2 (Table 3-XI) converts to a 0.3
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2 2
MW-month/m fluence limit for pure copper. Thus, a 10 MW/m flux

63
device with a pure copper first wall would surpass the Ni Class C

limit in less than a day.

3.5.4 Non-Disposal Risks

Waste management related risks include more than the type of waste

disposal class. There will be some processing of material removed from

reactors, either to put into proper form for disposal, e.g. removing

liquids, or for re-use. This processing will likely produce some worker

exposure and some releases to the environment. Since the relevant

processing has not been defined, the resulting exposures and releases

cannot now be determined.

3.5.5 Summary

The DOE panel on low-activation materials has established a goal

for waste disposal - near-surface burial per 10CFR61 regulations. The

key uncertainty is the fact that concentration limits need to be set for

isotopes not in 10CFR61.

The waste disposal criteria do not establish the actual exposure

and release risks that would be associated with material processing -

either processing for disposal or processing for re-use. These processes

need to be better defined so that the risks can be determined.

3.6 ACTIVATION PRODUCT SUMMARY

The preceding discussion indicates that the issues relating to

fusion activation products have been identified. However, research is

only in the first stages of determining the associated risks to workers

and to the public, as well as resolving whatever tradeoffs may exist

among the individual activation-relevant issues. Examination and some

resolution of these tradeoffs were performed in the Blanket Comparison

and Selection Study [79].

The required research is summarized below for each of five generic

areas for activation product generation and release:

1. Assess release mechanisms during normal operation, maintenance, and

accidents.
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(a) Develop data base for higher priority metal-coolant systems so

that modeling can predict corrosion product formation,

transport, and inventory.

(b) Develop data base for oxidation behaviour of high priority

materials in air, steam, carbon dioxide, and nitrogen, and

mixtures thereof. Then, establish preliminary models for those

likely metal-gas combinations that could lead to significant

species release.

(c) Analyze existing reactor designs and provide feedback to new

design studies in the area of maintenance to better define and

to improve the required maintenance procedures.

(d) Continue to develop data base and modeling to allow better

prediction of the response to various potential reactor

transients.

2. Systems analysis for maintenance of activated structures items (a)

and (c) above.

3. Perform design studies to assess impact of using low activation

materials.

items (a), (b), (c), (d) above, plus:

(e) Perform cost and design studies to determine the associated

penalties of reducing activation levels via elemental or

isotopic tailoring.

(f) Using results of items (a), (b), (c), (d), and associated

information, perform risk studies to determine the associated

advantages of reducing activation levels.

Develop reduced activation materials to reduce waste disposal

problems.

(g) Continue alloy development programs in this area, incorporating

information gained from corrosion item (a) and oxidation

release item (b) studies so that waste management improvements

do not inadvertently worsen operation release, accident, or

maintenance risks.

5. Complete data base on the general and biological effects of

activation product radionuclides.

(h) Continue and complete research on the dose factors and

environmental transport parameters for higher-priority

fusion-relevant isotopes, e.g. see Reference [75].
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4. LITHIUM SAFETY

4.0 INTRODUCTION

Safety considerations involving the choice of breeding materials

encompass both operational and accidental conditions. Among the chief

concerns is the chemical reactivity of the breeder with the blanket

materials, namely the coolants and structural materials. If the breeder

is in a liquid state, it may also serve as a coolant; in which case the

associated tritium and corrosion products would be circulated through the

primary system. Failure of any part of the coolant piping would expose

the coolant to the surrounding atmosphere and may produce contact between

the coolant and floor construction materials. It could also lead to

release of the tritium and activation products within the coolant.

The use of lithium metal as a breeder has been questioned because of

its reactivity with water, air and concrete. Other liquids (e.g.

17Li83Pb) and solid breeding materials (e.g. Li20) have been proposed.

Whatever choice is finally made, proper monitoring instrumentation would

be required to ensure that undesirable chemical reactions are detected.

Other important safety concerns include the toxicity and radioactivity of

the breeder materials and the neutron multiplier materials that may be

required, such as beryllium and lead.

In this review the present state of knowledge about the safety

implications of the lithium-bearing materials is presented. The liquid

breeders appear to be more desirable from neutronic and tritium transport

standpoints but more chemically reactive than solid breeders. Thus the

focus is on the safety concerns of the liquid breeders. The areas that

need further investigation are highlighted in each of the followig

section.

The activation aspects related to breeder neutron interaction are

not considered because they are included in Chapter 3.
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4.1. DATA BASE FOR CHEMICAL REACTIONS

4.1.1 Basic Properties

Information on chemical reaction behaviour for the elemental metals

of interest, Li and Pb, is widely available [101]. Within the fusion

development, the best reference ao far as Li is concerned is the review of

Maroni [102]. A short review on physical properties and chemical reaction

behaviour of eutectic lithium-lead alloy was recently given by Kuhlborsch

and Reiter [103]. Other sources of properties are found in References

[104-114]. These data sources give more emphasis to physical properties

and chemical reaction behaviour than to reactions of engineering interest.

The chemical behaviour of a lithium-lead alloy is primarily

determined by the proportion of the alkali metal in the alloy. The weight

proportion of the alkali is relatively low for any Li-Pb-alloy which could

be of interest as blanket material. This is true for the preferred Li-Pb

eutectic alloy which contains only 0.68 weight % of Li. Also the

proportion of Li in the "mixture" with the highest melting point (726°C)

is still low, being only 10.43 weight %. Note that in these materials the

lightest metal (0.534 g/cm ) is alloyed with the heaviest (11.34 gr/cm ).

A weight percentage of 0.68 Li corresponds to a volumetric proportion of

12.7 vol. %. Considering this, the lithium could have more influence on

the chemical behavior though expected from the weight ratio.

Studies on the physical properties of lithium-lead alloys carried

out during the last few years have shown strong deviations from the values

calculated from the data of the pure components. Density, adiabatic

compression pressure and Li-pressure cover a wide range of alloy

composition. These data should be reviewed and made available in an

accessible data bank. Examples of 17Li83Pb data are shown in Table 4-I.

Only few measurements of calorimetric data of lithium lead alloys

are published. For 17Li83Pb, experimental results of the averaged

enthalpy, specific heat, and entropy have been recently reported, and

updated correlations for the specific heat of the liquid and solid phase

proposed [103]. Table 4-II gives an example of the data.

Verification of these data and extension to other compositions of

interest for the fusion blanket are necessary.
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TABLE 4-I Density, Adiabatic Compressibility, Vapour Pressure

and Li-Partial Pressure of 17Li83Pb

Temperature p xa 10 P Li
pad ' 1 Li

(K) (g.cm 3) (bar 1 ) (mbar) (mbar)

508 9.56 2.85 4.10- 12 (10- 1 4 )
-10 -12

573 9.51 2.95 6.10 4.10
-7 -9

673 9.43 3.1 2.107 3.109

773 9.35 3.25 2.10 4.10

873 9.27 3.4 5.10 -4 2.10 -5

TABLE 4-II 17Li83Pb Thermodynamic Properties

Temperature H C S

(K) (J.g1) (J.glK) (.g1 K-1

298 0.00 0.1372 0.0000

373 10.79 0.1519 0.0326

473 27.47 0.1820 0.0719

(s) 508 34.40 0.1953 0.0843

(1) 508 63.99 0.2254 0.1426

573 77.42 0.1738 0.1672

Another area of physical properties which is of paramount importance

is the solubility of hydrogen isotopes in lithium-lead alloys. The

published data [115-119] show some scatter and are limited to a narrow

temperature and pressure range. Extrapolations to conditions exceeding

the measured ranges, see Table 4-III, are therefore questionable. With

reference to the assessment of tritium retention in the blanket, liquid

solubility measurements in the pressure range from 0.01 to 1000 mbar (1

mbar = 100 Pa) and the temperature range from the melting point to 1000 K

should be sought.
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TABLE 4-III Solubility of Hydrogen Isotopes in 17Li83Pb

Isotope Temperature Pressure range Sieverts constant

(K) (mbar) (bar1/ 2

H 623 - 773 200 -- 1000 4x10

H 700 - 900 5 - 130 (7.1-1.5)x103

D 850 - 1040 0.01 - 0.1 5.0x10 3

T 510 0.2 - 20 (5.8-1.8)x103

The thermal and hydrodynamic properties of lithium-lead alloys for

the time being are calculated from those of the pure components by linear

laws. Since this method has been found questionable when determining the

properties shown in Table 4-I, the thermohydrodynamic properties need also

to be verified experimentally. Examples of calculated data for 17Li83Pb

are shown in Table 4-IV.

TABLE 4-IV Surface Tension, Thermal Conductivity and Viscosity

of 17Li83Pb

Temperature ra X 

(K)(n 1 -l -1(K) (dyn. m ) (W.cm .K ) (cP) (a)

508 465 0.190 2.59

573 456 0.204 2.10

673 443 0.225 1.65

773 429 0.245 1.37

873 415 0.261 1.18

(a) cP = 1-2g -1 -1(a) lcP = 10 scm s

4.1.2 Chemical Reactivity of Breeding Material

The breeder/coolant chemical reactivity is of particular concern in

connection with fusion reactor accident consequences. Three sets of

questions can be posed:
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(a) How does the breeder behave in contact with air?

(b) How does the breeder react with water?

(c) How does the breeder react with common construction materials?

Reactions with air

Lithium-air reactions have been performed with lithium quantities

(in pool form) ranging from 10 to 100 kg [120]. The reaction in normal

humidity air occurred spontaneously for pool temperatures in excess of

243°C. The reactions produced pool temperatures up to 1050°C and flame

temperatures up to 1260°C.

Two lithium spray reactions with air were reported using 1 kg of

lithium [120]. Less than 5% of Li at 425°C reacted. All the 650°C

lithium reacted. The spray initial droplets were 400 pim in diameter.

The reaction of eutectic lithium-lead pool with air (humidity less

than 70%) is negligible. Even at 900°C no violent reaction could be

observed [103]. The dominant reaction results in a volume reduction which

increases the porosity of the surface so that further nitrogen can

penetrate into the material. It is further reported that lithium-lead

alloys of higher Li content react with nitrogen almost like pure lithium.

This was observed with 50Li50Pb with no description of the experimental

conditions.

17Li83Pb spray tests with forced fragmentation of 1 to 10 gm

particle size and melt temperatures up to 5000 C did not lead to self-

ignition. The spray could not be ignited to burn by a hydrogen torch

flame.

Data on the reaction kinetics with oxygen and nitrogen is not

available as a function of temperature or gas composition over the entire

range of interest.

Reaction with water

Table 4-V and 4-VI summarize results of scoping experiments of water

reactions with breeder material [120]. In contrast to pure lithium and

lithium-lead alloys of higher Li content the reaction of 17Li83Pb with

water in an open pool has been found modest or mild in a wide range of

melt temperature (up to 500°C) and water temperature (up to 90°C).
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TABLE 4-V Interaction of 600°C

98°C Water [120]

Breeder Material with Excess

Hydrogen Time

Generation, to Reach Peak

Breeder Chemical Heat mol H2 /g Temperature

Material Release Material (s)

LiA0l2 None None --

Li ZrO None None
2ZrO3

Li TiO None None

Li SiO3 None None

Li SiO None None -

-5 (a) 90
Li 0 Mild 2.7x10 
2

17Li83Pb Mild 2.5x10 4 60

Li Pb2 Large 7.7x10 20

-2
Lithium Large 7.2x10 3

(a) In the presence of stainless steel.

Table 4--VI Water Addition to Excess Breeder Material at 600°C [120]

Hydrogen Time to

Peak Released Reach Peak

Temperature (mol/mol Temperature

Breeder Material ("C) water) (s)

LiAlO (150mu-diam particles) 600 None

Li2ZrO3(75Um-diam particles) 600 None 

Li2SiO3(45pm-diam particles) 600 None

Li4SiO4(130gim-diam particles) 600 None

Li2TiO3(451ym-diam particles) 600 None ---

Li20(150.1m-diam particles) 625 0.02(a) 80

17Li83Pb(liquid) 652 0.22 12

Li Pb2(0.3 cm pieces) 770 0.13 20

Lithium (liquid) 900 0.16 10 (b)

(a) Reacted in stainless container.

(b) Water was added slowly to liquid lithium over a 10 s period.
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TABLE 4-VI1 Comparison Between Reactions of Lithium and 17Li83Pb

Lithium - Dry oxygen: Eutectic Lithium-Lead Alloy:

( 17Li83Pb )

Reaction with oxygen

monoxide: Li20

oxidation temp. 425 C

peroxide: Li202

formation by direct

oxidation difficult

Reaction reported negligible

superoxide: LiO 2

not stable

Reaction with Air

monoxide: Li 0 Reactions negligible in

burning temp. of Li pool: dry air

220°C to 400°C

peroxide: Li202 Reactions in moist air

not formed well known

Reaction with Nitrogen in Air

Lithium nitride, Li N Surface reactions forming
3

burning temp. of Li pool: a protective layer.

200°C to 400°C

in moist air: violent reaction

Reactions in water pools

Violent Reported mild or modest

127



Other investigations [103] show that distinction has to be made

between short term and long term reactions. The short term interaction is

dominated by themal interactions, fragmentation and mixing process;

whereas the long term interaction phase is characterized by the chemical

Li--water reaction. The quantity of hydrogen production depends obviously

on the particle size. But the experiments show also that 17Li83Pb in

contact with water, even if finely dispersed, does not react spontaneously.

The knowledge of the reaction kinetics, both in gaseous atmosphere

and in water, is for the time being not adequate.

(cf. Table 4-VII). Quantitative investigations in this field are

necessary especially with respect to the estimation of a breeder/water

reaction in constrained geometry.

Reactions with construction material

The knowledge of the reaction between Li, 17Li83Pb or other Li-Pb

alloys with thermal insulation materials, cables or other non-metallic

materials is poor. Systematic experiments and data collection should be

initiated. Lithium-concrete reactions have been conducted with up to 16

kg quantities of lithium [102]. The tests completed to date have shown

that the lithium-concrete reaction is very energetic producing high

temperatures (in excess of 1200°C), hydrogen and aerosols. Steel liners

and/or other precautions are required to prevent lithium-concrete contact

in fusion reactor cells in which lithium would be present.

4.1.3 Summary and Recommendations

- The knowledge of the alloys' physical properties should be

improved. The methods to extrapolate properties of alloys from pure

components should be verified.

- The knowledge of hydrogen isotopes solubility in breeding materials

is not adequate, particularly in solid materials.

- Good phenomenological knowledge exists for Li and 17Li83Pb reactions

with air and with a water pool. Quantitative data and correlations

for the reaction kinetics are, however, not available.

- Reactions of 17Li83Pb or other Li-Pb alloys with water under

geometrical constraints which superimpose the reaction kinetic

effects, need further investigation.
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Reactions of 17Li83Pb or other Li-Pb alloys with organic compounds,

thermal insulation materials, non-metallic materials are not

sufficiently known.

It would be useful to collect and to prepare a handbook of reviewed

data pertinent to Li-Pb blanket applications, and another for Li20

applications.

4.2 CORRELATION BETWEEN SMALL SCALE EXPERIMENTS AND LARGE SCALE

CONDITIONS

Liquid lithium and lithium-lead alloy reactions with gas atmospheres

concrete, insulation, water and possibly other materials which will be

present in a fusion reactor may occur under postulated accident

conditions. Large inventories of lithium or lithium-lead alloy may be

utilized in an operating reactor. Confidence in scale-up must be assured

when attempting to assess the safety concerns of a large scale plant leak

with small scale reaction tests. Important parameters in scale-up for

lithium reactions with gas atmospheres and concrete as well as the

presently available models are discussed briefly in this section.

4.2.1 Important Parameters

Reactions with gas atmospheres

(i) Reactions with air

Liquid lithium pool-air reaction tests have been conducted with

lithium quantities of less than a gram [122] up to 100 kg [123].

Important scale-up parameters affecting liquid lithium/air reactions are:

lithium mass per unit exposed surface area, initial lithium pool

temperature, pool agitation, rate of heat transport away from the pool,

quantity of air available and moisture content of air. The surface area

scale build-up can also affect the rate of reaction.

The lithium mass per unit surface area is an important parameter

when scaling up from small scale tests. Large values tend to provide a

heat sink which reduces the rate of temperature increase at the surface

and thus reduces the rate of reaction per unit of exposed surface area.
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Lithium pools exhibit consistent temperatures through the depth of the

pool during heat-up. A test with lithium mass to exposed surface area

ratio of 50 kg/m 2 had a pool temperature increase rate of approximately

100°C/min between 600°C and 1000°C. A test with lithium mass to surface

area ratio of 215 kg/m 2 had a pool temperature increase rate of

approximately 10°C/minute between 600°C and 1000°C. Both of these tests

were with pools which were insulated on the sides and bottom and were

exposed to air with about 10% relative humidity. It is conceivable that,

with even larger mass to surface area ratios, the pool temperature may

decrease and no flames or aerosol would be generated for pools with

initial temperatures of 600°C or less. Further testing would be needed to

identify the limiting ratio for a given initial temperature ratio. Tests

utilizing gram or kilogram quantities of lithium would not be sufficient

for demonstration of this phenomenon. These phenomena may be used in

operating facilities to mitigate the consequences of uncontrolled lithium

reactions by providing drainage to deep containers for collection of large

spills.

The initial temperature of lithium has an effect on the initial rate

of lithium-air reactions. In some large scale applications, depending

upon geometry, there is a threshold temperature above which the spill

could cause the reaction to become vigorous and below which the raction

would be minor (not produce aerosol or temperatures sufficiently high

enough to volatilize associated radioactive species). For an open room

with no suppression system, all initial lithium pool temperatures above

240°C would produce about the same consequences. The lower initial

temperatures (240 to 300°C) required about 10 additional minutes of

reaction to reach the maximum pool temperatures than did higher initial

lithium temperatures (450 to 600°C) for lithium mass to exposed surface
2

area ratios of about 50 kg/m . Extrapolation from initial lithium

temperatures of gram quantities of lithium reactions with air would be

difficult and possibly misleading for large (plant sized) accidents.

Tests utilizing a minimum of about 50 kg lithium may be required to

demonstrate the effect of initial temperature.

Pool agitation in general tends to favour the lithium-air reaction

going to completion. For large quantity lithium pools it is conceivable

that agitation may reduce the reaction rate for relatively low initial

temperatures but for high temperatures agitation may actually increase the
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rate of reaction. Again tests to demonstrate large scale agitation

effects would need to utilize lithium quantites near 50 kg.

Heat sinks could be utilized in potential spill areas to cool

spilled lithium to temperatures for which little or no reaction occurs.

Demonstration tests for effects of heat sinks could be conducted with

lithium quantities of about one to ten kilograms of lithium. These heat

sink tests could then be related to larger scale applications. Heat

released from pool-air reactions can cause good mixing of containment

atmospheres. The measured oxygen concentration at 5 cm and 15 m above the

pool surface were essentially the same throughout a 100-kg lithium-air

3
reaction test conducted in a 850 m vessel at Hanford Engineering

Development Laboratory (HEDL).

Aerosol concentrations measured at elevations about 12 meters apart

in this same test showed very close agreement, indicating very good

atmosphere mixing throughout the test. It is felt that larger tests would

not provide a noticeably better atmosphere mixing than did this 100 kg

test.

The lithium reaction rates with moist air and various oxygen

concentrations (less than 21%) can be determined with tests using about 10

kg lithium quantities. Moisture can start lithium-air reactions in some

cases. It should also be noted that drops of water can initiate

lithium-air reactions. It is felt that scale up from 10 kg lithium

reactions tests should be feasible for most situations.

(ii) Reactions with nitrogen

Liquid lithium-nitrogen reactions have been shown to form a

protective coating on the pool surface for initial pool temperatures up to

530°C [121]. This protective coating prevents further reaction. These

tests were conducted with 10 kg quantities of lithium. Gram quantities of

lithium react to completion at these temperatures and thus cannot be used

in some cases to scale up to plant accident situations. A ten kilogram

test with initial lithium temperature of 840 0C reacted with nitrogen to

completion to form Li N and generated some Li N aerosol. Further testing

of lithium-nitrogen reactions with about 10 kg quantities could be done to

determine reactivity of stirred lithium with nitrogen.
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(iii) Lithium Lead Reactions

Lithium-lead alloy reactions with air and nitrogen atmospheres have

been shown to be very limited [129] even at temperatures as high as

900°C. For these reactions, results of small scale tests can easily be

scaled up to large scale applications.

Reactions with Water

Scaling laws for simultaneous effects in most cases cannot be

satisfied at the same time. The restrictive condition for the use of

small scale experiments is the strict requirement of "physical similarity".

In a water-cooled liquid metal blanket reaction with water under the

following conditions may accidentally occur: water from the heat exchanger
3

might be injected with a pressure of 4.0 to 7.0 MPa into about 0.2 m hot

17Li83Pb at ambient pressure. The first question to be answered is

whether this event can be simulated by laboratory scaling tests. An

accident in a steam generator of a liquid-cooled plant would involve

larger quantities of the reactants,

Examining more closely the separate effects which seem to dominate

the interaction process between the liquid metal and the water one obtains:

The liquid melt will be fragmented and mixed with the water. No

mechanical or thermodynamic equilibrium can be assumed for this

stage of process

Evaporation takes place, the pressure and vapor quantity produced

will depend on the degree of fragmentation and mixing: the space and

time dependent mean physical properties are changing.

- Temperature increase as a consequence of the Li-Pb/water reaction.

- Pressuriation of the vessel will depend on the quantity of melt and

water involved and the state of the mixing zone.

Examining the topics mentioned above, it can be concluded:

Small scale experiments will not be sufficient to simulate large

scale tests due to the difficulty of applying scaling laws.

However, small scale tests are necessary to understand basic

physical mechanisms. Such small scale tests have been undertaken
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for certain contact modes for several breeder materials, as

summarized in Tables 4-V and 4-VI; in case of 17Li83Pb and Pb a

series of "shock tube" experiments have been also performed at

JRC-Ispra [150].

Large scale tests are also indispensable in order to obtain data for

the development of equations of state of the mixing zone which can

be used in the energy source terms of the interaction. The source

term itself will also be a function of the total masses and mass

ratios. The first large scale Li-Pb/water test at atmospheric

pressure was recently carried out at HEDL [151]. Superheated steam

at 335°C was sparged at a rate of about 5 g/sec into 200 kg of alloy

at 500°C for a period of 325 seconds. The alloy pool was 26 cm

deep. The reaction chamber was vented through a 2.5 cm diameter
3

pipe to a 14.1 m containment vessel. The resulting reaction heated

the alloy pool to 870°C in 270 seconds. The alloy temperature

increased first at the point of steam injection and then tended to

saturate.

Hydrogen release was steady throughout the steam injection period.

A total of 99 g moles of hydrogen was collected in the containment

vessel indicating that all of the steam reacted with the alloy to

produce a mol of hydrogen per mol of water added. The conclusion

that all water reacted was supported by the fact that only very

little steam condensate was collected in the off-gas condensers

during the sparge period. This suggests that the main reaction

product is Li20.

Reactions with concrete

(i) Lithium

The 6-16 kg lithium-concrete reaction tests have shown the reaction

to be dependent upon initial lithium temperature, type of concrete, rate

of lithium addition, and atmosphere in which the reaction occurs [123].

The initial lithium temperature was found to be an important parameter for

temperatures up to about 500°C. For higher initial temperatures the

reactions occurred very quickly and there was not much difference in the

reactions.
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For initial lithium temperatures between 250 and 500°C energetic

reactions were observed to occur within several minutes to several hours

after the initial contact. There appears to be no need for larger scale

lithium-concrete reaction tests at this time.

(ii) Lithium-lead

A moderate scale 17Li83Pb-concrete reaction test has been recently

performed at HEDL [152]. 200 kg of 17Li83Pb were heated to 610°C and

poured onto a concrete cylinder, which was initially at room temperature.

Heaters were turned on to keep the outside of the cylinder at 600°C for

six hours. In general, the test went smoothly and, as expected, the

reaction was mild. No temperature rise was observed near the

alloy-concrete interface. Basically, the water in the concrete was driven

off and reacted with the 17Li83Pb, as occurs for lithium. However, unlike

the lithium case, the non-water constitutents of the concrete do not

appear to have reacted. No thermal cracking of the concrete was observed.

Until all the lithium in the alloy was depleted, all the water that

was mobilized was observed to react to form Li 0, LiOH, and much

hydrogen. Prior to the test, the alloy was spiked with mercury and

thallium so as to observe the behavior of what would be activation

products in the alloy. An aerosol was observed, but chemical analysis is

not yet complete. The observation of aerosols and generous amounts of

hydrogen is consistent with the findings of the 17Li83Pb-steam test.

4.2.2 Analytical Modelling

More effort has been invested in modelling liquid metal reactions

with air than with water or concrete. The computer model LITFIRE was

developed to describe the thermal and pressure response of reactor

containments to liquid metal pool reactions with air [10]. The code

allows for heat distribution from the pool surface (where the reaction is

assumed to occur) to the surrounding atmosphere and the floor underlying

the pool. The reaction rate is governed by the availability of fresh

oxygen and nitrogen through natural flow of the heated gaseous

atmosphere. LITFIRE was found somewhat conservative when applied to the

HEDL 10 kg lithium tests. Adjustments in the code were made [124], and

the code was found to predict well the results of the 100 kg lithium tests

of HEDL [125]. The code was also modified to describe the reactions of a
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lithium-lead pool with air, by allowing for a diffusion based resistance

to lithium flow from the bulk of the pool to the reaction zone.

The application of LITFIRE to simulation of a pool fire of lithium

yields a maximum pool temperature of 1100°C, and the reaction continues to

completion. However, for a 17Li83Pb pool, the fire is extinguished in a

very short time, with limited amount of lithium reacting [26].

Calculations also indicate that inherent design features can reduce

the hazards of such fires. This includes reduction of the oxygen present

in the reactor building, use of structual materials that have a high heat

removal potential to act as a heat sink, and restricting the flow of

oxygen to the pool surface, if the liquid metal spilled is accumulated in

a dump tank [10].

Modelling of water-lithium reactions is at a less developed stage.

In this case a substantial effect will be the mode of contact that can be

assumed [126, 127]. The available experiments to test the models being

developed are also limited.

Very limited capability for lithium-concrete interaction exists in

the computer code LITFIRE.

4.2.3 Summary

- Whether small scale tests are sufficient to simulate large scale

application, one has to decide in each case on its own merits. Generally,

an examination of the process dominating mechanisms provides enough

information on the applicability of scaling laws or the part of the

process for which small scale tests will satisfy the requirements.

- Processes dominated by mechanical and thermodynamic non-equilibrium,

phase changes or variable physical properties are difficult to model in

small scale tests.

- Tests that involve various air reactions for various lithium mass

loading are useful to guide the choice of drainage containers that can be

used as safety systems.
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- Tests involving various potential contact modes between the liquid

metal and water are needed to explore the phenomena involved.

- Model development for reactions with air, water or concrete can

serve as the initial basis for selecting the most sensitive parameters.

Eventually, the models need to be tested against experiments of various

scales.

4.3 SAFETY ASPECTS OF SELF-COOLED LIQUID METAL BLANKETS

By circulating a liquid metal across the magnetic field, some unique

features arise which have major impact on the safety and environmental

aspects of fusion reactors. In the U.S. some of the critical issues have

been addressed as part of the Blanket Comparison and Selection Study

(BCSS) [78] or Mirror Advanced Reactor Study (MARS) [100]. These issues

will be discussed here separately.

4.3.1 Emergency Cooling

The temperature response of the MARS blanket under different

conditions of loss of flow and loss of coolant accidents have been

calculated [128]. For the loss of flow accident, the natural convection

is assumed to be suppressed due to the MHD effects. Therefore, heat

transfer is by conduction and thermal radiation only. In all

calculations, the separately cooled shield is used as the heat sink for

the blanket. This assumption is a reasonable one, even for the case of

loss of coolant in the shield due to the large thermal inertia there.

Some important conclusions can be made from these calculations. If

the plasma does not shut down, the first wall will suffer some damage in

15 seconds and will start to melt in ca. 35 seconds. This time scale can

be much shorter for a tokamak due to the higher surface heat load.

The temperature response of the blanket due to decay heat is

calculated and shown in Fig. 4-1. The worst case is for the blanket to

lose flow and the reflector to lose coolant. The maximum blanket

temperature reaches 1320°K about 8 hours after the accident occurs. The

blanket will not melt under the scenario assumed. The after-heat effect

of a tokamak blanket should be similar to that of a mirror blanket.
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Fig. 4-1 Temperature Response of the First Wall due to Afterheating

4.3.2 Tritium Containment

By circulating a breeding material around the primary coolant

loop, the primary heat exchanger faces a high tritium partial pressure

especially for a 17Li83Pb system. Limiting tritium leakage to the water

side within an acceptable level is very difficult. In the MARS design

[129], a double-walled steam generator is used to reduce the tritium

leakage rate. By using a purge gas with 1 Torr oxygen partial pressure

that passes through the gap between the two walls, and assuming tritium

will be oxidized by the oxygen the tritium leakage rate is calculated to

be 5 curie/day.

A recent study [130] reported that self-oxidation of tritium is slow

and not efficient with or without gamma radiation. Therefore, the

assumption that tritium will be oxidized in the gap betwen two walls is

not valid. If this assumption is removed from MARS, the tritium leakage

rate will increase to a few thousand curie/day from 5 curie/day. The

tritium containment problem is particularly severe for 17Li83Pb blanket

due to the relatively high tritium partial pressure.

The potential tritium containment solutions are (1) using molten

salt as intermediate coolant, and (2) using isotope swamping effect. More

work is needed to determine the better solution.
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4.3.3 Corrosion Product Transport

The corrosion product transport and deposition in the primary

loop has a major impact on the operation of a fusion reactor. Both

lithium and 17Li83Pb are more corrosive than sodium. Recent studies have

measured the corrosion of stainless and ferritic steels by lithium [131]

and 17Li83Pb [132]. Using the experimental rate as input, corrosion

products transport calculation have been performed [133, 134]. The

deposition of the corrosion products in the primary loop enables one to

calculate the radiation environment around the system.

The corrosion of the HT-9 by 17Li83Pb is shown in Fig. 4-2. Based

on this information, the dose rate around the MARS steam generator is

calculated and shown in Fig. 4-3. The dose rate is very high and

certainly precludes hands-on-maintenance. A corrosion product cleanup

system based on cold trapping has been designed [78, 100]. Fig. 4-4 shows
54

the effectiveness of the cold trap in removing Mn in three different

locations around the loop. However, even with an effective cold trap,

remote maintenance is still required.

r T PERATJr E, 'C

650 600 550 500 450 400 350

0 I _ | l I I I10'

WEIGHT LOSS IN PB-Li

i10z

0 316 SS
5 - G l6 Cw

3 V F HT.9 \ i

S 0 O9Cr- I baa \ in

o DATA NORMALIZEO FOR
V IS m/$

10.1 l l l l I

1.0 I.t 1.2 1. 1.4 1.5 1.6 1.7
1000o/. K

Fig. 4-2. Arrhenius plot of corrosion race data-for auscenitic type 316
stainless steel and ferritic HT-9 alloy and Fe-9Cr-lMo steel
in flowing Pb-17Li.

138



MARS STEAM GENERATOR DOSE RATES

2-·ao

L:
uj

L -
On

'=".

**
o= EXTERNAL CONTACT DOSE RATE

0.0 5.0 10.0 15.0 20.0

TIME (MONTHS)
A2.0o J.o o.0

lig.s 4-3 Contact dose rate for the HARS steam generators.

MARS CLEANUP SYSTEM FLOW VARIATION

N

IZ

2

'.,

a.

a:°

V)

W-

in

in

z

0.0 i.o i.0 (.o .0o 1.0o 1.o 14.0

PERCENT FLOW DIVERTED TO CLEANUP SYSTEM

Fig. 4-4 Effect of varying the percent of the MAfRS primary system
LIPh to the cleanup system on the specific Hn15 deposits
In three components.

4.3.4 Summary

- There is a need to investigate experimentally the MHD effects on

heat transfer under accident conditions. Today, only

extrapolated data from lower magnetic fields are available.

Tritium trapping systems from a lithium-lead breeder need

to be developed.
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Corrosion data for circulating systems are needed (more on

this in the next section).

4.4 CORROSION AND AEROSOL PRODUCTION

4.4.1 Introduction

Corrosion can potentially lead to several problems. First,

maintenance of radioactive components becomes a problem for fusion

reactors, as already mentioned. Second, any mobilization of radioactivity

implies the possibility of spillage or leakage if system integrity were to

be compromised. Third, if lithium chemical reactions can result in

aerosol production, a mechanism exists for activated material to be

relased into the building atmosphere and, if building isolation fails, to

the external atmosphere.

4.4.2 Steady-State Corrosion

Liquid metal corrosion studies have been pursued since the early

days of fusion technology development. Interactions between solid lithium

ceramics and structure have received less attention. Some details are

given below.

Liquid metal corrosion

Chapter 6, "Corrosion of Structural Alloys", of the first year

report of the Blanket Comparison and Selection Study (BCSS) [78] is an

in-depth review of steady-state metal corrosion data and models. Some

conclusions can be repeated as follows.

(a) "The dissolution rates for austenitic stainless steels [in lithium]

reach steady-state values after an initial period of 1.500 - 3000 h, which

is characterized by higher, rapidly changing rates". However, "the weight

loss for ferritic HT-9 alloy and Fe-9Cr-lMo steel in circulating lithium

systems follows a linear relationship with time".

(b) "For FCL [forced-circulation loop] systems the dissolution rates for

ferritic steel [in lithium] are an order of magnitude lower than for

annealed type 316 stainless steel".
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(c) "Limited data show significant weight loss for PCA alloy [in

17Li83Pb] after relatively short exposure times". Also, "the weight

losses for ferritic HT-9 alloy and Fe-9Cr-lMo steel in flowing Pb-Li are a

factor of 5 to 10 lower than type 316 SS and show a linear relationship

with time".

(d) Vanadium alloys appear to be much more resistant to lithium or

17Li83Pb than the steels.

The BCSS is using the available corrosion information and various

possible criteria for corrosion limits to set design temperature limits.

The basis for a temperature limit from corrosion considerations can be

from radioactive mass transport, wall thinning/wastage, or mass transfer

and deposition. For sodium-cooled (fission) reactors, the corrosion limit

is limited to S 0.5'm/yr. A temperature limit based on radioactive mass

transport would be too low for fusion reactor blankets using lithium or

17Li83Pb. The problem of radioactive material transport and deposition

would have to be solved by means other than limiting the temperature [78].

At present, the BCSS intends to set temperature limits such that the

uniform dissolution rate is 5 to mun/yr. Thus, either corrosion

inhibitors or corrosion product traps will have to be developed to prevent

fusion liquid-metal radioactive material transport from being an order of

magnitude worse than for sodium-cooled reactors.

The data base for predicting the information transport and

deposition of corrosion products is not as extensive as desired. Only a

few of the corrosion tests have been done in forced-circulation loops

directly relevant to blanket application. Most have been static scoping

tests, which do not provide information for modelling of dissolution

rates, transport, and deposition rates. Some key remaining unknowns or

major uncertainties are the effects of impurity levels (e.g. N2) in the

liquid metal, the flow velocity, and the presence of high magnetic fields.

Recent modelling efforts [135, 136] have focused on the magnetic

field effects, which are dependent on mass transport from the dissolving

wall to the bulk liquid metal. The two issues are the magnetic field

effect on (a) the wall boundary layer and flow velocity profile and (b)

bulk liquid metal mixing. The worst case is if the boundary layer
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thickness is reduced and bulk mixing is unaffected. The reduced boundary

layer increases transport away from the wall and would result in corrosion

being higher than non-magnetic turbulent or laminar flow. A more

optimistic case assumes suppression of bulk mixing, which reduces mass

transport and counters the boundary layer impact. Additional experimental

work is needed to further clearify the situation.

Ceramics compatibility

Far less work has been done in the area of compatibility between

solid lithium ceramics and structural materials, largely because the

problem is less of a concern. The reaction of ternary ceramics appears

weak: y-LiAlO 2 and Li SiO 3 showed less than 2 a.m scale after 1900 hr in

contact with 316 SS, HT-9, Inconel-625, and Ti-6242 at 600°C [137]. These

interactions do not appear to present critical issues although

compatibility concerns do exist, particularly for Li20. It is not known

how adherent these scales would be during blanket service. The

possibility exists for some material to flake off and be transported down

the tritium purge steam. Sputtering of the structural walls could also

produce some mobile activated material in solid breeder purge streams.

4.4.3 Transient Corrosion

Far less is known about transient conditions, either thermal

transients and/or abnormal chemical environments.

Liquid metal corrosion

The major question for liquid metals is how much structure may be

dissolved in the liquid metal during a chemical reaction. e.g. with air.

Although 17Li83Pb is more corrosive than lithium at the same temperature,

the high temperatures caused by lithium chemical reactions could cause

lithium corrosion during chemical transients to be far higher than for

17Li83Pb. Few details of transient conditions modelling are established.

Specifically, the mass of the steel reaction pan that corroded

during lithium fires has been measured in some cases. For the LAM-1 test

at HEDL in moist air, 5.4 kg of the reaction pan corroded [123]

corresponding to 1 mm of steel. The maximum lithium pool temperature was
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1060°C. For the LA-3 test at HEDL in air, 4.3 kg of a different reaction

pan corroded, corresponding to 0.4 mm of steel. Here, the maximum lithium

temperature was 940 0C.

In sharp contrast, no significant corrosion of steel coupons was

found in a recent 17Li83Pb-air test at 655°C [138]. Corrosion of 304 and

316 SS was <0.05 mil (1l vm); corrosion of mild steel was 0.10 mil (=2

,m).

Ceramics compatibility

Reports of transient lithium ceramic corrosion measurements have not

been found in the literature. If a temperature transient were to occur,

one would expect increased reaction between the ceramics and surrounding

structural material. A particularly worrisome case is Li 0, which was the

most reactive ceramic in steady-state tests [137]. Furthermore, Li20

exhibits significant LiOH volatility at high (>800°C) temperatures [78].

LiOH is extremely corrosive.

4.4.4 Aerosol Production

When a structure dissolves in a liquid metal, it becomes mobile in

the liquid phase. If an aerosol could be produced by chemical reaction of

a liquid that entrains activated material, such material would be mobile

in the gaseous phase. On the other hand, reaction scale formed between

lithium ceramics and structure is not automatically mobile. It could be

mobile if dissolved in water (e.g., water plus Li 0 giving LiOH.H20

attack) or if the scale were to flake off.

Aerosols are produced in copious amounts from lithium - air

reactions [120]. Five to eight percent of the reacted lithium in the HEDL

tests was released as Li 0 aerosol, which can then convert to LiOH,

LiOH.H20, and Li2CO2 in air. The concentration can reach 18 g of

aerosol/m3 air, settling to <0.01 g/m within two hours. The

aerodynamic mass median diameter was 8 ]jm with a standard deviation of

3.5. The aerosol codes, HAARH-3 and HAA-3C, gave conservative predictions

of peak aerosol concentration, within 15 percent of those measured.
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A scoping test has been done at HEDL to see if various metal

particulates can become entrained in the aerosol from lithium - air

reactions [120]. Manganese was the most, iron and cobalt results were

about a factor of 10 less. "The presence of nickel, chromium, and

vanadium was questionable, since they were detected in only one or two of

eight sample runs". Lead, molybdenum, and zirconium were not detected in

the aerosol.

Fortunately, even if activated products became aerosolized, other

HEDL scoping tests show that well over 99 percent of aerosol particles can

be collected with sand and gravel bed filters, high efficiency particulate

air filters (HEPA), or aqueous scrubber systems. Even without the hazard

from radioactivity, the lithium-air aerosol is chemically very irritating

to man.

Experiments with 17Li83Pb have detected only a very limited amount

of aerosol [138, 139]. The aerosol for the recent HEDL 17Li83Pb test at

450°C was below the limits of detection, <6.g/m for Li and <60gg/m for

Pb [140]. The 700°C test exhibited peak aerosol concentrations of

388 /g/m for Li at 23 minutes and 265 m.g/m for Pb at 11 minutes

[140]. These values are quite low, over 10 times lower than for lithium

- air reactions. Any 17Li83Pb aerosol would likely be quite activated

from either the activated lead and/or activated corrosion products.

Further examination of the mildly reactive liquid 17Li83Pb is planned. A

concern is that the strongly reactive solid Li Pb does release lithium

and lead aerosols'when reacting with water. No aerosols from solid

lithium ceramics have been detected [120].

4.4.5 Summary

In the area of corrosion and aerosol production, the most known is

steady-state liquid-metal corrosion. Most other topics have only begun to

be addressed. Steady state corrosion behaviour will be of concern in

technology studies. The safety studies should focus on

characterization of the doses resulting from steady-state

corrosion.

potential aerosol-carried radioactivity during major fires, or

other transients associated with high temperatures.
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4.5 LEAKAGE MONITORING AND OPERATION INSTRUMENTATION

Large inventories of liquid metal may be needed to provide the

breeder and/or coolant functions in an operating fusion reactor.

Temperatures of operation for the lithium range from 450 to 650°C

depending on the reactor design. The operating inventories of lithium

will contain induced radioactive metallic species from corrosion,

sputtering and irradiation of impurities in the lithium. Liquid lithium

at these temperatures is very reactive with air, water, concrete and other

materials expected to be present in a fusion reactor. Leakage of lithium

from an operating loop could present a threat to the facility, operating

personnel, environment and public.

It is important to monitor inleakage to the lithium loop and leakage

of lithium from the loop to alert operating personnel so that appropriate

action can be taken to prevent undesirable accident situations.

4.5.1 Monitoring External Leakage

Leakage of lithium from operating loops may be detected by a

pressure transducer in the loop, by thermocouples or probes which are

strategically located outside of the loop to contact leakaged, hot

lithium, and by aerosol detectors if there is air present to react and

produce aerosols; or if the lithium is at high enough temperatures to

produce a detectable amount of lithium vapour.

Pressure transducers monitoring lithium loops could be used to

indicate the occurrence of a large lithium leak but probably would not

detect small leaks. Thermocouples strategically located could be used to

detect large leaks and some small leaks. Lithium ionization detectors

have been tested and found effective in responding to lithium aerosols

[1413. Ionization detectors have been shown to alarm from three to seven

minutes from start of lithium spills when the detector was located 5 m
3

directly above the lithium pool in an 850 m vessel. A remotely located

ionization detector has been shown to alarm about 10 minutes from start of

lithium spill. This detector had an inlet that was located 9.4 m above

and about 3 m to one side o£ the pool. The sample line to this remotely

located detector was 1.3 cm in diameter and 5.5 m long. Aerosol plateout

in this line was negligible and the delayed response appeared to be a

function of residence time due to the gas flow rate in the line.
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Probes with two exposed wires mounted between the stem and bellows

of liquid metal valves are employed in the experimental lithium system

(ELS) to detect leaky valves. If a leak occurs in the valve bellows the

lithium shorts out the wires causing an alarm. The ELS system also employs

the use of ionization detectors for detection of leaks from the lithium

loop.

4.5.2 Monitoring Internal Leakage

A Residual Nitrogen Analyzer (RNA) is used in the ELS to detect
-4

nitrogen inleakage to the lithium loop [142]. A vacuum of 10 torr is

maintained on the loop during operation. The RNA indicates the total

pressure and nitrogen partial pressure. The loop atmosphere is monitored

during pump down from 760 torr to 10- torr by a RNA connected to a sample

stream entering through a variable leak valve. When the pumpdown is

completed two additional RNA's are connected directly to the loop

atmosphere, one at the main vacuum header and one at the target area. An

increase in the ratio of nitrogen partial pressure to total pressure

indicates nitrogen inleakage.

4.5.3 Summary

Operational experience of monitoring instrumentation exists in a

limited way. Effect of long-term corrosion attack on instrumentation has

not been addressed. A plan of instrumentation testing in prototypic

conditions may be needed at the stage where the reactor technology testing

becomes necessary.

4.6 HAZARDS OF TOXICITY

4.6.1 Introduction

This section is focused on some of the consequences of occupational

exposure to several nonradioactive materials but does not examine the

likelihood of release. This latter question is the subject of engineering

studies to determine the rates and specific forms of releases under normal

and accidental conditions.

Exposures to toxic materials such as beryllium, which is used in

some designs, will be maintained at low levels because of the inherent
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process design philosophy at a fusion power plant. Nearly every component

that requires chemical processing will be contaminated with tritium or

activation products. Consequently, many processes required at a fusion

power station will be designed with explicit separation of the worker from

the process. This separation is carried out by performing the processes

in shielded, low-pressure areas relative to zones occupied by personnel.

The design goal is to contain essentially all process materials by using

liquid entrainment, which captures dissolved or suspended materials in

columns or resign beds, or by air clean-up systems, which use

high-efficiency particulate air filters for particulate removal. An

example is presented in Table 4-VIII, which supports the contention

of a high degree of inherent worker protection for systems designed to

handle radioactive materials, as in the case of the Hanford facility

[143]. Part of the difference may be attributable to the remote

operations required in the radiochemical plants that separate personnel

from operations. It may also be attributable to the physical protection

afforded by the shielding that is generally required to protect personnel

from radiation exposure.

TABLE 4-VIII Industrial Accident Statistics

Accidental Frequency Accidental Severity

(number of accidents (lost time per 106
6

per 10 man-hours man-hours worked;

worked days)

Hanford chemical 1.04 97

processaing and waste

management

Chemical 4.17 389

All industry 11.20 670

4.6.2 Beryllium

Beryllium is used in some fusion design concepts as a neutron

multiplier in spite of its potential to be resource limited. Use of

beryllium in the breeding system would be as a metallic layer (first-wall
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coating or blanket neutron moderator) or as a composite with other

elements such as in the molten salt, FLiBe. As such, beryllium would be

involved in any chemical processing that might be called for in recovering

tritium. For example, in the molten salt FLiBe, the FliBe is processed

continuously for removal of the bred tritium. The inherent corrosiveness

of the molten salt means that activated corrosion products will be

present, probably precluding any type of regular hands-on contact with

FLiBe-containing systems. However, situations involving repair of pumps,

valves, etc. may result in human proximity to beryllium or some beryllium

coating material. While the toxicity of beryllium is important [144],

this type of situation will, most likely, be accompanied by standard

radiological protection techniques.

Nevertheless, beryllium is a suspected human carcinogen and is

given an occupational threshold limit value (TLV) of 2 tg/m3 [145].

Hence, cautious planning and monitoring for beryllium should accompany

situations in which exposures to respirable particles might occur.

Other occasions during which beryllium might be encountered are

during fabrication or removal of beryllium layers in the blanket, or

during the process of loading a FLiBe blanket segment. Current industrial

practice is to perform beryllium machining in hoods or in enclosed spaces

separating the worker from the generated aerosols. Special techniques may

require development due to the size of components and the possible need

for close proximity decommissioning. Any beryllium encountered will be

accompanied by the presence of tritium and activated corrosion products.

As such, many if not all, of the operations will take place in

configurations physically separating workers from the material. As already

mentioned, significant protection is obtained from such separation.

4.6.3 Lithium

Many of the potential situations for workers encountering lithium

are the same as for beryllium found as FLiBe. In addition, reaction

products of lithium will be found at sites of minor lithium leaks from any

of the liquid breeder alternatives. These reaction products of lithium -

moist air reaction are primarily Li N, LiOH, Li 0, and Li2CO [120].
3 2 2£3

Tritiated materials and activated corrosion products will be present

whenever a lithium exposure derives from a coolant or breeder system.
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According to fire studies, aerosol particles resulting from lithium

fires in air have an aerodynamic mass median diameter of 8 .m and can

reach peak concentrations of about 18 g of lithium per cubic meter of

air. This level precludes visibility, hence personnel access would be

restricted. Respirators worn when entering a fire area should be used to

prevent inspiring lithium reaction products. This process would also

limit intake of radioactive aerosols. However, personnel would still be

subject to external exposure to gamma radioactivity from the activation

products contained within lithium that has been circulated in a coolant or

breeder loop.

To determine the material of highest hazard from a lithium fire, it

is instructive to compare intake fractions of lethal dose per minute of

exposure to reaction products from combustion of lithium in air resulting

in a concentration of 10 g of lithium aerosol per cubic meter of air. The

mean lethal radiation dose is taken to be 400 rad [146] and the mean

lethal dose for lithium carbonate, one of the reaction products, is taken

to be 700 mg/kg [147]. Quantitative release of dissolved activation
60

products is assumed and the Co concentration is assumed to be
3

1 Ci/m of lithium. (This value represents a high estimate [90]). On the

basis of these initial conditions, inhalation exposure to the

combustion aerosol followed by an assumed quantitative uptake results in

10- 6 of a mean lethal radiation dose per minute of exposure and 10- 3 of a

mean lethal lithium carbonate dose. (It is recognized that lithium

combustion products would be strong irritants and no one would voluntarily

remain in an aerosol cloud.) The absolute values are not the issue here
3

since the initial conditions are arbitrarily chosen. The 10 difference

in the calculated factors, however, is the important comparison to be made.

Hence, it is clear that for exposures involving an off-normal

incident and the inhalation route, the chemical toxicity of lithium

reaction products can be the dominant hazard. Respiration protection

could modify this situation, since by exclusion of the lithium,

radiochemical uptake is avoided. The radiochemicals, however, can still

provide an external dose from submersion in a radioactive cloud and/or

exposure to deposited materials.
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4.6.4 Lead

Recently, reactor designs including lead in the blanket breeder

and/or coolant combinations have appeared. Normally this lead is in

direct combination with lithium such as Li7Pb2, 62Li38Pb or 17Li83Pb.

Lead and many of its compounds are poisons; and lead poisoning is one of

the most common occupational diseases [148]. The presence of lead-bearing

materials, however, does not necessarily result in exposure of

occupational personnel. The lead must be in such form, and so

distributed, as to gain entrance into the body. When lead is ingested,

much of it passes through the body unabsorbed. On the other hand, upon

inhalation, absorption takes place easily from the respiratory tract,

hence the inhalation route is more important [148], and special care must

be taken to avoid human contact with lead vapours. The OSHA standard and

TLV values for lead and many of its compounds are in the range of 0.1
3

mg/m . The mean lethal doses are in the range of 200 mg/kg. These levels

are in the same range as lithium compounds and would be expected to be a

main toxicant in an occupational exposure situation involving respiratory

aerosols generated from a breeding blanket. Human morbidity has been

observed [149] for blood lead concentrations as low as 0.1 gg/ml.

4.6.5 Summary

While the exact chemical species to be encountered at a fusion

reactor plant are not known at present, a brief examination of potential

materials makes it clear that the dominant occupational hazard in

off-normal situations producing respirable particles may not be caused by

non-radioactive materials. Similar estimates are not possible at this

time for potential low-level, chronic exposures.

A given chemical may be quite hazardous in a particular form,

administered in a given route, but for other modes not so hazardous. This

must be observed for any assessment work done in support of future design

work.

When compared with potential radiological hazards, it is clear that

nonradiological hazards associated with fusion power stations are poorly

characterized at present. For many hazards, specific exposure conditions
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are unknown as a consequence of the technology's infancy. On the other

hand, general exposure/effect information should be accrued for

potentially hazardous agents that are projected to be used in future

systems.

As an example, it is most certain that lithium will be used, at

least in the first generation of fusion reactors. It can legitimately be

said that potential exposure to some forms of lithium will occur either

under normal conditions or under accidental conditions. At present,

exposure-biological response curves are unavailable to provide engineering

guidance for the design of future components.

151



5. THE STATUS OF SUPERCONDUCTING MAGNET SAFETY RESEARCH

5.0. INTRODUCTION

The vast majority of present day conceptual designs for fusion power

plants rely on superconducting magnets for the generation of the magnetic

field necessary to contain the reacting plasma. While superconductivity

has been known since 1911 when it was discovered by H. Kammerlingh Onnes,

the widespread application of superconductivity has developed only

slowly. The development of satisfactory thermal insulation for the

operation of large devices at 4.2 K has been one obstacle to rapid

application. A second barrier has been the lack of applications requiring

large volumes of high magnetic field.

In considering the safety issues of fusion reactors, we focus on the

possible pathways for release of radioactivity to the population

surrounding the plant. While the products of the fusion are not in

themselves radioactive, one of the fuels, tritium, is radioactive. In

addition the neutrons produced in the D-T fusion reaction collide with the

wall of the vacuum vessel and in turn produce activation products.

Therefore the central concerns in fusion safety are the possible release

pathways for tritium and the activation products.

Because superconducting magnets must operate at temperatures below

about 10 K, about one meter of shielding is required between the fusing

plasma and the magnet to reduce heating of the conductors by high energy

gamma radiation. The shielding also reduces the neutron flux at the

magnet and minimizes the activation of magnet materials. As a result, the

release of radioactive materials directly from the magnets themselves is

not a serious concern.

However, the large volumes and high magnet fields generated by the

superconducting magnet result in large amounts of stored energy and large

mechanical loads on the magnet structure. The mechanical loading is

designed to the symmetric during normal operation of the magnetic sets,

but can become very asymmetric under accident conditions. Movement of one

of the magnets due to structural failure can result in the rupture of a

closely located manifold carrying tritated coolants, the tritiated exhaust
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from the vacuum vessel, activated coolant, activated corrosion products

and/or breeder. In addition, the rapid conversion of the stored magnet

energy into kinetic energy can potentially result in missile generation,

leading to damage of other reactor components, and possible other releases

of radiation.

Thus the central concern for superconducting magnet safety is the

investigation and evaluation of accident scenarios in which the stored

energy and mechanical loading on the magnet can serve as an intiator for

the release of radioactive materials either to the reactor containment

hall or to the surrounding environment.

The development of safe and reliable superconducting magnets for use

in fusion reactors is being carried on in many locations throughout the

world. This paper will summarize the efforts in the U.S., in Europe and

in Japan. The U.S. Fusion Safety Program, for which EG&G Idaho at the

Idaho National Engineering Laboratory is the lead laboratory, has

approached the issues of superconducting magnet safety through a

combination of analytical work and small-scale, safety-specific

experiments. The experimental results and analytical models are being

combined into a magnet systems simulation code in which the behaviour of

power supplies, instrumentation, dump resistors and the magnets themselves

can be combined and the consequences of subsystem interactions can be

seen. In addition, we have sought to gather information on those magnet

and cryogenic accidents which will inevitably occur in order to advance

the understanding of accident phenomena.

The experimental work on superconducting magnet safety in Europe is

concentrated at Karlsruhe, where the TESPE experiment recently began

operations. This six coil set of NbTi toroidal field magnets is

specifically dedicated to safety experiments. Other work at Karlsruhe and

Ispra has dealt with the analysis of potential magnet accident scenarios.

Experimental work on superconducting magnets in Japan has

concentrated on the development of A-15 compound conductors, materials

studies of insulators and conductors in a radiation environment at

cryogenic temperatures and on boiling phenomena in liquid helium.
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5.1 ANALYTICAL SIMULATIONS OF MAGNET ACCIDENT CONDITIONS

In order to accurately model the performance of the various

components in a superconducting magnet system, Argonne National Laboratory

has developed over the past five years a set of magnet safety computer

codes. These codes are EDDYNET, a code to model eddy current

distributions in thin plates and shells, TASS (Thermal Analysis for Safety

and Stability), SSICC (Safety and Stability in Internally Cooled

Conductors) and SHORTURN, a code modeling shorted turns in a magnet. The

analysis carried out by the L. R. Turner at ANL has been coordinated with

he magnet safety experiments carried out at the Massachusetts Institute of

Technology in order to provide a firm experimental basis for the models.

Whenever the magnetic field within a fusion reactor changes

configuration, for instance due to a plasma disruption or a transient

within the magnet set, eddy currents are generated in conducting

structures of the reactor. The interaction between these eddy currents

and the toroidal field results in potentially damaging forces on first

wall, limiters and other thin reactor components. In order to calculate

the magnitude and direction of these forces over a range of accident

conditions Turner has developed the EDDYNET computer code.

EDDYNET [153-156] uses an integral equation method and a network

(wire mesh) approach to solve for the pattern of eddy currents which might

be caused by a plasma disruption or a rapid change in the magnetic field

configuration. The conducting surfaces involved in the problem are

approximated as a quadrilateral mesh of conducting lines. The resistivity

and thickness of the plates and shells determine the line resistances of

the wire mesh. The size of the mesh elements determines the loop

inductances. The code can be applied to infinitely long prisms, thin

plates and thin shells. In order to trace the temporal development of

eddy currents, the dissipated power and the magnetic fields, the system of

loop equations is solved repeatedly. For each loop there is one loop

current and one loop equation relating the resistive voltage drop around

the loop to the electromagnetic force (EMF) of the loop. Changes in the

applied magnetic field and the fields generated by the other loop currents

cause the loop EMF. Because the EMF for each loop is dependent on the

currents in all other loops, the systems of equations to be solved has a

dense matrix. Only conducting materials in the problem need to be

modelled with the mesh grid.
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The code was developed in conjunction with the design of an

eddy-current test facility at Argonne (FELIX)[157]. One of the primary

goals of the facility and the associated experimental program was the

comparison and validation of computer codes for eddy current

calculations. EDDYNET has been auccessful applied to experimental

configurations in FELIX to find the forces and temperature rise of a

conducting plate in a pulsed magnetic field and the currents in a hollow

conducting torus. The code has recently been modified to incorporate

2T/n symmetry, specification of current-crossing boundaries, a polar

mesh generator, calculation of current density and temperature rise,

calculation of forces, torques, fields and fluxes from filamentary current

rings.

The computer code TASS (Thermal Analysis for Safety and

Stability)[158, 159] models the thermal behaviour of superconductors in a

pool boiling configuration, in which the conductors are immersed in a bath

of liquid helium. There is generally no forced coolant flow except that

due to the ascent of helium vapour. TASS models the replenishment of

liquid helium surrounding each of the conductors due to vapour-induced

movement.

In each element of the conductor, the joule heating plus the

specified external heating equals the heat transferred to the helium,

neighbouring elements of the conductor, and neighbouring turns of the

winding plus the increase of enthalpy of the element. The external

heating of the element can be a heat input from a frictional movement of

one conductor against another, from an externally energized heater or from

the heat generated by an arc or a short i.n the winding.

The code has been applied to an investigation of stable normal

regions (SNR) [155] which neither shrink out of existence nor propagate to

quench the entire magnet. An SNR may be held in a particular location in

the winding by non-uniform coolant access to the conductors or by

variation of the magnetic field around the circumference of a toroidal

field magnet. If a magnet were operating with an SNR, conductor damage

could result and at the least excessive liquid helium consumption would

occur.

Many recent designs for superconducting magnets have used internally

cooled conductors in which the conductors are enclosed in a conduit
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through which the liquid helium flows, often at supercritical pressures (>

0.23 MPa).

Internally cooled conductors are highly stable against short heat

pulses even when the coolant is flowing very slowly through the conduit or

is stagnant. This somewhat unexpected increase in the transient heat

removal capability of ICC magnets is attributed to rapid local heating of

the helium coolant causing pressure waves which propagage along the

conduit. Although there is no turbulence in the fluid due to its net

flow, the propagating and reflected pressure waves induce mixing in the

coolant and thus enhanced heat transfer.

A computer code developed by V. D. Arp [160] for internally cooled

conductors (ICC) has been modified by L. R. Turner of Argonne and

incorporated in the TASS Code. Arp's code for investigating the stability

of ICC magnets incorporates one-dimensional energy, mass and momentum

balance within the helium and predicts the high-velocity, high-pressure

helium flows, which are not predicted by simpler models. Arp's code has

been modified and combined with the TASS code to form the code SSICC

(Safety and Stability of Internally Cooled Conductor).

The SSICC [161, 162] code has been applied to the experiments of Lue

and Miller at ORNL, giving good general agreement on the current and

stability margins for a 1 m heated region of triplex conductor at 7.0 T,

but initially did not reproduce the multiple stability regions observed in

those experiments. Multiple stability regions [163] are phenomena seen in

internally cooled conductors wherein one sees four alternating regions of

stability and instability as the heat input to a section of superconductor

is increased. For very small heat pulses, the conductor of course remains

superconducting. Above an initial critical heat pulse the conductor

quenches. Further increases in the size of the heat pulse again result in

stable superconducting performance. Finally, above a second critical heat

pulse the conductor will again quench. Investigation of this phenomenon

has concluded that the second region of stability comes about because the

magnitude of the heat pulse is sufficient to induce pressure waves and

turbulence in the stagnant coolant, thus significantly increasing its

transient heat transfer ability. Further development of the transient

heat transfer model within SSICC has recently simulated the multiple

stability regions successfully.
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Shorts, either between turns or from a winding to ground, are the

most likely faults which will afflict large superconducting magnets. Two

of the coils built for the Large Coil Task (LCT) at Oak Ridge National

Laboratory, those manufactured by General Electric (GE) and by General

Dynamics (GD), have recently been reported to have shorted turns. In

addition, the superconducting coil of the 30 T hybrid magnet system at the

Francis Bitter National Magnet laboratory at MIT has been reported to have

shorted turns due to an operational failure.

At best, the presence of shorted turns in a magnet limits the rate

at which it can be charged or discharged. Shorted turns also make the

coil more susceptible to other faults, such as arcs, and to the initiation

of a quench. At worst, shorted turns can make the magnet inoperable and,

under certain circumstances, cause significant damage to other parts of

the facility. Shorted turns severely limit the options which the fusion

reactor operator has in controlling the magnet set in the face of a plasma

disruption or perturbation to the magnet power supply system.

L.R. Turner of ANL [164, 165] has developed the computer code

SHORTURN, which performs a coupled thermal and magnetic analysis of a

superconducting magnet with one or more shorted turns. For the thermal

analysis, half of a shorted turn is divided into elements, typically 10 mm

long. Much as in the TASS code above, a heat balance is applied to each

element. The temperature change in each element for each time step is

determined from the heat conduction along the conductor, heat transfer

from the liquid helium coolant, and joule heating in the conductor if it

is in a normal or current-sharing mode.

The consequences of shorted turns are found to depend most strongly

on the magnitude of the short resistance, Rs . Some shorts occur due to

damage to the turn-to-turn insulation during the winding process and

typically have values of Rs much larger than the normal resistance of

the conductor in the shorted turns. With such high resistance shorts, the

magnet can be operated, but the charge and discharge times must be

lengthened to maintain the turn-to-turn voltages low and thus minimize

heating in the short. Specifically, if the charge or discharge time is t

and M is the mutual inductance between the shorted turns and the rest of

the magnet, then the peak current through the short during discharge is

about (1 + Mt/Rs) times the operating conductor.
5

158



Operational accidents such as arcs or reversed polarity in power

supplies can result in shorts in which R is small compared to the
s

conductor resistance. In magnets containing low resistance shorts, the

current can switch back and forth between the short and the shorted turns,

as those turns are alternately normal and superconducting. Such behaviour

was observed in the MIT superconducting coil. This switching cycle

between the short and the shorted turns can repeat hundreds of times

during a discharge. Force redistribution among the conductors during each

of the cycles results in movement and excessive wear to the interturn

insulation.

High R shorts have occurred because of damage to instrumentation
S

leads during the winding of a coil. This failure mode was found in both

the GE and GD coils for the Large Coil Task. Because the short was

detected early in the winding process for the GD coil, the first three

layers of the coils were rewound and the short eliminated. The shorts in

the GE coil were eliminated after the completion of winding by AC

excitation of the coil at room temperature, which burned out the short.

A SHORTURN analysis was performed on the GD coil, using parameters

given in Table 5-I. In the analysis, it was assumed that n turns were

shorted. A simplified circuit diagram can be seen in Figure 5-1.

Table 5-I Parameters of the GD LCT Coil and MIT Hybrid Coil

Parameter Units GD Coil MIT Coil

I A 10200 1500

M gH 4300 n 3800

L1 'CH 12 n2 4.8

R BQ 1000 9.42
R1 VQ 26 n 54.

t s 100 several values

Five different cases were analyzed using the SHORTURN code on the GD

coil parameters. The results of those cases are shown in Table 5-II
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Figure 5-1

Table 5-II Parameters and Results for GD LCT-Coil Computation

Case 1 2 3 4 5

t(s) 100 100 100 100 30

R (mQ) 1.0 1.0 1.0 0.3 1.0
s

n 1 2 3 1 1

M (mH) 4.3 8.6 12.9 4.3 4.3

L1(±H) 12 48 108 12 12

t0/tl 0.043 0.086 0.129 0.143 0.143

I 1 (kA) 10.629 11.046 11.453 11.612 11.615
l,max

t (s)
max 0.0705 0.2500 0.4786 <0.2884 <0.1176

T (K)
max 19.89 52.65 >100 43.5 >100

As can be seen in Table 5-II, a large number of turns which is

bridged by a short results in a much higher maximum temperature in the

conductor. The current in the shorted turns also increases more slowly

when more turns are bridged. Case 5 demonstrates that a rapid discharge

of the shorted coil results in much higher conductor temperatures.

In late 1981 a motor-generator set was accidentally discharged with

the wrong polarity through the normally conducting Bitter coil insert of

the MIT 30 T hybrid magnet set. The superconducting background field

coils, which consist of 22 double pancakes and provide 7.5 T at 1.5 kA,

was operating at 1.0 kA at the time. The length of the superconducting
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coils is 510 mm and its bore is 356 mm. The Bitter insert, which provides

22.5 T at 39.5 kA and 7.7 MW, fits within the background field coil and

has a bore of 35 mm and a length of 340 mm.

The reversed polarity in the insert resulted in decentering forces

which caused the coils to collide. The superconducting coil appeared to

be shorted the next time it was energized. Because the superconducting

coil was well instrumented, data were taken across the terminals and

internally during subsequent cycles [166]. Periodic voltage spikes

appeared across the terminals of each of its 22 pancakes during charging

and discharging. The short resistance, R , was determined to be
s

9.4<IQ. Other parameters of the MIT coil are listed in Table 5-I.

Both discharge and charge were simulated using the SHORTURN code.

Figure 5-2 shows the time variation of the current Il and

resistance R1 of the shorted turns during a discharge with time constant

t=750 s. Driven by the decreasing flux from the discharging magnet, the

current rises above the critical current and drives the shorted turns

normal. The resistance quickly rises to 34 gQ, driving the current

into the short. As the current in the shorted turns drops, the turns

again become more superconducting in the current-sharing mode. Each cycle

takes 1.8 s.

* 750 

2500 SO

2000 40

W - i/0 3 40
=10 30 30

U c

TIME,s

SHORTURN simulation of MIT hybrid magnet

T = 750 s.

Figure 2

discharging with
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The oscillating currents resulting from low resistance shorts in

superconducting coils cause frictional wear to the insulation (possibly

resulting in additional shorts), oscillating structural loads and may

confuse operators because of inconsistent instrumentation output. Safe

control of the magnet set requires that this behaviour be accounted for

both in instrumentation and in emergency discharge schemes.

5.2 NATIONAL MAGNET LABORATORY OF THE MASSACHUSETTS INSTITUTE OF

TECHNOLOGY

As the U.S. fusion program has moved toward larger physics

experiments and into the design of first generation fusion reactors, the

stored energy in the superconducting magnet systems has steadily

increased. Presently operating and near-operational facilites store

sufficient energy to cause considerable damage to the facility and injury

to operating personnel. Physical damage to the facility can result in

release of radioactive materials, adversely affecting the health of the

general public. The six-coil set of the Large Coil Task stores 700 MJ and

the full set of MFTF-B coils stores about 1.6 GJ. In order to gain useful

data on the behaviour of superconducting magnets under accident conditions

and yet not incur the expense of destructive tests on full-sized

facilities, a series of small, safety-specific experiments has been

conducted at MIT over the last four years.

Initial safety tests were conducted in the MIT MHD Magnet Test

Facility [167] which was constructed and principally operated by the U.S.

Department of Energy's MHD program. The central part of the test facility

consists of a pair of superconducting racetrack shaped coils which have

the characteristics given in Table 5-III.

Within the working volume of approximately 75 mm x 300 mm x 750 mm

various superconducting modules can be tested at full operating field

strength and under a variety of cooling conditions. Three modules were

tested in the Magnet Test Facility, each having a winding package of about

140 kg. The first module modeled the winding construction of the test

facility racetrack magnet themselves, using the same conductor current,

1=4500 A. The second module modeled the winding construction used for the

180 ton Component Development and Integration Facility (CDIF) MHD

superconducting magnet, 1=6000 A. The third module simulated the CDIF
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Table 5-III Magnet Test Facility Parameters

Central Field (100 mm gap)

Max. Field at Winding

Operating Current

Inductance

Stored Energy

Overall Current Density

Conductor Current Density

Average Surface Heat Flux

Conductor Type

Copper/Superconductor

monolith

conductor

Monolith Size

Conductor Envelope

Weights

conductor

subplates

Subtotal

6.0 T

7.52 T

4080 A

1.28 H

10.7 MJ

34.8 - 36.3 MA/m2

145 MA/m2

2.21 W/cm2

Square monolith with

9 strand overwrap

1.65:1

2.5:1

4.72 x 4.72 mm

6.35 x 6.35 mm

800 kg

3200 kg

4000 kg

magnet cooling configuration with a cable type conductor. The goal of the

experiments was to investigate the stability and quench characteristics of

the different constructions. In addition, quench detection circuits were

installed to evaluate their performance.

All three of the test modules described above have pool boiling

configurations. A fourth experimental module has an internally cooled

cable configuration similar to the forced flow configuration of three of

the coils for the Large Coil Task. The internally cooled cable module has

a noncircular "football" geometry to demonstrate conductor operation under

the field, current, load and temperature conditions expected in much

larger coils. Because of the noncircular shape of the supporting spool,

the conductor is subjected to both the compressive and tensile loads

present in a large coil. Quench propagation rate and the investigation of

overpressure conditions were the main goals of the "football" experiment.
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In conjunction with tests of the CDIF, football and background field

conductors themselves, vapour-cooled leads have also been tested. In a

superconducting magnet system, vapour-cooled leads are necessary to carry

current from the bus at room temperature to the superconductor at liquid

He temperature. The heat load in the leads is reduced and carried away

from the magnet by passing a portion of the helium boiloff vapour along

the cabled lead within a conduit. Arcs within the vapour-cooled lead are

critical since an open lead opens the coil terminals, resulting in an

arcing condition for a charged magnet. Thus one effectively loses control

of that magnet and the stored energy is dissipated in the terminal arc.

Two pairs of leads, rated at 7 kA, were intentionally burned out at

8.95 kA per lead. Measured current profiles indicated that operating

times during the burn-out transient were sufficiently long to allow steady

state thermal analysis. After the test, the stainless steel jacket on one

lead was cut away, showing that the burnout occurred about 130 mm from the

warm end of the 500 mm long leads.

In addition to tests of the thermal and electrical characteristics

of conductor itself, the Magnet Test Facility also permitted and required

research into quench detection and logic. Because of the strong coupling

between the background coils and the test modules, coil protection

circuitry has to discriminate between transients in the test modules and

those in the background coils. A similar condition will exist within the

closely coupled coil sets used in superconducting fusion reactors.

5.2.1 Arc Extinction Voltages Between Helium-Filled Electrodes

at 300 K and 4.2 K

Among the faults which must be handled in the operation of a set of

large superconducting magnets, the most difficult is probably a

turn-to-turn or turn-to-ground arc. While voltages in excess of 2000 V

across a pair of electrodes are necessary to initiate an arc, the

maintenance of an arc requires only 20-50 V. When the magnetic flux

through the magnet is changing, energy is being driven into the arc rather

than into the dump resistors. The arc in turn boils away coolant and can

permanently damage both insulator and conductor.
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In order to gain experimental data on the behaviour of arcs at high

currents and cryogenic environments, a series of experiments of determine

the arc extinction voltage, i.e. the lowest voltage capable of sustaining

an arc, were carried out [167, 168]. These tests were performed by

J. Borzikowski, T. Ishigokha and Y. Iwasa of the National Magnet Lab at

MIT. The experiments used both gaseous helium at room temperature and

liquid helium at 4.2 K in the gap between the electrodes. An arc was

inititated by passing a DC current through a thin wire fuse, producing a

partially ionized, high-density plasma in the gap. If the voltage across

the gap was high enough and the ionization of the plasma was sufficient,

the arc would be sustained. No attempt was made to study steady-state

arcing.

To realistically duplicate fault conditions which may occur in a

superconducting magnet, fuse wires of copper and of solder were used. In

each case the separation between the electrodes was maintained by a G-10

insulator having either a circular hole or a slot cut in it. A summary of

the data under a variety of experimental conditions can be seen in

Table 5- IV. Note that, despite a wide variation in the gap, temperature

and arc currents, the extinction voltages for copper fuse wires remained

16 and 27 V.

Also note that no arc extinction time is given for those cases with

solder fuses, where no arc could be established for a measurable time.

It is thought by the experimenters that the higher resistivity and lower

heat capacity of the solder in the solid state cause very rapid burnout,

reducing the amount of heating available to vaporize the metal and ionize
2

the gas. The radiative losses from a plasma vary as Z , where Z is the

atomic number. For lead Z=82, for tin Z=50, and for copper Z=29. Thus

the radiative losses from the solder fuse greatly exceed those from the

copper fuse because of bremsstrahlung radiation by high Z impurities.

These findings suggest that, if present in the magnet winding,

solder chips would be less troublesome than copper chips. Furthermore it

has been shown that the arc extinction voltage is nearly independent of

helium temperature.
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Table 5-IV Arc Extinction Voltage Data

He Temp Insulator Fuse Gap

(mm)

I

(A)

Vx

(V)

t
arc
(ms)

300 K

4.2 K,,

4.2 K

G-10, hole Cu

..

1.1

.1

1.

1.

It

G-10,

G-10,
..

slot

slot Cu
It

134

120

120

116

84

68

120

170

150

150

110

78

76

180

160

118

112

94

140

130

126

120

112

80

154

154

21

20

19

21

19

19

18

21

19

19

17

16

17

27

26

22

23

25

27

25

27

23

30

20

33

35

30

25

15

25

35

11

33

5

5

5

5

35

5

30

23

25

40

34

300 K G-10, hole

..

Cu

t!

1.9
H.

II

300 K G-10, hole
,.

solder 1.3
.. it 11

1:

1f

300 K G-10, hole
.,

solder 2.1
.. ..

5.2.2 Discharge Characteristics for Multiple Circuit TF Coil Systems

Under accident conditions it is necessary to remove the stored

magnetic energy as rapidly as possible from the set of toroidal field

coils and at the same time minimize the force inbalances and conversion of
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the magnetic energy to thermal energy within the coil winding. R.J. Thome

and others at MIT [168] have investigated means of limiting the magnetic

to thermal energy conversion through the use of multiple circuit TF coil

systems.

If only one of the k circuits powering the TF coils is discharged

only a small fraction of the total energy stored by the set needs to be

removed since the bulk of the energy is retained in the (K-l) which

maintain constant flux through the transient. Thus the single coil

affected by an operational difficulty, such as an interruption of coolant

flow or a failure in the power supply system, can be discharged more

rapidly for given limitations on the terminal voltages and final

temperature limits. There can be longer time delay before the dump of the

single faulty coil is initiated or, alternatively, the coil can be

operated in its normal mode at a higher current density. After the

discharge of the faulty coil has been initiated the rest of the coil set

is discharged on a longer time scale.

A difficulty with this mode for discharging the faulty coil occurs

when additional problems require that the remaining coils be discharged

shortly after the discharge of the first coil has been initiated. Thome

et al, have modeled the terminal voltages on each of a set of coils during

such a transient as a function of discharge sequence, number of coils and

their aspect ratio. In general, the voltage to ground during such a

transient can be considerably lower than if a single system circuit were

used.

As a demonstration of the capabilities of the code, the

characteristics of the Tokamak Fusion Core Experiment (TFCX) toroidal

field coils were modeled where the entire set was discharged through a

single circuit and then where the coils were divided into a number of

circuits and only one of the circuits was discharged. Two circuits with

alternate coils in each circuit must be used if zero net out-of-plane

forces are to be maintained on each coil during a discharge. Other

advantages can be gained through the use of more than two circuits, but

zero net out-of-plane forces on each cannot be maintained.

The characteristics of coil sets containing 12 and 16 TF coils were

modeled for discharge of the first k circuits (k=l to 8) in terms of the

energy removed, the ratio of initial and final magnetic field and the
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maximum terminal voltage. A summary of the various cases can be seen in

Table 5-V.

Table 5-V Characteristics for Discharge of the First k Circuits

Number Number of Circuits, k

of Coils 1 2 3 4 6 8

% E Removed 12 100 19.9 12.9 . 9.6 6.4 

16 100 13.1 --- 6.4 --- 3.4

B fin./B init. 12 0 0.80 0.87 0.90 0.94 ---

16 0 0.87 --- 0.94 --- 0.97

I fin./I init. 12 - 1.6 1.3 1.29 1.28 -

(adj.circuit) 16 - 1.74 -- 1.36 --- 1.35

V max[105 Vs] 12 25.6 5.07 3.33 2.43 1.67 --

16 24.5 3.19 -- 1.60 --- 0.83

E=145 GJ for B = 10 T

The initial condition for all of the cases shown in Table 5-V is

that the entire system is charged to the operating current. Then one

circuit is discharged while the remaining (k-l) circuits maintain

superconducting and at constant flux. The first line of the table gives

the percent of the energy which must be removed from the system if one

circuit is discharged, as a function of the number of circuits, k. For

example, if there are two circuits in a twelve coil system then about 20%

of the total stored energy must be removed in discharging one circuit.

About 9.6% of the stored energy must be removed in discharging one in four

circuits. As can be seen, far less than 1/k of the total stored energy

must be removed in discharging one of k circuits.

The second line of the table gives the ratio of the toroidal

magnetic fields before and after the discharge. When one of the circuits

is discharged and (k-l) curcuits remain at constant flux, the currents in

the (k-l) curcuits is changed from the initial conditions. The current in

the circuit adjacent to the discharged circuit is given in the third line

of the table. The greatest increase in current in an adjacent circuit
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occurs when there are two circuits. In this case, the current ratios are

1.6 and 1.74 for the 12 and 16 coil sets. Such a dramatic increase in

current and the continued high magnetic field has the potential for

forcing the adjacent coils to go normal during the discharge.

The final line of the table gives the product of the maximum

discharge voltage and the discharge time constant for the first circuit to

be discharged as a function of the number of circuits. The decreasing

product with increasing number of circuits illustrates the much reduced

terminal voltages with higher numbers of circuits.

This study points the advantages of rapid discharge and reduced

energy removal through the division of the TF coil system into multiple

circuits. Some measure of out-of-plane force symmetry can be maintained

and the bulk of the energy can be removed on a longer time scale. The

chief advantage is that the currents are increased, possibly forcing those

coils to go normal.

5.2.3 Small Football Coil Test

A "football" coil is wound on an elliptical mandrel such that the

conductor experiences both compression (at the ends) and tension (along

the sides) typical of the conditions in a D-shaped toroidal field magnet

[167, 168]. A small football test of an internally cooled conductor was

carried out at the MIT Plasma Fusion Center Component Test Facility during

1984. The tests included strain effects on the conductor, cyclic fatigue

measurements, thermal burnout of the terminations and internal

overpressure during a quench.

The conductor for the small football test consists of a

sheath-enclosed cable of 27-strand, bronze matrix processed Nb3Sn copper

stabilized superconductor. The short sample critical current is 1890 A at

10 T and 1140 A at 12 T. The conductor is wound in bifilar fashion on a

304 stainless steel mandrel as shown in Fig. 5-3. A total of 1.18 m of

conductor was used in the experiment. The mandrel was placed inside a

bitter coil at the National Magnet Laboratory for the test, with a

background field of 9, 10, and 11 T. The superconductor was cooled both

by the internal helium flow within the sheath and by pool boiling helium

since the mandrel was placed inside a dewar within the Bitter magnet.
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Figure 5-3

Data analysis is not yet complete following the experiments.

However, it is known that the football coil did survive more than 5000

cycles of fatigue testing on the mandrel. In addition, tests designed to

cause thermal burnout of the coil termination did not cause failure at the

expected currents.

5.2.4 Magnetic to Kinetic Energy Conversion Following Structural Failure

In the course of investigating the failure of the High Performance

Demonstration Experiment (HPDE) magnet and because of a continuing concern

for missile generation in considering fusion reactor accident scenarios,

Thome and Langton of MIT undertook an idealized modeling of a magnet
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structural failure. The purpose of the modeling was to gain an insight

into the governing parameters in magnetic to kinetic energy conversion and

into the timescale over which such conversion events occur.

Using an infinitely long solenoid as the initial model, Thome and

Langton [168] came to three major conclusions. The first conclusion is

that protective circuitry relying on resistive dissipation of the stored

energy is unlikely to remove energy fast enough to limit magnetic to

kinetic energy conversion following structural failure in high current

density windings.

The second conclusion is that by limiting the current density in the

windings, the windings themselves can absorb the total structural load

following structural failure. Although this load shifting would involve

substantial yield and deformation, it would limit the energy conversion

process. Such an accident would destroy the magnet but would mitigate

damage to other components of the plant since missile generation would be

precluded.

Finally although resistive protective circuits were found to be too

slow to limit energy conversion, inductive energy transfer can react fast

enough to limit kinetic energy transfer, even for high current density

magnets. Inductive transfer to adjacent coils, as occurs with multiple

discharge circuits in the TF coil system, can effectively prevent missile

generation following structural failure.

Since the primary safety concern in the operation of superconducting

magnets is their potential role as accident initiators, definitive

limitations and analyses of the conversion of magnetic to kinetic energy

speak directly to the safety of fusion reactor designs.

5.2.5 Failure of the High Performance Demonstration Experiment

In the design and operation of superconducting magnets much can be

learned from those failures which occasionally occur in related

technologies. In order that the information which can be gained from

those failures not be lost through lack of investigation and

documentation, the U.S. Fusion Safety Program has supported failure

analyses of related magnet and cryogenic system accidents over the past
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several years. One such incident occurred at the Arnold Engineering

Development Center (AEDC), a U.S. Air Force Research installation in

Tullahoma, Tennessee. The investigation was carried out primarily by

Richard Thome, John Tarrh and coworkers from the National Magnet

Laboratory at MIT [168].

On December 9, 1982, the High Performance Demonstration Experiment

(HPDE) magnet at the AEDC failed catastrophically while being charged in a

routine manner prior to an MHD channel test. The HPDE was a large

iron-bound copper magnet, designed to operate in either of two modes while

providing a vertical magnetic field to an active bore approximately 1 m

square by 7 m long. The two modes of operation were (1) as a continuous

3.7 T water-cooled magnet or (2) as a 6 T nitrogen precooled long-pulse

Table 5-VI HPDE Magnet Characteristics

Copper conductor weight

Aluminium structure weight

Steel weight

Pole length

Entrance aperture

Exit aperture

Half-coil height

Coil width

Space factor

Turns (total)

Length of average turn

Conductor dimensions

Cooling passages

Overall length of coil

Cooling requirements:

liquid N2 for initial

cooldown

liquid N2 for recooling

water (27 megawatts)

Peak axial fields:

cold mode at pulse peak

warm mode

83,500 kg

54,100 kg

500,000 kg

7.1 m

0.89 m wide x 0.71 m high

1.40 m wide x 1.17 m high

0.50 m

0.53 m

0.80 m

720

22 m

0.025 m x 0.025 m

0.0068 m dia.

8.72 m

64,000 liters

10,000 liters

12.8 m3/min

6.0 tesla

3.7 tesla
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cryogenic magnet. Coolant flowed through the conventional hollow copper

conductor winding in either mode. The magnet contained 84,000 kg of

copper conductor, 54,000 kg of aluminium structure and 500,000 kg of steel

in the flux return frame. Further data on the magnet can be seen in

Table 5-VI.

The force containment structure was constructed of 2219 aluminium

alloy in order to match the thermal expansion coefficient of the coil over

the 77 K to 350 K operating temperature range. The force containment

structure, shown in Fig. 5-4, was unique in its use of fingers and keys on

the longitudinal tension members and on the transverse tension members.

Trinsverse Tension Membcrs i fl

fingers at Coolan Connecing ubes
ends of

Longitudinaludin
ten on Tension
inember 1 By /. Aft Coppe Member

Side Platl

Aluminum Force Containment Structure

Figure 5-4

In Fig. 5-4, the entrance aperture for the MHD channel can be seen at the

left. The saddle-shaped copper coils run parallel to the MHD duct as

shown and surround the entrance and exit apertures at the two ends of the

duct.

The catastrophic brittle structural failure of the force containment

structure occurred at a field level of 4.1 T, well below the design field

of 6 T for the cryogenic mode of operation. The coil had been cooled to
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105 K, lower than any previous run. The coil had been energized for 39

seconds at the time of the force containment structure failure. Several

previous runs had attained or approached field strengths of 4.1 T. No

personal injury occurred because of operating procedures in force at the

time of the incident which restricted personnel access and required

operating personnel to be in remote control area.

Following the failure a structural failure analysis was performed by

R. J. Thome, J. M. Tarrh and other workers at MIT in parallel with the

investigation by a team from AEDC. Although there is some doubt

concerning the early sequence of events in the failure, evidence indicates

a localized structural failure leading to sequential overloading and

fracture of other structural components. The primary cause is apparently

a design flaw in the key and finger joining technique and the load

distribution in localized areas.

A detailed drawing of the key and finger arrangement at the collar

corners is shown in the Fig. 5-5. In the lower half of the figure note

that slight rotation of the keys within the keyways and the consequent

concentration of stress on the tips of the fingers. Note also in the

drawing that both the horizontal and vertical collar are bowing outward

Horizontal Collar

Vertical

Collar Corner before \Collar
Loading

/Note Gap

Collar Corner under
Lorentz Load

Collar Corner Behavior

-Figure 5-5

174



somewhat due to the Lorentz loads on the coils. The total sidebar force

of the coils on the vertical collars is some 178 MN, as shown in

Fig. 5-6. The lifting forces on the coils caused a lesser bowing in the

horizontal collar. The combined bending of the horizontal and vertical

collar resulted in further stress concentrations in the key and finger

assembly. The low ductility of the 2219 aluminium alloy contributed to

the sequential failure of the tension members.
'10.364 MN

10.675 MN
TOTAL LIFTING t .{

FORCE .

*ta - 1 5 . 4 15.124 M

R%;?T ^^j^^;^ TOTAL SIDEBAR FORCE

y~~\ m<S| WS(13;709 MN
53 .~7B/:\\. TOTAL LATERAL

j53.3jonH' FOR CE ON SADDLE
TOTAL LONGITUDINAL

FORCE

HPDE Magnet Saddle Coils

Figure 5-6

Failure of the collar in the end turn region lead to a sequential

overload and failure of each transverse tension member and vertical side

beam along the length of the magnet. After failure of the transverse

support structure, the longitudinal coil windings moved outward because of

the sidebar forces. The movement of the longitudinal winding was

ultimately restrained because the coil cross-section was large enough to

carry the load as an outwardly loaded arc anchored at its ends by the end

turns. A winding with a higher current density would have not been able

to restrain the sidebar loads and would have fractured in tension.

Simplified modeling of the criteria for fracture of the winding following

structural failure are included in the investigation of magnetic to

kinetic energy conversion also carried out at MIT, and summarized

elsewhere in this paper.
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5.2.6 Joint Project by the MESA Corporation and MIT on Magnet

Incident Reporting

As more and more superconducting magnets have been built, the

experience gained in their operation has been only informally shared by a

close community of magnet designers. Some of that experience has involved

accidents and failures which have not been widely reported in the

literature. Powell [11] collected information on magnet and cryogenic

system failures that had occurred up to 1976. However, little has been

done to collect, correlate and analyze incidents which have taken place

since that time.

To rectify this situation and collect information on magnet

incidents before it is lost, the MESA Corporation of Salt Lake City, Utah,

and the National Magnet Laboratory at MIT are conducting a survey of the

major magnet design and fabrication establishment in the U.S., asking

detailed information which may be of use to other magnet designers. This

work is currently in progress and will be completed during 1985.

5.3 SIMULTATION OF COMPLETE SUPERCONDUCTING MAGNET SYSTEMS

In considering the issues of superconducting magnet safety, we

usually concentrate on the possible failure modes of the magnets

themselves, ignoring interactions with the rest of the power supply and

control systems. These other associated components include the dump

resistors, instrumentation, control logic, buswork, circuit breakers and

cryogenic supply systems. Also interacting, though in a less direct

manner, are the detectors and feedback circuits which control plasma

position. All of these systems will interact, possibly in unexpected

ways, and it is important to simulate those interactions as early in the

design of fusion reactor as possible.

Owen and his coworkers at the Lawrence Livermore National Laboratory

[169-172] have addressed some of the circuit simulation problems in

developing protective circuitry for the Mirror Fusion Test Facility

(MFTF-B) magnet set. In these studies he has considered various

alternative connections of coils, dump resistors, circuit breakers and

protective diodes toward the goal of minimizing the lateral loads on the

magnets under fault conditions. A second goal has been the continued
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control of the magnet set in the face of individual failures in the

diodes, dump resistors and cirucit breakers. His analysis has generally

not included the non-linear behaviour of the superconductors and the

temperature dependent response of the dump resistors.

The Fusion Safety Program at the Idaho National Engineering

Laboratory has also been modeling the response of various reactor

subsystems through the development of the ATHENA fusion reactor transient

analysis code. As a complement to the ATHENA code, which primarily models

thermal hydraulics, the magnet circuit analysis code MSCAP is also being

developed. None of the presently available electrical circuit analysis

codes is capable of modelling the closely coupled nonlinear behaviour of a

shorted or arcing magnet systems. MSCAP will permit testing and

verification of magnet control strategies under various faulted

conditions. Additional developments of the code will model interactions

between the electrical components of the magnet circuitry and the thermal

hydraulics of the cryogenic supply system. Although still under

development, MSCAP shows signs of being a very useful tool in

superconducting magnet safety analysis.

5.4 SUPERCONDUCTING MAGNET SAFETY WORK IN EUROPE

An experimental superconducting magnet test facility, TESPE

[173, 174] has been constructed at the Kernforschungszentrum Karlsruhe

under the direction of K.-P. Juengst. This six-coil toroidal magnet

system has an overall outside diameter of 2.55 m, a maximum field at the

windings of 7 T at the 7 kA operating current, a stored energy of 8.8 MJ

and a total cold mass of 800 kg. Each of the six Nb-Ti coils consists of

5 double-pancakes, the center pancake containing a 170 mm long heater in

the peak field region for quench propagation studies. In order to be a

flexible experimental device, TESPE is also equipped with voltage taps,

strain gages, temperature sensors and other instrumentation. One of the

strain gage pairs, on the 12th winding layer, has been converted to a

point heater in order to simulate smaller sized disturbances in the coil.

Initial experimental results using the 170 mm heater have indicated

that three regions of operational stability as heater energy and operating

current are varied. Below 2.2 kA, the highest energy which can be applied

through the heater, 250 J corresponding to 22 J/cm3 was not sufficientthrough the heater, 250 J, corresponding to 22 J/cm , was not sufficient
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to cause propagation of a normal zone. Between 2.2 kA and 3.0 kA,

recovery occurs within a narrowing band of heater energies. At currents

greater than 3.0 kA, no recovery is possible. Thus 3.0 kA represents the

limiting conductors current.

Experiments using the point heater, where energy was limited to 4 J

to avoid damage to the strain gage, showed that recovery occurred for

operating current levels of 4.04 to 6.56 kA. The higher permissible

operating currents during the point heater experiments were due to the

lower magnetic field at the 12th winding layer location of the strain

gage/point heater.

A spectrum of safety specific tests for the TESPE facility are now

being considered. These tests will determine the role of quench

propagation, shorts and arc in the control of a magnet set. In addition,

instrumentation for discrimination among the various fault conditions is

being proposed.

5.5 SUPERCONDUCTING MAGNET SAFETY RESEARCH IN JAPAN

Research on the safety of superconducting magnets in Japan [175] is

being conducted in three major areas: the production of A-15 compound

conductors, the development of materials for service in radiation fields

at cryogenic temperatures and studies of boiling phenomena in liquid

helium I. Each of these areas contributes significantly to furthering the

safe operation of superconducting magnets in fusion experiments and

reactors. The A-15 compounds such as Nb3Sn, V3Si have higher critical

currents, fields and temperatures, permitting operation with large safety

margins against accident conditions. As was brought home in the failure

of the HPDE magnet, structures containing the Lorentz forces of a high

field magnet must be ductile when used at cryogenic temperatures to avoid

sequential structural failures. Radiation damage causes embrittlement of

some structural materials and degradation of conductivity in both the

superconductor and in the stabilizer.

Osamu Izumi of Tohoku University has been carrying out research on

improving the high-field performance of in situ Nb3Sn. In situ Nb3Sn

wires are produced by the precipitation of Nb Sn microstructures within

a saturated alloy rather than through diffusion as in the conventional

bronze-processed Nb3Sn. In situ Nb3Sn has the advantage of high J ,
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high strain tolerance and a simpler fabrication process. However, one of

its main defects is the rapid degradation of J in high magnetic

fields. Izumi and Nagata found that the addition of Ta and Ga, or Ta and

Ti, enhanced J and that the optimum heat treatment temperature was 550

- 600 C for Ta and Ga, and 650 C for Ta and Ti.

Tetsuo Shoji, also of Tohoku University, and his coworkers have been

evaluating the fracture toughness of 310S stainless steel and 18-20 Mn

steels at cryogenic temperatures. While 20 Mn steel showed unstable

crack growth at 4.2 K, 310S stainless steel showed higher crack toughness

at the same temperature. Acoustic emission (AE) was used during the

tests to monitor micro-fracture mechanisms. High AE activity

corresponded to a large number of secondary cracks on fracture surfaces.

Fracture toughness tests were also performed on fiber reinforced

plastics (FRP) at 77 K, where a decrease in crack sensitivity was noted

with decreasing temperature. Theoretical work is being carried out on

various strengthening mechanisms at cryogenic temperatures.

Techniques for the detection and analysis of acoustic emission

signals from superconducting magnets are being developed by Osami

Tsukamoto at the Yokohama National University. When the conductor within

a magnet moves due to the Lorentz force, acoustic signals are generated

which propagate through the conductor, structure and coolant. Reception

and analysis of these signals provides a powerful tool for monitoring and

diagnosing the condition of the magnet. Through analysis of the

reception time of AE signals at various detectors and the simultaneous

occurrence of voltage spikes on the magnet terminals, it is possible to

differentiate among conductor movement, the stresses caused by a normal

zone and signals caused by structural deformation. In addition, since

arcs within the coil induce simultaneous electromagnetic signals in all

AE detectors located around the magnet, arc emission provides a sensitive

arc detector. If the AE signals from a magnet are continuously

monitored, the condition of the coil can be better determined and the

stored energy can be safely and more rapidly discharged if required.

Because the magnets used on a D-T burning fusion reactor will be

irradiated with neutrons, the radiation degradation of the superconductor

at cryogenic temperatures is of critical importance. Hitoshi Yamoka of

179



Kyoto University has irradiated various A-15 superconductors at 20 and 330

K in fast neutron fluences. While the critical temperature, T , remains
17 2n

constant for fast fluences (> 0.1 MeV) to about 10 n/cm

irradiation of A-15 specimens at 330 K showed rapid degradation between
18 19 2

10 and 10 n/cm . Several types of elastomers used as cable

insulators were subjected to tensile and flexure tests at 77 K. Those

specimens having a low network chain density of vulcanizates showed a

distinct yielding stage in tension while those with higher network chain

density fractured brittlely with no apparent yielding.

The propagation of quenches through a superconducting magnet is

highly dependent on boiling heat transfer to the helium coolant. Akira

Sakurai of Kyoto University has done a series of experiments on steady and

unsteady boiling phenomena. Using test heaters in either a rod or plate

configuration, initial tests have been done using liquid nitrogen. It has

been found that the film boiling coefficients for the horizontal rod can

be determined by the two phase boundary layer film boiling model.

Relationships among the minimum film boiling temperature, the minimum film

boiling heat flux and the system pressure have given important information

toward understanding the mechanism of vapour film collapse. When the

vapour film collapses at the minimum boiling point, the heater temperature

rapidly decreases because of the rapid increase in heat flux, leading

finally to a convective state.

The Japan Atomic Research Institute (JAERI) is building the Cluster

Test Facility [176] at Tokai-mura. This machine, which has a stored

energy of 20 MJ, is intended to support the design of a superconducting

tokamak as the next machine after JT-60. The facility consists of a pair

of circular Cluster Test Coils (CTC) canted at 30° to one another. The

bore of the Nb-Ti CTC is 1054 mm and their build is 446 mm. The Test

Module Coil is inserted into the field between the two background coils.

The maximum field is 7.0 T at the rated current of 2145 A. As presently

configured, the Cluster Test Facility can expose Test Module Coils to

fields up to 10 T and, with minor modifications, the facility is capable

of testing to 12 T. The primary purpose in the 10 T testing is the

verification of the Nb3Sn large coil design. The first Test Module

Coil, TMC-10, is a circular coil operating at 6000 A and a winding bore of

600 mm. The cross section of the winding is 500 mm x 300 mm. Both the

CTC and TMC are cooled by pool boiling.
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The Cluster Test Facility provides a test stand for determining the

stability and mechanical toughness of high field coils under normal and

accident conditions in a tokamak configuration. One of the important

problems to be addressed is the strain effect on Nb3Sn superconductor,

which can be minimized through the optimization of conductor configuration

and the incorporation of stainless steel as a reinforcement material in

the winding. Further safety tests in the Cluster Facility are expected.

5.6 FUTURE DIRECTIONS AND RECOMMENDATIONS

At the IAEA experts meeting of fusion reactor safety held in Ispra

in October 1983, some ten recommendations were agreed upon for the

direction and coordination of superconducting magnet safety research.

Many of the programs discussed in this paper are fulfilling part of the

recommendations and the priorities, taken as a whole, constitute a fairly

comprehensive program. These recommendations are:

1) Because knowledge of the exact internal condition of the magnet is

critical to determining the proper discharge mechanism, further magnet

instrumentation needs to be developed. This instrumentation must provide

unambiguous information on the existence and location of fault conditions

and discriminate correctly among quenches, shorts and arcs.

2) Strategies for recovering the magnet system from a faulted condition

must be developed through power supply control and the dumping of stored

energy. These strategies must allow for the unavailability or failure of

individual components of the magnet system during the discharge cycle.

3) In order to get actual experimental data on the behaviour of large

superconducting magnets under accident conditions, plans should be

formulated for the use of one or more LCT magnets in potentially damaging

safety tests.

4) Failures and accidents have occurred and probably will continue to

occur in superconducting magnet systems. Valuable safety information and

lessons are contained in the tables of these accidents. A concerted

effort should be made to collect and correlate these accident and failure

reports.

181



5) The magnets in a fusion reactor will interact among themselves, with

their electric supply system and with other components of the plant. In

order to model these transient interactions, computer codes need to be

evaluated and/or developed to calculate magnet accident behaviour and the

effects on other reactor components.

6) Common cause failures such as fire, loss of power, earthquake or

improper operator training will affect all parts of the fusion plant.

Fusion safety programs throughout the world need to investigate the

consequences of such common cause failures on the operation and safe

shutdown of the magnets and their power supply systems.

7) Over the longer terms, superconducting magnet designs must be

developed such that magnet failure, either structural or electrical, is

not a credible occurrence during the lifetime of the plant. To support

these long-lived magnet designs, quality assurance techniques should be

developed to detect shorts and other faults during the winding process,

thus avoiding costly and potentially further damaging unwinding and

rewinding processes.

8) Strategies must be developed to safely discharge the stored energy

in the magnet set without structural failure for all credible fault

conditions. The instrumentation supporting these strategies must

continuously monitor both the electrical and structural soundness of the

magnet set and realtime modeling must then direct the discharge in

accordance with the magnet set condition. An additional duty of this

instrumentation and control logic is to reduce as far as possible the

frequency of spurious dumps, which cause unnecessary strain on both the

magnets and the dump circuitry.

By following the spirit of these recommendations the group in Ispra

felt that superconducting magnet sets could be developed for which their

risk of accident initiation was reduced below that of other systems in the

plant.
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6. OPERATIONAL SAFETY AND SHIELDING

6.0 INTRODUCTION

This chapter will address the protection problems associated with

the fusion reactor and its immediate environs including:

(i) Biological effects of magnetic fields;

(ii) Shielding calculation techniques;

(iii) The response of monitoring instruments to 14 MeV

neutrons;

(iv) The partitioning of HT and HTO in the working

environment;

(v) Monitoring of HT and HTO in the working environment;

(vi) Inventory monitoring for accident control (tritium

and activation products);

(vii) ICRP data required for the evaluation of

radionuclides eased or produced in fusion reactors.

The problems are a disparate group and several individuals as given

in the list of authors have contributed to the sections of this chapter.

Each section is an assessment of current knowledge, a description of

research and development that is currently under way or planned and,

finally, a series of recommendations are provided to indicate where work

needs to be stimulated.

6.1 BIOLOGICAL EFFECTS OF MAGNETIC FIELDS

The USA Department of Energy have produced guidelines for

occupational exposure to magnetic fields of between 10 and 500 millitesla

(mT) for whole body irradiation and between 100 and 2000 mT for

extremities (the lowest figure being for continuous exposure and the

highest for exposures of 10 minutes or less). The earth's magnetic field

is between 0.03 and 0.05 mT.

The evidence in support of these limits is indirect: from effects on

biological molecules in solution and on membranes with some limited

epidemiological evidence of cancer induction in children but no evidence
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from workers exposed to higher levels of magnetic fields. The evidence

for cancer induction in animals is weak and at the worst, magnetic fields

might help to promote cancer but not initiate it. Effects on moving

fluids in the body, e.g. blood, might lead to cardiovascular-related

morbidity and mortality but there is no evidence for such an effect.

Experiments with animals and fish have been undertaken but with no

consistent evidence of magnetic-field effects. The following sections

will present this evidence in more detail:

6.1.1 Magnetic Field Strengths and Guidelines

In a fusion reactor, the high-energy plasma fuel is shaped and

confined by magnetic fields. It is accepted that the reactor control

instrumentation must be located where magnetic fields do not exceed one

millitesla (mT). Thus, control room personnel will be exposed

increasingly to magnetic fields of relatively low intensity [74].

Magnetic field strength calculated for the STARFIRE design indicates that,

except for the reactor bay area (where workers are not permitted during

reactor operation), personnel would not be exposed to greater than 50 mT.

Due to shielding by structural materials, those who work in adjacent

buildings would be subject to even less than 0.1 mT or about the same as

the earth's natural field strength of 0.03 to 0.05 mT [74].

The Department of Energy of the USA sponsored a committee to

establish exposure guidelines for technologies that use magnetic fields.

Guidelines were developed to serve as an interim measure for regulation

exposures to occupational workers only and they are:

8 hour workday 1 hour or less 10 min or less

(tesla) (tesla) (tesla)

Whole body or head 0.01 0.01 0.5

Extremities 0.1 1.0 2.0

Safety standards for magnetic fields were recommended by the

Stanford Linear Accelerator Center [177]. The following table gives

their recommendations:
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Magnetic Field/gauss (a)

Extended periods short periods

hours minutes

Whole body or head 200 2,000

Arms and hands 2,000 20,000

Ketchen, et al, [1781 endorsed 0.02 T for humans continuously

exposed to magnetic fields. They arrived at this figure after a review of

the experimental literature in which no effect was reported for continuous

exposure from 0.008 to 0.01 T. Other reviews conclude that data

inadequacies do not allow for informed statements regarding permissible

levels of exposure to static magnetic fields [179].

6.1.2 Carcinogenesis and Mutagenesis

On the basis of theoretical calculations and some in vitro

experimental studies, it appeared reasonable to associate malignant tumor

formation and magnetic fields. Theoretically, magnetic fields produce a

magnetomechanical force capable of translation and rotation of particles

such as molecules, cells, etc. In addition, a change in orientation

and/or displacement of molecules having magnetic properties could disrupt

chemical reactions resulting in a change of bond formation or bond angle

distortions [180, 181]. The disagreement in the literature is based on

the magnitude of the effects likely to be seen following field exposures

at levels below 10 T [182, 183]. According to the experimentalists, "

magnetophoresis" is the diffusion motion of organic molecules in solution

in a magnetic field. Such behaviour could greatly influence biochemical

reaction rates involving the diffusion of solutes to a membrane

surface or through an assembly of membrane components. When they tested 4

compounds in magnetic field gradients of 0 to 6 mT, one paramagnetic and 3

diamagnetic solutes were diverted toward the direction of increasing field

strength [184]. Further work done with inorganic paramagnetic ions showed

a displacement of the ions in the direction of increasing flux density,

while diamagnetic species were not displaced to the same extent [185].

(a) The gauss is the unit of magnetic induction or flux intensity.

Magnetic induction is numerically equivalent to field strength.
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The outcome of these experiments agrees with the theoretical

considerations that the magnetic force on a body is proportional to its

magnetic susceptibility, the magnetic flux density and its gradient

[186]. Furthermore, the experimental results suggest a possible mechanism

for molecular biomagnetic effects. Paramagnetic components in biological

systems exposed to magnetic gradients will be subject to a force that

tends to move them away from diamagnetic structures. Examples are organic

free radicals present as metabolic intermediates and various biopolymers

containing transition metal atoms. Although migration rates were attained

at high values, they consider it possible that even smaller values could

cause significant changes in biological structures, such as membranes,

with loosely-bound paramagnetic compounds [185]. However, further

molecular studies revealed the stability of phospholipid bilayer membranes

when the magnetic field density at the membrane varied suddenly from

0 to 1 T magnetic fields [187]. Despite the studies that continue on the

influence of magnetic fields on chemical and biochemical processes at

significantly less than 10 T, at present the data are not sufficiently

clear to resolve a functional relation of biomagnetic effects due to

magnetomechanical interactions [188]. Efforts have been made to analyse

and correlate magnetic-field exposure to human cancer:

1. The well-known case of cancer in Denver children exposed to fringe

magnetic fields [189]. The authors eventually stated that there was

only a slight connection between the two events [190].

2. An analysis of occupationally exposed personnel to 60 Hz electrical

fields up to 20 kilovolts per meter and magnetic field up to 0.3 mT

resulted in the conclusion that they do not pose any chronic threat

to health [191]. Also, the lymphocytes of workers exposed to 50 Hz

alternating electric and magnetic fields in 380 kV switchyards for

20 years were compared with those of 22 workers of similar age and

occupation but without field exposure. Neither the yields of

structural chromosome changes nor the sister chromatid exchange-

frequencies of exposed workers were increased [192].

3. Workers were studied for the interaction of low level radiation from

uranium dust and "several tens" of milli-Tesla mgnetic fields (they

used electromagnetic devices for separating U-235 from U-238). The

authors could find no suggestion of increased mortality cancer in

workers so exposed when compared with those who were not subjected

to such fields [193].
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4. An epidemiological study is being continued to examine the health

changes in occupationally exposed workers [194]. Plans to quantify

these exposures so that the data can be divided into gradients are

also under way [195].

The problem of magnetic fields and cancer is still unsolved and we

tend to agree with Easterly [191] who, in his excellent review feels that

from the information available, magnetic fields might function as a weak

promoter. This means that in the concept of cancer induction, magnetic

fields are not considered initiators which transform the cells so that

they replicate their errors until promoter stimulates uncontrolled

proliferation. (Promoters: radiation, chemicals, surgical wounding and

organ removal, viral activation, etc.). Negative results were found in

attempts to induce mutation by means of magnetic fields and radiation in

mice [196], Drosophila [197] and fish [198]. Nor did Kale and

Baum [199] find a detectable effect from exposure of Drosophila to strong

magnetic fields following exposure to a gaseous environmental mutagen

(DBCP).

However, there is evidence that magnetic fields produce

modifications in: mitotic index [200], developmental rates and sizes

[198, 201], tissue and cellular respiration [202, 203], all of which

support changes in normal cellular function and proliferation.

6.1.3 Cardiovascular Risks

Moving fluid in the presence of a magnetic field produces electric

current, and magnetohydrodynamic (MHD) studies describe the motion of an

electrically conducting fluid in the presence of electromagnetic fields.

The moving fluid in the presence of a magnetic field produces currents and

voltages. This phenomenon (the noninvasive measurement of blood flow) has

been adopted in medicine with reasonable accuracy and reliability

[188, 204].

Induced voltages have been seen in the electrocardiograms of animals

exposed to magnetic fields. There was an increase in the T-wave amplitude

with increased magnetic field strength up to 1 T [179].

Analysis of the MHD effect for the circulatory system has been

attempted by several authors, but only Sud, et al [205, 206] and Kumar
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[207] have tried to provide exact solutions for a pulsating flow. The

dimensionless parameters used reduce the possibility for the direct

application of results, and their difference prevents direct comparison.

All the velocity profiles are similar and predict a similar qualitative

effect of the magnetic field which is to reduce the blood flow rate as the

magnetic field increases. For pulsed flows, this effect increases in

magnitude as the pulse rate increases.

Following a complete discussion of the various parameters associated

with blood pressure and coronary disease, Easterly [188] concludes that it

is well established that cardiovascular-related morbidity and mortality

are strongly associated with blood pressure. As such, the preferred

direction in risk estimation for this agent is in a population, utilizing

the established relationships between blood pressure and morbidity/

mortality to determine upper-bound estimates of risk. In this case, for

fields below 1 T a simple dosimetric device or methodology, integrating
2

field strength squared and time (T -days) would be sufficient to monitor

exposure [204].

6.1.4. Lower Organisms

Reviews of experimental literature go back to 1967 [208] and a new

review has appeared almost each year to date. It is apparent that the

results and interpretations of certain investigations are contradictory.

In addition, the type of magnetic field used is not always stated nor are

the conditions under which the controls were carried out. For this reason

Mahlum, et al [185] had a facility constructed which permits both the

exposed animals and the sham-exposed animals to be housed and treated

under nearly identical conditions. Their results are worth mentioning.

Trout. There was a significant enhancement (a <0.01) in the fertilisation

of trout eggs when eggs alone, sperm alone or both were exposed to 1 T

magnetic field for 1 hour prior to fertilisation. This investigation was

carried out over a period of 2 years always with the same results. The

mechanism involved cannot be explained. No statistically significant

difference (p=0.5) was found in the hatchability or survival through 6

weeks of trout eggs after exposure to static (100,000 gauss) or

oscillating (2800 to 11,200 gauss) magnetic fields and/or chlorine [209].
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Rodents. There were no detrimental effects on development when pregnant

mice were exposed to magnetic fields [210]. The dominant lethal effects

of the compound, ethylmethane sulfonate (EMS), were actually alleviated in

male mice exposed to a 1 T, static homogeneous magnetic field. Four

successive weeks of breeding showed that the smallest number of implants

in the females was found for those mated to the male group that received

300 mg/kg of EMS only. The effect was less pronounced when males were

exposed to either the gradient or homogeneous magnetic field. There was a

higher pregnancy rate among females bred to males of the exposed group.

Males that received 300 mg/kg EMS and were exposed to the homogeneous

field produced a significantly higher incidence of early resorptions than

did non-exposed males during the first week. Subsequent breedings did not

produce the same result. Nethertheless, there appears to be no consistent

effect of exposure to magnetic fields alone [210].

Rats. Pregnant rats were exposed to either a 1 T static, homogeneous

field or to a 2 T/m static gradient field. Except for an increase in

maternal weight during pregnancy (more for those exposed to the

homogeneous field) and fetal and placental weights, no signficant effects

of magnetic field exposure were found. Although litter size was

unaffected by treatment, there was an increase in fetal deaths - more in

those exposed to the gradient field. However, magnetic field exposure did

not produce teratological formations [210].

Studies that should be terminated: long-term exposures (18 months)

of female mice to homegeneous 1 T and 2 T/m fields should be brought to

completion as originally planned; mortality, morbidity, body weight

(already determined after 5 months) with a plan to obtain terminal

clinical chemistry and hematological measurements as well as organ weights

and full pathological examination of any lesions [210].

6.1.5 Recommendations

1. More epidemiological investigations on continuous or intermittent

exposure to static magnetic fields of different strengths.

2. A biochemical study of the intiation-promotion model, as well as

death as a stimulus to cell proliferation based on the alteration of

normal cell turnover consequent to magnetic field exposure.

189



3. A complete bibliographic review of only one aspect of the biological

effects of magnetic fields, to be carried out by a specialist who

can suggest further research for a resolution of the problem.

4. A dosimetric device to integrate field strength and time to monitor

exposure as suggested by Salles-Cunha [204].

6.2 SHIELDING CALCULATION TECHNIQUES

Data is presented for the USA although there is a Eurodos group in

Europe looking at the more general problems of codes for radiological

protection and useful information could come from that source in due

course.

Monte Carlo and discrete ordinate radiation transport methods are

widely used in the design of fusion reactors. Monte Carlo codes such as

MORSE and MNCP have been most widely used. The one-dimensional discrete-

ordinates code, ANISN is widely used for fusion reactor studies and their

two-dimensional codes (eg DOT 3.5) are used to obtain solutions of the

Boltzmann transport equations in various geometries. Of the codes, their

adequacy depends upon:

(1) how well the system studied can be represented in the particular

code;

(2) the cross-section data used in the transport process;

(3) the response function of the desired data (e.g. heating, radiation

damage, etc.);

(4) the desired accuracy.

There is need to validate the codes used for actual experimental

facilities, e.g. JET, TFTR, etc. and there are some accelerator-based

experiments which may contribute to this validation. The codes are

discussed in more detail below.

6.2.1 Radiation Transport Methods

Monte Carlo and discrete ordinates radiation transport methods are

used extensively in fusion reactor design studies. The method adopted

depends both on the problem being considered and on the desired results.
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The discrete ordinates method is used most extensively for those classes

of problems where the geometry of the reactor or subsystem is more readily

modelled in one or two spatial dimensions and where performance criteria

such as tritium breeding, heating, induced activation, etc., are to be

estimated over large spatial regions in the geometry. Monte Carlo methods

are adopted for those problems where three-dimensional modelling is

required such as for radiation streaming through asymmetric duct

configurations and where accurate estimates of radiation induced effects

are needed at specific locations within the sytem being studied.

Each technique attempts to solve the Boltzmann transport equation by

tracking neutrons and gamma rays as they migrate through the materials in

the system being. modelled. The transport of these neutral particles is

characterized by travel along straight lines with no intervening energy

loss between widely spaced points. When the particle collides, it may be

absorbed or scattered into a new energy and direction. The Monte Carlo

method simulates this process stochastically and obtains the particle flux

density by averaging the score at specific spatial locations from

thousands of individual particle tracks. The discrete ordinates method

treats the neutron and gamma-ray motion as it if were a gas within the

materials and uses numerical methods to solve a finite difference form of

the Boltzmann equation to follow the flow into and out of unit cells

within the system. All of the particle reactions occur within these unit

cells and the behaviour of the neutrons and gamma rays is obtained by

summing the contributions to each cell from all the cells used to describe

the system under study.

The Monte Carlo and discrete ordinates radiation transport codes

being most widely used in fusion reactor neutronics and nuclear design

calculations in the United States are reviewed.

6.2.2 Monte Carlo Codes

Several Monte Carlo codes have been written that are suitable for

fusion reactor neutronic and design calculations. Some of these codes are

listed in Table 6-I. Most of the existing Monte Carlo codes were

developed for fission reactor applications but are easily adaptable to

fusion reactor analysis. Using these codes to assess radiation transport

at the higher neutron energies that occur from fusion reactions is
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Table 6-I Monte Carlo Radiation Transport Codes for Fusion Reactor

Studies

Name Description

MORSE General purpose Monte Carlo multigroup neutron and

gamma-ray transport code. Combinatorial geometry

routines. ENDF/B cross-section data.

MCNP General purpose Monte Carlo code. Neutron, photon and

coupled neutron-photon transport. Arbitrary

three-dimensional geometries modelled by cells bounded by

first- and second-degree surfaces. Pointwise cross-section

data.

SAM-CE Monte Carlo time-dependent three-dimensional complex

geometry (combinatorial) code system. Continuous ENDF

formatted cross sections.

TRIPOLI II Three-dimensional Monte Carlo radiation transport code.

OGRE General purpose Monte Carlo gamma-ray transport code.

Continuous cross section data. Generalized

geometry.

KIM Two-Dimensional Monte Carlo program for linear neutron

transport calculations.

accomplished principally by using cross section data that extend over the

appropriate energy range.

A survey of the fusion reactor design calculations that have been

carried out to date reveals that the MORSE and MCNP Monte Carlo codes have

been most widely used. Both code systems have the inherent capability for

accurately modelling the complex geometries found in fusion devices and

their associated systems. Also, both codes contain subroutines for

estimating neutron and gamma ray flux densities at points, boundaries, and
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volumes and include methods (i.e., particle splitting, Russian Roulette,

pathlength stretching, biasing, etc.) for minimizing the variance in the

estimated flux for the various particle-tracking techniques.

Both MORSE and MCNP will treat neutron and gamma-ray transport

either separately or coupled. However, the principal difference between

the codes lies in the manner in which the cross-section data for these

processes are included. In the MORSE code, the cross-section data are

used in multigroup format with the energy group to energy group transfer

containing the probabilities for all processes. For anisotropic

scattering, each group-to-group transfer has an associated angular

distribution which is a weighted average over the various cross section

involved in the energy transfer process. Angular scattering probabilities

are approximated in Legendre Polynomial expansions. Although MORSE can

treat these scattering processes for expansions as high as P1 6, in most

multigroup libraries angular scattering data are approximated by

expansions P8, with P3 data being the most common.

In the MCNP code, the reaction probabilities and angular scattering

data are continuous in energy with the energy grid being tailored for each

isotope. Linear interpolation methods are used to determine the outgoing

energies of the neutrons and gamma rays and the angular distributions of

the scattered particles as a function of incoming neutron energy.

Selection of a particular Monte Carlo code depends on the problem

being analyzed. Although MORSE and MCNP should yield the same results for

a given problem (at least within statistics), the user should be aware

that certain problems preclude the use of multigroup data. For example,

the analysis of radiation streaming through ducts is sensitive to the

order of expansion used to fit angular scattering data. For this

application, MCNP would yield more accurate results . Estimates of

radiation leakage through thick shield assemblies or estimates of shield

effectiveness can be carried out with either code and reasonable estimates

of particle flux densities would be obtained.

6.2.3 Discrete Ordinates Codes

Most of the neutronics and nuclear design calculations for fusion

reactors have been carried out using discrete ordinates methods. The

calculational effort has been directed principally towards systems studies
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and blanket-shield performance analyses. These types of calculations are

most readily performed using the discrete ordinates method since these

codes yield estimates of the particle flux densities at all mesh points

used to describe the system geometry. A list of some of the one- and

two-dimensional discrete ordinates codes that are currently being used for

these studies is given in Table 6-II.

Table 6-II Discrete Ordinates Radiation Transport Codes for Fusion

Reactor Studies

Name Description

ANISN

DTF-IV

ONETRAN

DOT 3.5

TWOTRAN

DOT-IV

One-Dimensional codes

Multigroup one-dimensional discrete ordinates transport

code with anisotropic scattering

Multigroup neutron transport discrete ordinates code,

one-dimensional anisotropic scattering

One-dimensional, multigroup, diffusion accelerated

neutral-particle transport code

Two-Dimensional Codes

Two-dimensional discrete ordinates radiation transport code

Two-dimensional multigroup discrete ordinates code in

(x,y), (r,E), and (r,z) geometries

Two-dimensional discrete ordinates radiation transport code

TRIDENT-CTR Two-dimensional (x,y) and (r,z) geometry multigroup

transport code
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A. One-Dimensional Discrete Ordinates Codes.

The one-dimensional discrete ordinates code, ANISN has been used

extensively for fusion reactor studies. The code solves the

one-dimensional Boltzmann transport equation for neutrons and gamma rays

in slab, sphere, or cylindrical geometry. The cross sections used in

analyses may be weighted using the space and energy dependent flux

generated in the solution of the transport equation. The code includes

techniques for treating anisotropic scattering, pointwise convergence

criteria, and alternate step function difference equations that

effectively remove oscillating flux distributions sometimes found in

discrete ordinates solutions. The anisotropic scattering is approximated

using Lth order Legendre expansions of the scattering cross sections.

The analysis of toroidal systems, for example, is carried out using

cylindrical geometry under the assumption that the torus can be

represented as an infinite cylinder. The radiation distributions of the

neutron and gamma-ray fluxes are conservative within the geometric

approximation and effects due to penetrations are not accounted for.

Nevetheless, the results obtained are sufficiently adequate for design

scoping studies where estimates of tritium breeding, nuclear heating,

induced activation, etc. are required to guide design efforts. More

detailed analysis are subsequently performed using two- or three-

dimensional analytic procedures.

The remaining one-dimensional codes listed in Table 6-II have also

been used for the analysis of fusion problems. To date, these codes have

not been used as widely as ANISN.

B. Two-Dimensional Discrete Ordinates Codes

Some of the two-dimensional discrete ordinates codes that are

available for fusion reactor analysis are also given in Table 6-II. These

codes obtain solutions of the Boltzmann transport equation for neutral

particles in (x,y), (r,z), or (r,e) geometry. Spatial dimensions are

specified in two variables so, compared to a one-dimensional analysis, the

number of mesh points is squared and large commputer memory is essential

for most problems. Energy group structures and Legendre expanded

anisotropic scattering data are the same as those used in one-dimensional

codes, but consideration must be given to using the smallest number of
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groups and lowest order P since these also combine to increase core
L

storage requirements. Attention must also be given to convergence

acceleration techniques to minimize computational time.

In (r,z) calculations, which are most often used in fusion analysis,

ray effects are often introduced when the sources and detectors are small

compared to the mesh size intervals or where the medium is highly

absorbing. Angular flux densities tend to peak along rays corresponding

to the polar angles of the angular quadrature centered about the source.

Some codes (e.g., DOT 3.5, DOT IV) contain options for distributing the

source throughout the medium. Uncollided angular flux and distributions

of particles emerging from first collisions are calculated for each cell

in the system and combined with the collided flux density from the

discrete ordinates calculation.

Host of the two-dimensional calculations carried out to date for

fusion studies have been done with DOT 3.5. This code was developed for

fission reactor shielding studies but with appropriate cross-section data,

the code yields suitable data for fusion reactor analysis.

6.2.4 Status of Radiation Transport Codes

Nearly all of the codes listed in Tables 6-I and 6-II have been

used, to some extent, for the neutronic analysis of fusion reactors and

related systems. The adequacy of these codes in estimating or predicting

performance of the system depends on several factors that include:

(1) how well the system being studied can be represented in the

particular code;

(2) the cross-section data used to carry out the transport process;

(3) the response functions of the desired data (heating, radiation

damage, etc.); and

(4) the desired accuracy.

At the present time, it is difficult to assess the performance of

the codes as fusion reactor design tools since there are no neutron

devices from which measured data can be obtained for validating calculated

design parameters and data. However, several experimental programs are

under way to provide measured data for validating codes using energetic
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neutrons produced by accelerators as the source and obtaining measured

data using fusion blanket-shield mockups or experimental assemblies that

are representative of those found in fusion devices. Analysis of these

experiments using the various radiation transport codes determines the

adequacy of both the transport code and the nuclear data for fusion

applications.

6.2.5 Recommendations

The codes require validation by use of specially designed exponents

using calculators. Where the codes have been used to design shield for

existing fusion facilities, e.g. JET, TFTR, etc. it is recommended that

measurements should be made to test the effectiveness of the calculations.

6.3 RESPONSE OF MONITORING INSTRUMENTS TO 14 MEV NEUTRONS

Instruments used for radiological protection purposes are normally

designed to have a dose-equivalent response up to neutron energies of 14

MeV although at this energy most instruments underread. (If neutrons of

220 MeV are a significant fraction of the total then the instruments are

inadequate). The requirements for area and personnel monitoring are:

i) Installed neutron monitors to measure high doses which may affect

components close to the reactor;

ii) Installed neutron monitors to measure the dose equivalent in areas

accessible by personnel;

iii) Portable instruments to assess areas with signficant dose equivalent

rate for fusion reactors operating in a continuous mode;

iv) Personnel neutron detectors for recording the neutron dose

equivalent to which the wearer is exposed;

v) Pocket alarm neutron dosimeters to warn of high levels of neutron

dose equivalent which can then be avoided so as to keep the level as

low as reasonably achievable;

vi) Neutron spectrometry to ensure that the response of the detectors is

adequate to give a reasonable assessment of the neutron dose

equivalent.
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vii) Effect of neutron radiation on other monitoring instruments

measuring gamma radiation, tritium, etc.

Research and development is proceeding in all of these areas and it

is doubtful whether work specific to fusion is required. There is a

threat to increase the quality factor for neutrons although there is no

evidence to indicate a higher risk than that associated with current

levels. There is evidence of a relative biological effectiveness (RBE) of

neutrons relative to gamma radiation greater than that currently used to

produce the quality factor but the alternative of reducing the quality

factor for gamma radiation, which is more scientifically valid, is

unlikely to be politically acceptable. The fusion requirement needs to be

brought to the attention of those that are working in the field of

instrument development for neutrons.

6.4 PARTITIONING OF HT AND HTO IN THE WORKING ENVIRONMENT

Tritium as used as fuel in the fusion reactor will be in the form of

T2 or DT and any losses into the working environment are likely to be in

that molecular form initially. Elemental tritium can be converted into

the oxide form (water) by these methods (either singly or in combination):

a) Exchange with water vapour in the air;

b) Gas phase oxidation;

c) Heterogeneous catalysis of either process by surfaces.

Autoradiolysis and radiolysis by external radiation fields may

effect the reaction rates. The importance of the chemical form lies in

the ratio of the radiological impacts where the desired air concentration

(DAC) for HT is 2.5.10 times higher than the DAC for HTO. Methods used

to remove tritium from the atmosphere often involve conversion of HT to

HTO and this may increase the hazard both in the working environment and

for waste disposal.

A review of the oxidation kinetics studies and proposals for future

work in this area will be given.

6.4.1 Forms of Tritium

Tritium is a pure beta emitter whose endpoint energy is only 18.6

keV, and whose maximum range in tissue is only 6 pam. For this reason,

intimate contact with a biological target is required to effect damage and
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a hazard exists only when tritium is taken into the body. Hydrogen,

however, of which tritium is the only unstable isotope, is ubiquitously

distributed throughout living matter, principally as a constituent of

water. Therefore, the important sources of exposure to tritium radiation

can be classified conveniently into (i) water, and those structures

containing tritium which readily exchange hydrogen atoms with water, and

(ii) sources of non-exchangeable tritium. At the present time the most

important forms of the latter class are elemental (gaseous) hydrogen (HT),

metal tritides (HT) used for transfer and storage, and bound-tritium-

labelled organic molecules.

An important uncertainty in tritium dosimetry, common to all of

these forms, lies in the microdistribution of the source within microns of

the targets susceptible to radiation damage. The resolution of this

uncertainty, in turn, depends on a knowledge of the specific targets for

various mechanisms of action at a subcellular level, a determination that

cannot be made with certainty for any important health effects of

radiation. A related problem is to determine the appropriate RBE factors

to be assigned for each damage mechanism for these ionizing particles

whose energy is wholly deposited within subcellular dimensions. However,

this problem is related to the development of a general theory of

microdosimetry which extends well beyond the scope of tritium research and

development and is, in fact, a major area of current radiobiological

research.

Details of the general distribution and retention of this most

common tritium hazard (HTO) are relatively well-understood,even to the

degree of organic-bound tritium produced in tissues under various exposure

conditions. The essential uncertainties are those described above.

6.4.2 Conversion of HT to HTO

Experiments on this subject have been performed over a wide range of
-4

tritium concentrations (from 2x10 Ci/l to 325 Ci/l) with the majority of

them falling between 10 Ci/l and 1 Ci/l. Reactions that are definitely

oxidizing have been examined in the presence of hydrogen, nitrogen (in the

form of dry breathing air) or argon as dilutent gases. Exchange reactions

have been studied using water vapour in the presence of inert gas

dilutents. The remaining studies combined the two reactions and involved

tritium gas interacting with water vapour and oxygen, water vapour and dry
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breathing air. These experiments were performed in static glass bulbs at

ambient temperatures. A single series of experiments at one concentration

of tritium and at one set of conditions has been performed using sheets of

various metals, and either wet or dry air.

There is a disagreement in the results from these experiments as to

the rate and form of these reactions. As outlined above, many experiments

in this field have inadvertently produced combined rates for both

oxidation and exchange. The distinction has not often been made between

gas phase and surface reactions and the temperature dependence of the

reactions is not known. Often the form of the rate law has been assumed

prior to evaluation of the experimental results. In various experiments,

the rate of formation of tritiated water has been found to depend on the

tritium concentration to either the first or second power. This

discrepancy in the reaction order seems to depend on the tritium

concentration used in the experiment. The overall production of tritiated

water must be quite complex since fitting the available data to a single

equation yields a dependence on tritium concentration raised to the 1.5

power. Similar reactions in hydrogen are complex and involve multiple

steps.

Static bulb experiments give low production rates of tritiated

water. Experiments at Argonne National Laboratories, designed to model

clean-up procedures in a plastic box using flowing gases, have resulted in

quite a different picture. Argonne was only able to explain the results

by radically increasing (by many orders of magnitude) the rate constants

for oxidation and exchange. Since their answers strongly depended on the

models chosen, these results are somewhat suspicious. However the

presence of a heterogeneous environment, somewhat higher temperatures, and

flowing gases suggest that a low production rate (implied by the bulb

experiments) may not be applicable to a fusion facility.

General trends in the data indicate the folowing points:

a) the production of tritiated water is enchanced by the

presence of water vapour;

b) the actual rate is independent of the water vapour and oxygen

concentration;
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c) external radiation fields complicate the reaction;

d) metal surfaces enhance the rate of reaction, especially in

damp air where both oxidation and exchange reactions could

occur.

Conflicting information exists on the effect of dilutent gases and

few results are available on surfaces. Two aspects, in particular, of

exposure to HT require study:

1) Further studies of the mechanisms of uptake of HT through the skin

from contact with contaminated metal surfaces are required to

clarify observations reported in the literature which indicate

significant organic labelling and prolonged retention.

2) The principal hazard from inhaled HT is assumed in ICRP Publication

30 to be damage to lung tissue. Research recently published, and

some under way, demonstrates that an approximately equal

contribution to the effective dose equivalent results from oxidation

within the body to HTO. In addition, it is unclear whether

non-oxidized tritium within the lung is found in sufficient

concentration close enough to sensitive elements of lung tissue to

effect damage. A detailed understanding of the important targets

for lung detriment and their distribution in the lung with respect

to the inhaled tritium molecules is required to improve dosimetry.

6.4.3 Metal Tritide Particulates (MT)

Metal tritide particulates represent a new form of tritium hazard

and one about which little dosimetric information is available. A key

element yet to be determined is the stability of particles of respirable

size of the various metal tritides, such as titanium and zirconium, both

in air and in body fluids. As with all inhaled particulates, the major

factors in lung dosimetry are the retention and clearance parameters, of

which particle stability is one component. However, in the case of

tritium, a careful determination of dosimetric factors will be required

for tritium retained within the lung in particles of various sizes with

respect to targets for lung damage (see also HT above). Because of the

very short range of the tritium beta particle, these factors must take

into account lung microstructures and particle self-absorption.
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6.4.4 Tritium-Labelled Organic Molecules

This class of hazards covers a wide range of molecular forms whose

dosimetry differs primarily in respect of their retention and distribution

at a subcellular level throughout the body (particularly nucleic acid

precursors), and the metabolic incorporation of these forms in structures

near to sensitive targets. Much has been published in this regard but

many gaps remain.

6.4.5 Recommendations

It is clear from the above summary that further work is required in

this area. The work may be divided into two parts: (i) a detailed

fundamental study of the surface-catalyzed oxidation and exchange

processes and (ii) a concurrent investigation of the catalytic properties

of materials likely to be encountered in a reactor building. Both parts

are difficult and it is not at all certain whether the first will yield

results that can easily be applied in engineering, or whether the second

will yield results of sufficient generality to be useful.

Fundamental studies are required to characterize surfaces and their

catalytic activity. However, such studies by their nature will be limited

to studying specific effects on carefully prepared surfaces. Complicated

problems such as the presence of layers of oxide on the surface or

irregularities in the surface structure or both may require a long

research commitment. A more pragmatic short- term approach would be to

select certain materials and specifically examine the conversion rates on

a sample. This might appear to give more useful results except, as has

been noted above, such results are almost impossible to interpret

correctly. In particular, such studies are particularly susceptible to

major errors resulting from failure to include some small, but important

constituent into the apparatus. The temptation to commission such

simplistic studies will be great, but the reliability of applying such

specific results to the heterogeneous environment encountered in reactor

halls is most likely to be small.

Finally it will be necessary to characterize metal tritides and

identify any organic molecules lebelled with tritium.
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6.5 MONITORING FOR HT AND HTO IN THE WORKING ENVIRONMENT

The fundamental problem for monitoring around a fusion reactor is to

identify the chemical form of the tritium since the derived air
4

concentration (DAC) for HT is 2.5 .10 times the DAC for HTO. Techniques

are required for air monitoring in the working environment and the

effluent stack; for monitoring liquids used for cooling and as effluents;

and for surface monitoring on a wide variety of equipment which may need

to be handled. The different techniques available that are being developed

are reviewed in this section [53, 211-216].

6.5.1 Monitoring Methods for Gaseous Tritium

Gas-flow ionization chambers have been widely used for monitoring in

gaseous tritium. Tritium emits only beta-particles with very short

maximum range (-0.5 mg/cm2 ) and the energy of the beta-particles

deposited in a chamber is mostly used for producing ion pairs which are

detected as an ionization current. An ionization current in the air

produced by tritium of 1 Ci/cm3 is about 106A. The volume of a chamber is

from 0.1 to 100 1, and the lower detection limit is essentially about
-8 3 7 -6 3

10 -8Ci/cm , and practically about 10 - 10 - Ci/cm 

A frequently encountered problem is the memory effect resulting from

absorption of tritium on the chamber surface. To cope with this problem,

various reduction methods such as gold or platinum coatings, mesh or wire

wall, and bakeable materials (including the insulators) have been used.

The exchange of tritium on the surfaces and the flushing with hydrogen gas

or a gas of high relative humidity are effective. If possible, it is also

effective to clean up the surface by baking in a vacuum.

Separation of tritiated gas and water vapour

When various chemical forms of tritium are present in the air,

monitoring of total tritium, and of individual forms may be required. If

only tritiated gas and water vapour are present, the vapour may be nearly

completely removed from sampling gaseous stream with a desiccant, for

example, silica gel or molecular sieve. The two measurements may be made

sequentially with one ionization chamber or concurrently with two

identical chambers.
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Gamma-rays and noble gas compensation

A tritium concentration of 1 gCi/cm 3 produces ion pairs at the rate

approximately equivalent to 10 tR/h. When monitoring for low

concentration is desired, a reduction in the response to gamma-rays may be

required. If the weight of the tritium monitor is unimportant, a thick

lead shield can be used. Another widely used method is to expose a second

ionization chamber to the related gamma-ray field but not to tritiated

gaseous stream. The responses of two chambers to gamma-rays should be

equal so that the difference in the ionization currents is then equal to

that from the tritium alone. If the direction and spectrum of the

gamma-ray field are fixed relative to the tritium monitor, two separate

chambers can be satisfactorily used. When the direction and spectrum of

the gamma-rays are not uniform over the room where the monitor is

positioned (the usual case with a portable monitor), the compensation with

spatially separated chambers is inaccurate. Placing one chamber inside

the other improves the accuracy of compensation for spatially varying

gamma-fields. Two, three or more pairs of identical chambers are also

used for compensation.

When radioactive noble gases are present, the ionization chambers

are more sensitive to them per unit concentration than to tritium. If

only one nuclide is present, a detector sensitive to that contaminant, but

not to tritium, can be used to provide a cancelling signal. An end window

Geiger Muller counter or a plastic scintillator detector can be used.

Cancellation circuit for pulses due to a-rays in the chamber

operated by a pulse mode has been developed [216].

Other detectors

Gas-flow proportional counters are also used for tritium monitoring

by mixing the sample gas with a counting gas. The lower detection limits
-7 3

of concentration is about 10 1-Ci/cm .

Scintillators (organic, solid and plastic) may be used for tritium

monitoring.

Bremsstrahlung detection methods have been used to measure high

concentrations of tritium. A prototype system consisting of a sampling

cylinder, a gas circulating apparatus, a NaI(Tl) detector, an amplifier
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and a multichannel analyzer was designed. The detectable range of
-2 3 3

concentration was from 1 x 10 to 1 x 103 lCi/cm [217].

6.5.2 Tritium Monitoring Techniques in Japan

Tritium monitoring techniques in JAERI, Japan, were developed on the

basis of the experience with the heavy water moderated research reactors,

(JRR-2 and JRR-3) and with tritium gas targets in accelerators. These

techniques will be applied, with some modification, to fusion facilities.

The emphasis in research and technology development is placed on the fact

that large quantities of tritium are handled, mainly in hydrogen gas form,

in fusion facilities. The current air monitoring techniques for tritium

in gaseous effluents and in working environment in JAERI are summarized

with the detection limits in Table 6-III [218, 219].

Table 6-III Monitoring Techniques of Airborne Tritium in JAERI

Sampling Instrument or Detection limit

method sampling material (gCi/cm )

Ionization chamber

(Volume : 1500 cm3 ) 2 x 10 5

Direct

sampling Ionizaton chamber

type monitor 10 - 10

Condensation Cold trap - L.S.C.* 10-l

-11 -12
Adsorption Silica gel - L.S.C.* 10 - 10

Bubbling Water bubbler - L.S.C.* 10- 7

Oxidation Catalyzer, adsorbent,

+ adsorption L.S.C.* 10 -10 - 1 2

* L.S.C.: Liquid scintillation counter

(The minimum detection limit is 10 -6Ci/ml)
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In environmental monitoring, air concentrations of tritium (HT and

HTO) are measured using an atmospheric tritium sampler, consisting of

molecular sieve columns and a catalytic oxidizer with a hydrogen generator

[220]. Biological samples such as pine needles, as an indicator are

monitored, in addition to the ordinary environmental samples such as

vegetables.

Main items of tritium monitoring techniques under development in
-2 3

JAERI are a tritium gas monitor for high concentrations of 10-2 1Ci/cm

to a few mCi/cm which is based on the detection of bremsstrahlung

radiation [217]. Calibration techniques for tritium gas monitors are also

being developed [221, 222].

6.5.3 Monitoring Philosophy and Requirements in Canada

The philosophy developed for monitoring the Candadian tritium

extraction facility is designed to meet the following objectives:

(1) assess tritium hazards in radioactive areas. This facilitates

radiological work planning and selection of appropriate protective

equipment;

(2) provide prompt warning to personnel in work areas of any sudden

increases in total tritium concentration;

(3) determine quickly the quantity and species of any tritium releases

into the work area or environment;

(4) provide routine data on tritium contamination (species and

level) in different areas.

Utilization of the four monitors to be described will enable these

objectives to be met in an economic and safe manner and consideration will

be given to the instruments needed for effluent monitoring, health

protection and process control.

The requirements for compliance monitoring of tritium emissions from

fusion facility through ventilation exhaust stacks may be based on

separate release limits for HT and HTO. Therefore, discriminating stack
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effluent monitors may be required. Should chronic tritium levels in the

stack not be high enough to warrant the use of discriminating monitors

then total tritium can be monitored.

Work areas will require fixed tritium monitors. Assuming a range of

0.2 DAC to 10 DAC, (although 10 DAC may be low for emergency

situations), these instrument would alert staff to small but significant

increases in tritium; alarm locally for large increases in tritium

concentration; and provide a continuous monitoring capability following

possible accident situations.

Given the potential for relatively high chronic levels of elemental

tritum at fusion facilities, and the need to avoid false alarms being

caused by levels of total tritium, fully discriminating tritium monitors

may be required throughout the facility. If not, simple ionization

chambers may be adequate for most situations with the use of

discriminating monitors when appropriate.

Fusion facility process systems will require accurate monitoring

data on tritium concentrations. The operating ranges will vary widely

(0.01 Ci/m to 2.5x 10 Ci/m ) and be process specific. Discrimination

may be required.

Techniques for monitoring for tritide particles, in liquid effluents

and on surfaces will also be required.

6.5.4 Tritium Monitors in Use or Under Development in Canada

The following instruments are available or under development in

Canada where the particular problems associated with heavy water fision

reactors present many tritium problems. The techniques developed can be

applied to tritium monitoring in fusion reactors.

Scintrex - portable tritium-in-air monitor

This is a hand-held instrument capable of measuring down to

10 lCi/m . A single range allows readings of concentrations up to 20,000

Ci/m . This instrument is commercially available.1.Ci/m . This instrument is commercially available.
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Fixed HT/HTO discriminating monitor

The monitor under development at the Nuclear Laboratories of AECL,

[223] consists of a sample conditioning system; ionization chambers to

measure the concentration of total tritium and HTO in the sample gas; and

associated electronics to drive displays, alarms and outputs for remote

monitoring. The monitor, although designed primarily for health

protection purposes, will be suitable for a variety of process monitor

applications.

The instrument will perform the following functions:

a) It will measure the air concentration of total tritium and of HTO
3

and display such concentration in units of gCi/m . Other units
3

such as MBq/m , MPCa, DAC, etc. will be available as options. The

displays will be updated at least once every minute.

b) It will provide local visual and audible alarms together with relay

contact closures for remote alarms on the following conditions:

i) high total tritium and/or high HTO concentration, and

ii) instrument fault.

The concentration alarm levels will be field adjustable. The

instrument fault condition will occur if any of the process

operating parameters are out of their normal range or if the

instrument has shut down to protect itself from a potentially

damaging situation.

c) It will provide a permanent chart record of the concentration of

both species and indications of periods of instrument fault and

alarm conditions.

d) It will be designed to permit the installation of an additional

optional channel to measure the activity of gamma-ray emitters such

as noble gases, in the sample air.
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The detailed specifications are the following:

(i) HTO channel

Range: 1.0 mCi/m3 - 1.99 x 106 iCi/m

Resolution: 2.0 vCi/m for concentrations less than

100 jCi/m otherwise 2%.

Accuracy: 5.0 uCi/m 3 for sample concentrations less than
3

50 mCi/m , or

± 20% of reading for sample concentrations more

than 50 mCi/m3 (includes both calibration and

drift error in the absence of other airborne

radioactive species and external radiation fields).

Display: 4 1/2 digit display showing concentration in

mCi/m.

Response The response time will be characterized by:

Time: a) delay time of not more than 2 min., followed

by:

b) an approximately exponential approach to

equilibrium with a time constant of less

than 10 minutes.

However, for all sudden increases in HTO concentration, the
-3

integrated tritium exposure (mCi.m .h) prior to the

sounding of an alarm will be less than that which would

result from a chronic concentration of just less than the

alarm level lasting over a working day.

(ii) Total Tritium Channel

Range

Resolution

Accuracy

Display

3 3 9 3
1.Ox 103 iCi/m - 1.99 x 10 ICi/m

2.0xlO3 uCi/m for concentrations less than

1.Ox10 5Ci/m3 otherwise 2%.

5.0 x 103 Ci/m 3 for sample concentration less than 50 x
3 3

103 Ci/m , or ±20% of reading for sample concentration
3 3

more than 50 x 10 mCi/m , (includes both calibration and

drift error in the absence of other airborne radioactive

species and external radiation fields).

4 1/2 digit display showing concentration in units

of Cim3of mCi/rm
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Response the response time will be characterized by:

Time i) a negligible delay(less than 10 s), followed by,

ii) an approximately exponential rise to equilibrium

with time constant of less than 1 minute.

However, for all sudden increases in tritium concentration,

the integrated tritium exposure (.Ci.m .h) prior to the

sounding of an alarm will be less than that which would

result from a chronic concentration of just less than the

alarm level lasting over a working day.

(iii) Discrimination

The instrument will be designed to discriminate between total

tritium and HTO as follows:

a) the indicated concentration in the HTO channel which is due to the

presence of HT in the input stream will be less than 1 part in 10

of the indicated concentration in the total tritium channel.

b) the presence of a hazard will not be masked by other species.

Superfluous alarms are, however, possible.

c) the presence of ambient gamma-ray fields will introduce an

uncertainty of less than ± 15 vCi/m 3 tritium per mR/h of gamma-ray

background.

d) An optional noble gas measurement can be made available. In the
41

presence of a single noble gas species, such as Ar, this signal

could be used to correct the indicated concentration in the tritium

channel. However, for mixtures of noble gases, this information

will only have qualitative value.

(iv) Outputs

In addition to the two digital displays of the concentration of the

two species, the instrument will have the following outputs:

a) A two-pen chart recorder logging the logarithm (base 10) of the

concentrations of total tritium and HTO separately will be

provided. The recorder will also log all alarm conditions.
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b) Two separate 4-20 mA outputs representing the logarithm (base 10) of

the concentration of each species will be provided. Each current

output will be capable of driving a load of up to 500 ohms.

c) Separate alarm relay contacts will be provided for high

concentration alarms and instrument fault conditions. The relays

will have contact rating of at least 28 V DC, 7.5 A for resistive

loads and 115 V AC, 5 A for inductive loads.

(v) Electrical supply

The measurement accuracy specified above will be maintained over the

range of power line supply 105-135 V AC and 58-62 Hz. Power outages less

than 2 hours duration or transients will not affect the program or

parameter memories in the electronics. In the event of a power outage,

the analyzer stops operating but normal operation will resume when power

is restored.

(vi) Sample characteristics

The measurement accuracy specified in Section 3 above will be

maintained for the following sample conditions:

i) temperature 10-40 C

ii) pressure atmospheric

iii) flow 8-10 1/min

iv) relative humidity 1-95%

(vii) Ambient conditions

The measurement accuracy specified in Section will be maintained for

ambient temperatures 10-40 C.

NOTE: The upper temperature limit is likely to be controlled by the

performance of the Nafion dryer. Although this is a target, further

tests are required to determine a practical high temperature limit.
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(viii) Installation requirements

Electrical power

Water

Instrument Air

Operation with

possible.

115 V AC at 10 A

1 1/min at 500 kPa; (quality to be

specified at a later date)

12 1/min at 200 kPa; (quality to be

specified at a later date)

alternative voltages and line frequencies is also

(ix) Reliability

The monitor will be designed to have a failure rate of less than

4/year with an availability of greater than 90%.

This instrument, which will be available during 1985, is based on an

AECL-CRNL prototype which has been in operation in the CRNL tritium

laboratory since 1981. The cost of the instrument has yet to be determined

but preliminary estimates indicate that it will be in the range of $

70,000 CDN.

Portable HT/HTO discriminating monitor

This monitor is being developed to provide a reliable, direct

reading instrument to measure, and warn of abrupt changes in, tritium

levels at the work station, allowing workers to avoid unexpected

exposures. The monitor, based on condensation of HTO on ultra thin plastic

scintillator, is being developed by Ontario Hydro. Prototypes are under

construction and will be tested by Ontario Hydro during 1984. The

specification is as follows:

Dynamic Range

Response Time

HTO/HT Discrimination

10 to 107 pCi/m 3

Approximately 5 minutes to

complete a cycle during which

net counts of HT and HTO are

determined.

Relative sensitivity of HTO to HT

at 20 C and 40% relative humidity is about 200.
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Gamma, X-ray and noble gas compensations are provided as is an alarm

function.

The instrument, which is not yet commercially available, will cost an

estimated $ 10,000 CDN.

Discriminating tritium bubbler

A tritium bubbler, utilizing wet-proofed catalyst technology, is

presently being developed. Tritium oxide will be removed in a conventional

bubbler, the air sample will then be fed to a bubbler containing

wet-proofed catalyst where elemental tritium will be converted to the oxide

form.

The estimated cost and availability of this instrument has yet to be

determined.

Tritide particles

The structural materials of systems carrying high purity tritium may

contain significant quantities of tritium as a result of implantation/

diffusion. When such systems are disassembled for maintenance, significant

airborne levels of tritide particles may be produced. It has been

suggested that inhalation of such particles represents a greater internal

radiation hazard than inhalation of tritium oxide. However, further

research into the dosimetry of tritide particles is necessary in order to

determine the needs for monitoring equipment.

Commercially available monitors for radioactive particles in air

generally determine the gross beta or gross alpha activity concentration

and do not provide differentiation between the different radioncuclides

that may be present. These monitors are not well suited to the detection

of tritide particles due to the problems associated with absorption of the

low energy, tritium, beta radiations. If the radiological hazard due to

tritide particles is indeed high, the development of monitors providing

direct readout of the airborne particulate concentration may be justified.

In any case, techniques for sampling and analysis for tritide particles

should be developed.
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Tritium in liquids monitoring

An automatic, on-line monitor for tritium in liquid effluents has yet

to be developed which can produce reliable, reproducible results. Ontario

Hydro has tested a number of devices intended to perform this function, but

none of these were found to be practicable for routine use due to the

deleterious effects of the accumulation of contaminants.

Such a monitoring system would represent a significant improvement in

safety due to faster response time afforded by an on-line system (as

compared with the grab sample methods currently in use).

Surface contamination monitors

The currently available monitors for the detection of tritium

contamination on surfaces are of limited use because they require special

surface conditions which are not typical of industrial applications, e.g.

flat even surfaces. Further work in this area is required to develop

techniques which allow reliable, reproducible determination of tritium

contamination not only of system components, e.g. following disassembly and

prior to transfer to maintenance facilities, but also of personnel, i.e.

hand, foot and clothing monitoring.

6.5.5 Recommendations

The development of prototype and commercial HT and HTO

discriminating monitors, which are expected to meet the needs of the

fusion community, is well under way. In-service performance information

is required before they can be evaluted and experience transferred to a

new generation of monitors.

6.6. INVENTORY MONITORING FOR ACCIDENT CONTROL

Tritium will be the most important radionuclide for accident control

but the loss of other radionuclides in a fire must be considered and

should be included as part of the inventory monitoring. A discussion on

the control of tritium is included in section 6.6.1 with a list of other

radionuclides in section 6.6.2.
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6.6.1 Tritium Inventory Monitoring for Accident Control

There may be chronic and acute releases of tritium within a fusion

facility. It is necessary to measure the buildup of (and conversion to

oxide) of tritium in expected areas (e.g. inside a glove box), and in

unexpected areas where any tritium releases might accumulate. Such areas

would include "dead" air in corners of rooms, around equipment, in

basement rooms and inside control panels and other equipment. Assuming

that tritiated compounds are being accumulated in various unlikely areas

of a facility it is necessary to consider:

(i) how best to monitor these areas;

(ii) estimate the accident potential;

iii) identify process tritium accounting methodology;

iv) information required

Ad(i): How to monitor these areas. Fixed and portable discriminating

monitors are available. Monitors with fixed sampling points may be used

for areas with difficult access. Portable discriminating monitors may be

used by personnel working on or around equipment to ensure that local

levels of tritium do not exceed permissible limits.

Ad(ii): Estimate accident potential. Accident potential is based upon

quantity and form of tritium released. Following a major release it

should be assumed that tritium will contaminate normally uncontaminated

areas. During operation of the facility, a routine radiation surveying

programme should be organised. Areas, enclosures etc. with a potential for

the buildup of tritium should be identified and surveyed. The more

unlikely areas should be monitored routinely on a less frequent basis and

certainly after an accident.

Ad(iii): Identify process tritium accounting methodology. At appropriate

time intervals, routine operation of the tritium systems will be

discontinued and the inventory of tritium determined. Fusion reactors

containing several kilograms (10 Ci) of tritium require tritium accounting

systems accurate to within tens of Ci (1 ppm). As tritium decays,
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permeates, is consumed in the reaction process; and is present in a number

of phases and chemical compounds, it will be very difficult to achieve the

assaying accuracy required.

Direct accounting methods to measure the concentration are not

accurate and therefore the tritium must be transferred to a separate

container to measure the quantity. Tritium gas will be transferred from

process systems to storage containers and assayed by its pressure, volume

and temperature (PVT) and gas chromatography. Losses of tritium during

routine operation of facilities, for example via ventilation systems and

radioactive wastes, will be continuously monitored and provide input to

the inventory process. It is suggested that all rooms be sealed with air

locks so that all air passes the monitoring point.

Ad(iv): Information required

a) A review of available methods in the world and particularly in Japan

and Canada is given in Section 6.5. The methodology described for tritium

assay will be employed during the next few years in a number of

facilities, e.g. TSTA, JET, TFTR. Deficiencies in the proposed

methodologies will be identified at this time. Meanwhile there is no

reason to conclude that additional work is required other than that

outlined in section 6.5.

b) It would be useful to have an international effort in compiling data

on tritium retention for materials commonly used in tritium systems. This

would provide the facilities with data on which to estimate "holdup".

6.6.2 Inventory Monitoring for Activated Materials

It will be difficult to monitor the build-up of radionuclides in

bulk materials. However some knowledge of the levels will be required in

case of major accidents during operation and finally for decomissioning

and waste disposal (Chapter 8). A list of radionuclides that could be

produced is given in Table 6-IV.

6.6.3 Recommendations

The list included in this section should be updated if new materials

are proposed.
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Table 6-IV

Derived Air Concentrations or Half-lives for Radionuclides nf Tn-nroc; in 1ic -nUL Ll·CLUL CD I &· UD *U11 

Radio- DAC(a) Half- Radio- DAC(a) Half- Radio DAC(a) Half-
3 3 3

nuclide Bq/m life nuclide Bq/m life nuclide Bg/m life

H-3

He-6

Li-8

Be-10

Be-ll

C-14

N-13

N-16

0-19

F-18

F-20

Ne-23

Na-22

Na-24

Na-25

Mg-27

A1-26

A1-28

A1-29

Si-31

Si-32

P-32

S-35

S-37

Cl-36

C1-38

Nb-92

Nb-92m

Nb-94

Nb-94m

Mo-91

Mo-93

Mo-99

Tc-97

Tc-98

9
3.10 Ar-37 5.101

6
Ar-39 7.100.8 s

0.8 s
2.1

2. 10

14 s

4.1044.10

4
1.10

3
1.10

5
4.10

1
8.10

3
6.10

4
3.10

3
4.10

6.10

3
3.10

4
2.10

4
9.10

.105.10

10 min

7s

29 s

110 min

11 s

38 s

2.6 yr

60s

10 min

2.3 min

6.6 min

5 min

1.2.10 yr

10 d
4

2.10 yr

6 min

15 min

Ar-41

Ar-42

K-38

K-40

K-42

K-44

Ca-41

Ca-45

Ca-47

Sc-44

Sc-46

Sc-47

Sc-48

Ti-44

Ti-45

Ti-51

6
2.10

3
6.10

4
7.10

6
1.10

4
6.10

4
1.10

4
1.10

5
2.10

3
4.10

4
5.10

4
2.10

9.10

.104.10

Fe-53

Fe-55

Fe-59

33 yr Fe-60

7.7 min Co-57

Co-58

Co-58m

Co-60

Co-61

Co-62

Ni-57

Ni-59

Ni-63

Ni-65

Cu-62

Cu-64

Zn-63

6 min Zn-65

Sr-89

8 min
4

3.10

5.103
2

1.10 2

7
2.10

7
3.10

9
2.10

.6
1.10

11
1.10

1.6 min
4

5.10
4

6.10
4

2.10
5

4.10

10 min
5

3.10
6

1.10

4.103
3

2.10
1

6.10
3

4.10
3

9.10
3

2.10
4

4.10
2

1.10
3

2.10

2.i03

5.105

1.10

1.103

1.104

6 min

8.104
4

3.10

1.105

V-48 9.103

V-49

V-52

Cr-51

Mn-53

Mn-54

Mn-56

Cd-109

Cd-115

Cd-115m

In-114

In-116m

In-118

Sn-111

Sn-113

Sn-117m

3.105

3.105
5

2.10
4

1.10

2.105

4 min

5.102

2.104

8.102

Sr-90

Y-88

Y-90

Y-91

Zr-89

Zr-93

Zr-95

Ta-182

W-181

W-185

W-187

Hg-203

Hg-205

T1-202

T1-204

Pb-203

72 s

5 s

3.106

9.103

2.104
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Table 6-IV continued

Radio- DAC(a) Half- Radio- DAC(a) Half- Radio DAC(a) Half-

nuclide Bq/m3 life nuclide Bq/m life nuclide Bq/m3 life

Tc-99

Tc-99m

Pd-107

Ag-108

Ag-108m

Ag-109m

Ag-llOm

1.104
6

4.10

3
6.10

2 min

Sn-119m

Sn-121m

Sb-125

Cs-137

Hf-178m

Hf-181

Hf-182

4
2.10

3
8.10

3
8.10

3
2.10

1
2.10

3.103

1.11.10

Pb-205

Pb-209

Bi-207

Bi-208

Bi-210

4
2.10

5
9.10

3
5.10

1
1.10

3.7.10 yr

210
4.10

20 s

1.1031. 10
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6.7 ICRP DATA REQUIRED FOR THE EVALUATION OF FUSION RADIONUCLIDES

The data for the Limit of Intakes of Radionuclides by Workers is

contained in three parts of ICRP30 (1979, 1980 and 1981). Whereas

Table 6-IV gives the list of all radionuclides of interest the following

radionuclides with half-lives greater than 1 min are not on the ICRP lists

and could be required in the future:

Radionuclide

N-13

F-18

Na-25

Mg-27

A1-28

A1-29

S-37

Ar-42

T-51

V-52

Fe-52

Co-62

Cu-62

Nb-92

Nb-92m

Nb-94

Nb-94m

MO-91

Ag-108

In-114

Hg-205

Bi-208

Half-life

10 min

110 min

1 min

10 min

2 min

7 min

5 min

33 yr (a)

6 min

4 min

8 min

2 min

10 min

1.2 x 108 yr (a)

10 d (a)

2x104 yr (a)

6 min

15 min

2 min

1 min

6 min

3.7 x 105 yr (a)

Note (a) These radionuclides have long half-lives and if they are really

significant then a request for data from ICRP should be made.

ICRP [224] recently commented on the use of the limits for

members of the general population.
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7. ENVIRONMENTAL IMPACT

7.0 INTRODUCTION

This chapter will address the protection problems associated with the

release of radionuclides into the natural environment starting with the

calculation of the dose to man from tritium released from a stack, its

conversion from HT to HTO in the environment, movement of tritium and other

radionuclides through the food chain and, finally, the partitioning of

tritium in man. The various contributors to this part of the report are

mentioned in the list of authors.

Each section of this chapter is an assessment of current knowledge, a

description of research and development that is currently under way or

planned and finally, recommendations are provided to indicate where work

needs to be stimulated.

7.1 CALCULATION OF THE DOSE FROM 1 Ci OF HTO RELEASED FROM A STACK

This was considered to be a relatively straightforward exercise to

establish benchmark conditions for dose equivalent estimation for a release

of HTO from a stack. If agreements can be reached on a defined problem

then a complete set of data can be produced.

Defined conditions are as follows:

a) Release of 1 Ci for a short-term (~30 min).

b) Assume inhalation and skin absorption.
3

c) State conversion factor from Ci.s/m to rem

(and/or rem/Ci intake).

d) Provide data for stack heights 0, 10, 30, 50 and 80 m.

e) Provide data at distances of 100, 200, 500 m, 1, 2, 5 and 10 km.

f) Weather conditions: Pasquill category F, wind speed 1 m/s.

g) Give similar dose-equivalent data for worst weather conditions.

7.1.1 Method of Dose Calculation

The doses to the public around a site due to tritium released from a

fusion reactor are estimated from the atmospheric concentration of

tritium. Calculation of the tritium concentrations in normal and accidents
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around a site is made with the observed meteorological data and the

Gaussian plume diffusion model. In Japan the Meteorological Guide for

Safety Analysis of Nuclear Power Reactors [225] is used. For tritiated

water vapour (HTO), calculation of the internal dose is made for the intake

via inhalation, skin penetration and also ingestion of food. In the case

of tritiated hydrogen gas (HT etc.) only the lungs are exposed to beta

rays from tritium contained in lungs. The latter dose is up to 4 orders of

magnitude smaller than the former one at a given tritium concentration

[226,227].

Table 7-I. shows the doses per unit tritium concentration in the air

[228] which were calculated with the model in ICRP Publications and the

intake rates given in the Guide for Methods of Evaluating Compliance with

the Dose Objectives around a Site of Light Water-Cooled Nuclear Power

Reactors [229] and the transfer rates given in the U.S. NRC Regulatory

Guide [230]. As shown in Table 7-I. the dose via ingestion is small

compared with that due to inhalation and penetration through the skin.

This is different from the cases for other nuclides such as radioiodine.

Table 7--I. Yearly Doses via Main Pathways per Unit Tritium Concentration

in Air (Soft Tissue Dose of HTO)(a)

Exposure Pathways Yearly Dose

mrem/yr

iCi/cm 3

Inhalation and skin penetration 7x108

Intake of leafy vegetable 4x10

Intake of milk 4x10

Intake of rice 2x10

Note(a): Yearly dose in lung per unit concentration of HT in air is

3x10 (mrem/yr per gCi/cm 3 )

_ 
_~~31

When tritium is released in hydrogen gas form, the most important

parameter in estimation of the doses to the public is the conversion rate

from hydrogen gas to its oxide. At present, in calculations of the doses

to the public around the facilities, the conversion rate is assumed to be
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1% per day conservatively [228], based on the published data including that

of 0.2% per 5 hours in accidental releases such as in Savannah River Plant

[231]. In the method of dose calculation for the released tritiated

hydrogen gas, more information on the conversion rate in the environment is

necessary, including the isotopic exchange with water vapour, the oxidation

by oxygen, photochemical reactions, and biological reactions [232].

7.1.2 Examples of Dose Calculation

Calculations were made on the environmental doses due to tritium

released in normal operation and in accidents for the case of a site of the

JAERI mainly based on the Guide for meteorological analysis [225] as

described above. The parameters given in ICRP Publication 30 [227] are

used in this calculation.

Calculation of radioactivity concentration in air

Concentrations in air above the ground of radioactive materials

released continuously are calculated based on the equation below for plain

topography under the assumption that the meteorological conditions such as

wind directionand speed are constant and that the concentrations are in

normal or Gaussian distribution both horizontally and vertically.

Q y2 H2

X(x,y,0) = -------- exp( - ---- ) exp ( ) (7.1.1)

3600ra a U 2a 2 2a 2

yz y z

where

X(x,y,o) atmospheric concentration of radioactive

material at a point (x,y,o) (Ci/m3),

Q release rate (Ci/h),

U wind velocity (m/s),

H height of the effective release point (m),

ay ,z standard deviation of cloud width in horizontal and

vertical direction (m); when or is larger than 1000 m,

1000 m is used for a.
z
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Dose calculation for normal operation

(1) Calculation of_the_yearlv average concentration

The doses of general public around the site in normal operation are

obtained from the yearly average concentration: at given points they are

calculated on the basis of Eq. (7.1.1) , using the sum of the inverse

wind speed for every wind direction (d) at every atmospheric stability

condition (s), Sds, by superposing the contribution of plume transported

both in the given direction and its neighbouring directions. The value

of Sd is calculated from the following equation [225].
d,s

N 6d,s,i
S d,s,i (7.1.2)
d,s i=l Ui

where

N the number of data points observed,

U. wind velocity at time i (m/s),

6 d,s,i 6ds = 1 when the wind direction is "d" and the

atmospheric stability is "s" at time "i", in other

cases 6d,s, i = 0
d,s,i

Calculation of the average concentration was made for a release

height of 80 m, using the meteorological data obtained during the year

1978 on one of the JAERI sites; the tritium release rate from the stack

was taken as 1 Ci/h (8760 Ci/year), with the plume-rise height ignored.

Figure 7-1 shows a maximum of the yearly average concentrations in

all the 16 directions as a parameter of downwind distance from release

point. It is seen from Fig. 7-1 that the maximum concentration is

4.5 xlO 11 yCi/cm at 600 m downwind.

(2) Doseestimation

The doses to the public around the site were estimated based on the

above maximum concentration of 4.5 x 10- 1 lCi/cm3 and yearly doses per

unit tritium concentration given in Table 7-I. Results of the

calculation shows that the dose (committed dose equivalent of soft

tissue) from inhalation and skin penetration is 3.2x10- 2 mrem/yr. The

total dose through all the pathways of HTO including intake of leafy

vegetables, of milk and rice is 4.5x10- 2 mrem/yr.
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As seen from the above, the maximum dose of the general public

around the site in normal operation is far below the dose limit to the

public, 500 mrem/yr, and also is small compared with the design target

dose, to the public based on the ALARA concept, of 5 mrem/yr from both

gaseous and liquid effluents, for light-water-cooled nuclear power plants

in Japan.

Dose calculation for accidents

(1) Calculation of_disRersion factor_(relativeconcentration)

The most severe dispersion factor (relative concentration) covering

the 97% of observed meteorological data is used to estimate the doses in

accidents. The method of calculation is as follows.

The dispersion factor (X/Q) is calculated for every direction,

using hourly meteorological data and the effective release duration (T)

which is defined by considering the time change of release rate of

radioactive material. Equation (7.1.3) is used for the calculation.

1 T
X/Q = - (X/Q)i 6 d,i (7.1.3)

T i=l

where

(X/Q) = dispersion factor during the effective release

duration (h/m ),

T = effective release duration (h),

Q = release rate (Ci/h),

(X/Q)i = dispersion factor at time i (h/m ),

d,i = 1 if the wind direction is d,
d,i

6 d, = O if the wind direction is other than d,

X = concentration on the axis (y=O) ( Ci/m3 ).

At a given point in each direction, the values of X/Q are arrayed

in the order of increasing value and the value at a 97% level, (X/Q)9 7 Y,

of this increasing value array is taken. The maximum of the values

(X/Q)97% in all the 16 directions is used for dose calculation.
y 11
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Calculations were made, similarly to the case of normal operation,

for a release height of 80 m, using the observed meteorological data

during the year 1978, with the plume rise height ignored. Maximum values

of (X/Q)9 7% in the 16 directions are shown in Fig. 7-1 as a function of

downwind distance using the observed meteorological data assuming T=l.

Calculations were made with the computor code CQDQ developed in JAERI.

The maximum value of (X/Q)9 7 is 7.6x10 10 h/m at a distance of 2000 m

downwind.

(2) Dose calculation

Assuming 10 Ci of tritium is released in 1 hour, the doses to soft

tissue and lungs were estimated at the maximum of (x/Q)9 7 %, being 7.6 x

-10 3
10 h/m , in Fig. 7-1. The dose calculation was made for both cases of

water vapour and hydrogen gas. Results of the calculation are as follows.

810

5x101° - 5x 109

Stock Height -
80m -

10 9 -
E 1060 _ - 109 -

-11 (x/Q) 3 -10o 5x10 5x10

Q _

10
2o 10 to

- 5x16 5 x I 

ld12 I I I lI I I I ! l 10

0.1 0.5 1.0 5.0 10.0 15.0

Downwind distance (Km)

Yearly average concentration (Cav ) and dispersion
factor( x/Q )97% as a function of down wind distance

Cav(/Ci/cm3); Yearly average concentration for release
rate of 1 Ci/h

(x/Q)97.o(h/rn3); Maximum value of (x/Q)97% in all the 16
directions for release duration of 1 hour

Fig. 7-1
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If the total tritium released is in water vapour form, then the

maximum dose to soft tissue from inhalation and skin penetration is
3

0.9 mrem. A breathing rate of 1.25 m /hr was assumed.

For the release of tritium in hydrogen gas form, the doses to the

lungs and soft tissue were calculated by assumming a conversion rate of

1 % per day and a wind velocity of 400 km/day (4.6 m/s). In this

calculation, Eq.(7.1.1) of the Gaussian plume model was taken as

applicable up to very great distances.

Figure 7-2 shows the doses of soft tissue and lungs from inhalation

and skin penetration (DST,DL) and the concentration of hydrogen gas and

water vapour converted from hydrogen gas (CHT,CHTO) as a function of the

distance from the release point. As seen from Fig. 7-2 the lung dose

due to tritium gas is higher within 10 km from the release point

(1 hour after release), but beyond that the tissue dose due to tritiated

water vapour converted from hydrogen gas becomes dominant for the case of

the conversion rate of 1%/day. The dose of soft tissue of about 10-4

(4x10 5 - 3x10 -4 ) mrem is nearly independent of downwind distance and is
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-4
of about the same order as the maximum lung dose of 3 x 10 4 mrem. From

the effective dose equivalent view point, the soft tissue dose becomes

dominant at any downwind distance.

7.1.3 Results from other Reporters

The results of calculations by 5 investigators are given in tables

7-II to 7-VI with a comparison of part of the data for a stack height of

30 m below:

Dose equivalent, in mrem/kCi, per Ci released

rem Category F (b) Worst Conditions (c)
Ci

(a) 500 m 1 km 100m 500m 1 km

Cannon (d) 64 - - 5.3 A 1.3 C 0.64 D

Carney (e) 80 0.0086 1.39 6.2 A 1.18 E 2.07 E

Gibson (f) 64 0.15 0.85 6.7 A 1.0 E 0.77 E

Muthukrishnan(g) 105 0.21 3.8 - - -

Yoshida (h) 63 0.14 2.1 3.7 A 4.1 D 3.7 E

Notes

(a) The data calculated from ICRP30 (ICRP, 1979) based upon a

10 d biological half-life for tritium gives

5 rem'3.7'10 Bq/Ci

3.109 Bq

= 64 rem/Ci

with the 2.9.10 Bq being the exposure to the DAC of

8.105 Bq/m3 for 2000 h at a breathing rate of 1.2 m /h

but with 50% of the intake via breath being observed

through the skin

DAC x 2000 x 1.2 x 1.5 = 2.9. 109

which leads to a factor of 64 rem/Ci .
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(b) Pasquill category F assumes a wind speed of 2 m/s but 1 m/s was defined

here and this increases the dose equivalent per unit activity released.

(c) The letter after the figures indicates the Pasquill category.

(d) The calculation is based on the AIRDOS-EPA computer code [233] which

includes the skin uptake (Table 7-III).

(e) This data is supplied by the Environmental Branch at Chalk River

Nuclear Laboratories (Table 7-IV).

(f) This data is supplied by Simmonds (NRPB, Chilton, UK) (Table 7-V).

(g) The data as supplied is for 1 Ci/s continuing for 1 yr or 3.15.10 s

(this is not for short-term release) and the intake via skin is assumed

to equal that by breathing. The factor 105 rem/Ci is high because the

average energy for tritium particles is assumed to be 6 keV instead of

5.5 keV and the body fluids (42 kg) have been taken as the critical

organ instead of soft tissue (63 kg) in ICRP30. The data has been

modified to a release of 1 kCi (Table 7-V).

(h) A separate set of data from the Japanese AEC Guide was also provided

(Table 7-VI).

7.1.4 Discussion of the Results

It is quite clear from the examples given above that standard benchmark
3

conditions do not exist for dispersion calculations for tritium as H20.

There may have been misunderstandings in the requirements by some reporters.

Additional requirements are for calculations for the average conditions over

1 year to calculate the dose equivalent from a chronic release and the

inclusion of uptake from grassland through milk production can give a more

significant dose equivalent than that from immersion.

In conclusion, it is suggested that reporters check their calculations

and, if necessary, report new figures. A set of calculations for the chronic
3

release of 10 Ci over 1 year under conditions of:

Wind Pasquill Stability % Frequency

Speed A B C D E F G

4.4 m/s 0.6 6 17 60 7 8 1.4
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and any observance on the milk (or other) pathway effecting these

calculations would be appreciated.

7.1.5 Recommendations

An agreed set of benchmark conditions will be required.

Table 7-II (a)
Total-Body Dose Commitment Due to Immersion

Exposure(b ) from the Short Term Release of 1 Ci of Tritium (US Data)

Stack Maximum dose (millirem) at various distances (meters)(c)

Height(m) 100 200 500 1000 2000 5000 10000

0 1.7E-1(G) 8.8E-2(G) 1.9E-2(G) 5.0E-3(G) 1.4E-3(G) 2.9E-4(G) 8.2E-5(G)

10 1.9E-2(B) 9.8E-3(D) 3.6E-3(E) 1.8E-3(F) 8.8E-4(G) 3.2E-4(G) l.1E-4)G)

30 5.3E-3(A) 3.1E-3(A) 1.3E-3(C) 6.4E-4(D) 3.1E-4(E) 5.1E-4(F) 5.4E-5(F)

50 7.0E-4(A) 1.9E-3(A) 7.7E-4(B) 3.5E-4(C) 1.9E-4(D) 7.4E-5(E) 3.5E-5(F)

80 5.2E-6(A) 5.5E-4(A) 4.7E-4(A) 2.4E-4(C) 1.OE-4(C/D) 4.7E-5(D) 2.4E-5(E)

Notes:

(a) Fifty-year dose commitments are estimated using the AIRDOS-EPA COMPUTER CODE. (g) Dose calculations

are based on the ICRP-30 dose conversion factor of 64 rem/Ci.

(b) Included is dose from tritium inhalation and diffusion through the skin. The total uptake is 1.5

times that inhaled.

(c) The Pasquill stability category resulting in the maximum dose is shown in parenthesis. A wind speed

of 1 m/s was assumed.

Maximum dose(millirem) at various distances (meters)c

Notes on Table 7-II

At ORNL the inhalation and skin diffusion doses (50 year dose commitments)

from a short-term release of 1 Ci of tritium were calculated for stack height

releases of 0, 10, 30, 50 and 80 m at distances of 100, 200, 500, 1000, 2000,

5000 and 10000 m from the stacks. Worst-case meteorological conditions were

assumed, that is: a wind speed of 1 m/s and the Pasquill stability category

which would result in the maximum dose for the combination of stack height

and distance. Actually, doses were estimated for all of the Pasquill

stability categories (A through G) for each stack height and distance and the

highest dose selected. The doses are shown in Table 7-II with the

appropriate stability category in parenthesis after the dose.
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The doses were estimated using the AIRDOS-EPA computer code [233]. The

code uses an atmospheric transport model to estimate the annual average

ground-level concentration of the tritium as a function of direction and

distance from the stack. Details for determining atmospheric dispersion and

deposition are described in the code.

Because tritium interacts with environmental components in a unique

fashion, it is treated as a special case by the AIRDOS-EPA computer code.

(1) The code is based on the assumption that all tritium is released to the

atmosphere initially as tritium oxide and will follow water almost precisely

through the environment. Tritium dose estimates based on this methodology

are considered upper limits because the specific activity in the human body

at the point of interest is assumed to be equal to the specific activity at

the environmental location.

The fifty-year dose commitments were calculated based

dose conversion factor of 6.4 x10-5 rem/~iCi.

on the ICRP-30

Table 7-III HTO Immersion Dose in mrem/kCi (Canadiam Data)

(a) * Pasquill Class F wind speed = 1 m.s -l

Stack Height HTO Immersion Dose mrem/kCi
(m) Distance from Source km

.1 .2 .5 1 2 5 10

0 2.06x10
3

5.33x10
2

93.82 27.14 8.72 2.44 1.13
10 2.066x10

-6
2.21 33.39 19.51 7.70 2.32 1.09

30 0 0 8.6x10
-3

1.39 2.83 1.57 0.85
50 0 0 5.68x10

- 10
7.08x10

-3
0.38 0.72 0.52

80 0 0 0 1.82x10
- 8

2.92x10
-3

0.11 0.15

(b) Worst Case

.1 .2 .5 1.0 2 5 10

0 2.06x10
3

(F) 5.33x10
2

(F) 93.82 (F) 27.14 (F) 15.42 (G) 5.32 (G) 2.58 (G)
10 25.2 (E) 19.9 (E) 33.39 (F) 19.51 (F) 7.70 (F) 2.30 (F) 1..09 (F)
30 6.23 (A) 3.61 (A) 1.184 (E) 2.07 (E) 2.83 (F) 1.80 (G) 2.60 (G)
50 .82 (A) 2.19 (A) 0.66 (A) 0.46 (E) 0.64 (E) 0.72 (F) 0.52 (F)
80 1.04x10

-2
(A) .65 (A) 0.55 (A) 0.17 (A) 5.31x10

-2
(D) .19 (E) .15 (F)

Pasquill Class is given in brackets. Wind
Class A - 1.5 m.s

-1

Class D - 6 m.s
- 1

Class E - 2 m.s
- 1

speeds used are:
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Table 7-IV HTO Immersion Dose Calculations (UK Data)

(a)

Stack Height HTO Immersion Dose mrem/Ci
(m) Distance from Release (km)

.1 .2 .5 1 2 5 10

0.0 2.63 10-4 7.91 10
-5

1.63 10
-5

5.06 10-6 1.70 10-6 4.07 10
-7

1.45 10
- 7

10.0 1.15 10
-
6 1.11 10

-5
9.71 10

-
6 4.13 10-6 1.55 10-6 3.94 10

-7
1.43 10

- 7

30.0 0.0 1.66 10-12 1.52 10
-7

8.46 10
- 7

7.66 10
- 7

3.07 10
-7

1.27 10
-7

50.0 0.0 0.0 3.72 10-1
1

3.49 10-8 1.85 10-
7

1.86 10
-7

1.02 10
- 7

80.0 0.0 0.0 0.0 1.50 10-11 5.80 10
- 9

5.89 10-8 6.79 10-8

(b)

Stack Height
(M) Most restrictive category and new doses, rem/Ci release

.1 .2 .5 1 2 5 10
0.0 G G G C G G

5.45 10
-4

1.60 10-
4

3.20 10-
5

1.03 10
-5

3.52 10
-
6 7.69 10

-7 2.72 10
-7

10.0 A E F G G G
1.67 10

-5
1.12 10-5 As Above 4.80 10-6 2.40 10-6 7.37 10-

7
2.08 10

-7

30.0 A A E E F G G
6.73 10-6 3.84 10-6 9.61 10

-7
7.69 10

-7
As Above 2.88 10

-7
1.67 10

-7

50.0 A A A E E F /G
8.97 10-

7
2.40 10-6 7.37 10-7 3.04 10

- 7 2.24 10
-7

As Above As Above

80.0 A A A A/B E/D E F
2.24 10

-
8 8.33 10-

7
6.09 10

-
8 2.24 10

-7
9.61 10

-
8 6.09 10-8 As Above

National Radiological Protection Board, Childton, 19th January 1984

Table 7-V Annual Dose Sv.yr-1/(Bq.M ) (Indian Data)

Height x=100 200 500 1000 2000 5000 10000

M m

0 6.132x10
2

1.856x10
2

3.838x10
1

1.185x101 4.1 1.106 4.542x10

10 4.817xl0
- 2

8.154 1.889xl
0 9.183 3.68 1.059 4.436x10l

30 - 1.132x10
-

10 6.521x10
- 2 1.193 1.549 0.75 3.672x10

- 1

50 - 2.18
4

x10
- 3 2 7.769x10 

7
2.014xl0

- 2
2.744x10 1 0.375 2.516x10

- 1

B0 - _ 7.73xl~-19 9622x 7 4.039x0
-

3 6.944x0
-2

1.001xlO
-1

80 7.73x10 9.622x10 4.039x10 6.944x10
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TABLE 7-VI Ground Level Concentrations and Dose to Soft Tissues (Japanese Data)

X (km) 0.1

((m) (F) 4.07
6,(m) (F) 2.34

H=Om X(Ci/m)(a)9.31x10-6
D(mrem) (b)1.l0
X 9.31x10-

6
(F)

D 1.10

H=lOm X 9.71x10
- 10

D 1.15x10
-4

X' 3.95x10-7(C)
D' 4.66x10

-2

H=30m X 1.35x10
-4
1

D 1.59x10
- 36

X' 3.16x10-8(A)
D 3.73x10

-3

H=50m X 0.0
D 0.0
X 5.47xlO-

10
(A)

D 6.45x10
-5

H=80m X 0.0
D 0.0
' 2.78x10-

14
(A)

D' 3.28x10
-9

0.2
7.72
4.13
2.77x10-6
3.27x10

-1

2.77x10-
6
(F)

3.27x10
- 1

1.47x10
-7

1.73x10-2
3.35x10-7(D)
3.95x10

-2

9.47x10-18
1.12x10

- 12

4.63x10-8(A)
5.46x10-3

3.90x10-
3 8

4.60x10-
33

1.84x10-
8
(A)

2.17x10
-3

0.0

0.0
1.96x10-9(A)
2.31x10

-4

0.5
18.0
8.52
5.77x10

-7

6.81x10
-2

5.77x10-7(F)
6.81x10

-2

2.90x10
-7

3.42x10
-2

2.90x10-7(F)
3.42x10

-2

1.18x10-9
1.39x10

-4

3.51x10-8(D)
4.14x10-3

1.95x10
-14

2.30x10
-9

1.49x10-
8
(B)

1.76x10
-3

4.29x10
-26

5.06x10
-21

7.05xlO-9(A)
8.32x10

-4

1.0
33.9
13.8
1.89x10

-7

2.23x10
-2

1.89x10-7(F)
2.23x10

-2

1.45x10
-7

1.71x10-2
1.45x10-7(F)
1.71x10-2

1.78x10-8
2.10x10

-3

3.14x10-8(E)
3.71x10

- 3

2.67x10
- 10

3.15x10
- 5

1.19x10-8(D)
1.40x10

-3

9.53x10
-15

1.12x10O
-

5.80x10-9(C)
6.84x10

-4

2.0
63.7
21.2
6.54x10-8
7.72x10-3
6.54x10-8(F)
7.72x10-3

5.85x10-8
6.90x10-3
5.85x10-8(F)
6.90x10-3

2.41x10-8
2.84x10-3
2.41x10-

8
(F)

2.84x10-3

4.08x10-9
4.81x10-4
9.64xlO-9(E)
1.14x10-3

5.39x10
-1 1

6.36x10-6
4.16x10-9(D)
4.91x10

-4

5.0
146
34.7
1.75x10

-8

2.07x10
-3

1.75x10-8(F)
2.07x10-3

1.68x10
-8

1.98x10-3
1.68x10-8(F)
1.98x10-3

1.20x10-8
1.42x10-3
1.20x10

8
(F)

1.42x10-3

6.19x10
- 9

7.30x10
-4

6.19xlO-9(F)
7.30x10

- 4

1.22x10
-9

1.44x10
- 4

2.79xlO-9(E)
3.29x10

-4

10.0
271
47.4
6.89x10-4
8.13x10

-4

6.89x10-9(F)
8.13x10

-4

6.74x10-9
7.95x10-4
6.74xlO-

9
(F)

7.95x10-4

5.64x10-8
6.66x10

-4

5.64x10-9(F)
6.66x10-4

3.94x10-9
4.65x10-4
3.94xlO-

9
(F)

4.65x10-4

1.65x10-9
1.95x10

-4

1.65xlO-9(F)
1.95x10

-4

Notes to Table 7-VI:

(a) X(Ci/m 3 ):

X'(Ci/m3 ):

Concentration on down-wind axis for

atmospheric stability F

(1) Frequency of wind direction 100%

(2) Atmospheric stability F

(aye' z values at the given distances

in this case are shown in the Table.)

(3) Q = 1 Ci

(4) U = 1 m/s

Concentration for the worst case

(1) Frequency of wind direction 100%

(2) Q = 1 Ci

(3) U = 1 m/s

(4) Atmospheric stability for worst case

(highest concentration)

(In parentheses, atmospheric stability

of the worst case is shown.)

(b) Doses (D, D ) to soft tissues due to HTO from inhalation and skin

penetration are calculated from the ground level concentrations (X,

X) ba*ed on ICRP30 parameters (dose factor: 1.7 x 10-11 Sv. - 1,X ) based on ICRP30 parameters (dose factor: 1.7 x 10 Sv.Bq ,
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tritium vapour intake rate:

skin penetration
…-- ..-..--. --.- 0.5, breathing rate: 1.25 m3/h )

inhalation

7.2 CONVERSION OF HT TO HTO IN THE ENVIRONMENT

It is known that elemental tritium is converted to tritiated water

vapour or other species due to various environmental factors. Tritiated

water vapour is approximately 25,000 times more radiotoxic than elemental

tritium [227]. In order to evaluate the environmental impact after a release

of elemental tritium (HT), it is essential to quantify the conversion rate of

elemental tritium to tritiated water. The possible converison reactions in

the environment are as follows [232]:

1) exchange of elemental tritium with water;

2) oxidation by oxygen;

3) reactions of the metastable THe+ ion following tritium (T2) decay;

4) biological reactions;

5) photochemical oxidation

Present knowledge on these conversion mechanisms and rates of elemental

tritium to tritiated water for these processes will be summarized. In

addition, the conversion to tritiated methane which is a typical organic

tritium compound, is also included. References on the conversion of tritium

for the past eight years in International Nuclear Information and new papers

are reviewed.

7.2.1 Exchange of Elemental Tritium with Water

In the absence of catalysts, the hydrogen-water exchange reaction does

not proceed [234]. On the other hand, Pt-charcoal, Pd-charcoal and Ni-Cr

oxide are very effective as metal catalysts [235], although such metal

catalysts do not normally exist in natural environment. The gaseous reaction

of elemental tritium-water vapour exchange with catalysts proceeds as follows

[232, 236]:

HT + H20 4HTO + H2.

The equilibrium constant KT is 6.25 at 298 K and 3.40 at 398 K [232].
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The tritium 3-decay-induced exchange reaction between elemental

tritium and water vapour has been studied. The exchange reaction in helium

at 22°C was second-order dependent on the initial tritium concentration over

the range of 0.05 to 0.7 Ci/1 with the rate constant of 3.6 x 10 1.

mCi d [237, 238]. Under the condition of tritium gas concentration

between 5x10-6 and 2x10 -3 Cil, however, the reaction rate at room
-13 -1

temperature was extremely small, viz. 1.04x10 1 d [239]. It was also

observed that the rate of tritiated water formation was unaffected by a

change in the water vapour density but increased due to external X-ray

irradiation [237, 238].

As described above, the tritium-water exchange reaction does not

proceed in the absence of metal or other catalysts at low tritium

concentrations. However, in the presence of high concentration tritium in a

nuclear facility, the exchange reaction would proceed due to the effect of

radiation catylysis. It is conceivable, but not demonstrated, that the

catalytic effect on exchange reactions of surfaces in apparatus and

construction materials in a facility and of particulates in the atmosphere

and soils may be significant. Further studies will be necessary about these

processes.

7.2.2 Direct Oxidation

In the absence of adequate catalysts, hydrogen does not react with

oxygen at ambient temperature, like the exchange reaction. Metal and

radiation catalyze the direct oxidation of elemental tritium.

It is reported that while the oxidation rate in dry air was

5.6x10 41.Ci -. h1 without metal catalyst at a tritium concentration of

2x10 - 2 Cil, brass, steel, aluminium and platinum increased the oxidation
-4 -3 -3 -2 -I -l1

rates to 6.0x10 , 4.2x10 , 3.9x10 and 2.4x10 l.Ci .h , respectively

[240]; in humid air, these rate constants were from 2 to 140 times larger

than in dry air [240].

Radiation-induced oxidation has been studied for tritium concentrations

between 10- 5 and 6x102 Ci/l [241 - 243, 130]. The oxidation of elemental

tritium to tritiated water is first-order dependent for tritium

concentrations between 94 and 324 Ci/l with a rate constant of 1.19x10- 4 min

[241]. But, it is second-order dependent for tritium concentrations

between 10 2 and 1 Ci/l with a rate constant of 6.2x10 4 l.Ci .h 1 [242].
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Other experiments showed that the oxidation depended upon the 5/3 power of
-3 -1

concentration for a concentration range from 10 to 600 Ci 1 (243). It

was observed in recent experiments that the oxidation rate reverted to

first-order for initial tritium concentrations between 10- 5 and 10- 3 Ci/1
-9 -1

and the rate constant is approximately 2 x 10 s [130]. This rate constant

is two orders of magnitude higher than that which might be anticipated by

extrapolating the previous higher concentration data

[242, 243].

It was also found that while water vapour in oxygen increased the

conversion rate by a factor of 3 [242], water vapour in air had no effect on

the oxidation rate [130, 242, 243], and that external radiation had no effect

on the conversion reaction at low tritium concentrations [322]. It is likely

that, in air, the oxidation reaction is dominant rather than the exchange

reaction [130, 142, 143], but in oxygen or in the presence of a metal

catalyst the exchange reaction is more dominant than oxidation.

The mechanisms for the exchange and oxidation reactions for tritium

have been analyzed in terms of steady-state kinetics for tritium mixtures

with (i) oxygen and nitrogen, (ii) oxygen and argon, and (iii) water and

helium [244]. The calculated reaction rate constants were in good agreement

with the previous experimental rate constants [238, 242, 243].

As described above, radiation-induced oxidation has been studied by

many workers. The reaction order and rate constants appear to depend on

tritium concentrations, but the definite conclusion has not been obtained.

The importance of oxidation and exchange reactions has not been fixed under a

variety of conditions. Thus, further studies on these items are required.

Like the exchange reaction, there is not enough information on the catalytic

effect of oxidation on surfaces of apparatus and construction materials and

of particulates in the atmosphere and soils in the environment.

7.2.3 Reactions of THe

The THe+ produced following T2 decay, would be expected to react to

form tritiated water or other tritiated species in the atmosphere [236].

This process becomes relatively important at low tritium concentrations. No

information on the reactions between THe+ and H20 is available. Thus,

further studies are required. The lifetime of T2 against this process is

8.87 years.
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7.2.4 Biological Reactions

Conversion by soil microorganisms

It has been known that soil microorganisms contribute significantly to

the conversion of elemental tritium to tritiated water in the natural

environment. Under aerobic conditions, hydrogen is consumed to produce water

by aerobic bacteria in the soil [245]. It was also observed that some

bacteria converted elemental tritium to tritiated water, the conversion rate

depended on the species of bacteria, and the converted tritiated water

existed in the water portion of the suspension [246].

Recent laboratory studies demonstrated that soils from several sites in

the United States and Canada had the capacity of rapidly oxidizing elemental

tritium into tritiated water [247, 248]. The oxidation rates of elemental

tritium observed in the United States ranged from 12 to 66%/h and were

generally independent of the soil types or soil chemical properties (i.e.

organic matter content, cation exchange capacity, and pH) [247]. The

oxidation rate in sterilized soil was very low [249]. The oxidation rates of

Canadian soils ranged from 15 to 28%/h and the maximum oxidation occurred at

temperatures between 20 and 30°C [248]. It was also shown that oxidation was

mediated by aeroboic, non-symbiotic, nitrogen fixing, bacteria, and oxidation

by non-biological processes was important in very dry soil or at high

temperatures [248]. These results show that oxidation of elemental tritium

in soil is attributed to the presence of ubiquitous soil microorganisms

[250]. However, it is reported that these oxidation activities observed in

the laboratories may not represent the field situation [247].

Deposition of tritium gas in soil

To evaluate the environmental impact of tritium conversion by soil, it

is necessary to consider the deposition velocity of elemental tritium to the

soil, its oxidation and the residence time of tritiated water in the soil.

An experimental study in the United States using a field chamber

demonstrated that elemental tritium disappeared rapidly from the air due to

oxidation in soils [251]. Maximum deposition velocities of -0.03 cm/s were

measured for elemental tritium at low wind speeds for a variety of soils. At

higher wind speeds, deposition velocities as high as 0.13 cm/s were observed
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in laboratory studies [251]. Other laboratory studies showed that deposition

velocities for U.S. soils ranged from 0.0025 to 0.11 cm/s with a geometric

mean of 0.028 cm/s [252]. Deposition velocities for English soils ranged

from 0.0096 to 0.11 cm/s [253].

It was found that oxidation occurred in the top 10 cm of soil [251].

The deposition velocities appear to increase as the soil becomes drier

because the diffusion of elemental tritium into the soil is inhibited by the

presence of moisture [254].

Residence half-times of tritiated water in soil vary from hours to

years, depending on transpiration by vegetation, soil-water diffusion,

gravity flow of soil water, rainfall and mechanical characteristics of the

soil [255]. Residence half-times below about 10 days were observed when the

tritiated water remained near the soil surface [255]. This was caused by

transpiration which is affected by the vegetation. Biological oxidation is

important in the top 10 cm of soil, hence most of the tritiated water vapour

would be returned to the atmosphere within about 10 days. Other experiments

showed that an appreciable fraction of tritiated water vapour was retained

for several days and even weeks in soil [256].

Tritiated water spread upon the soil surface moves into deeper strata

at a rate proportional to the amount of rainfall [255]. The deeper the layer

of tritiated water penetrated the longer was its residence half-time.

Oxidation by vegetation

Some reports have been given on the tritium oxidation by vegetation

exposed to elemental tritium. Exposure of bean leaves to elemental tritium

resulted in high concentration in the plant water of the exposed leaves, and

only very slight incorporation in tissue compounds [257]. It was observed

that very little conversion, -1% per 48 h, occurred in the exposure to

elemental tritium of corn, tobacco and bean leaves [249]. Experiments, in

which closed plant-soil systems were exposed to elemental tritium, showed

that tritiated water was found in the soil and plant water after exposure,

and in some cases, the concentration of tritiated water in the plants was

higher than the concentration in the soil [258]. This suggests that elemental

tritium may be metabolized in plants. Recent experiments showed that the

deposition velocities for the conversion of elemental tritium in the foliage
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averaged 1.2x10- 5 cm/s in the light and decreased in the dark, and elemental

tritium was incorporated slightly into organic matter in the foliage [259].

As described above, ubiquitous soil microorganisms have the capacity of

oxidizing elemental tritium into tritiated water. The biological oxidation

rates examined in laboratory experiments vary according to soil samples, but

the reasons are not clear. To evaluate biological oxidation rate in the

atmosphere, it is necessary to consider the deposition velocity of elemental

tritium to the soil and the residence time of tritiated water in the soil.

These parameters would depend strongly on the meteorology and the conditions

of the soil and vegetation in the vicinity of each facility.

7.2.5 Photochemical Reactions

It is expected that elemental tritium will be converted to tritiated

water through the reactions with various radicals, mainly the hydroxyl

radical produced by sunlight in the atmosphere.

The reaction of hydrogen with the hydroxyl radical is :

H2 + OH - H20 + H

The rate constant, k, for the reaction has been given by various authors as a

function of absolute temperature T:

k = 6.8 x 10-12 exp (-2000/T) [260];

k = 1.2 x 10 1 exp (-2200/T) [261];

k = 4.9 x 10 1 exp (-1990/T) [262].

The rate constant for deuterium is k = 1.2 x 10 exp (-2670/T) [262]. This

indicates that the rate constant for the reaction of the hydroxyl ion with

hydrogen isotopes is isotope dependent. The concentration of hydroxyl

radical in the atmosphere varies diurnally and the maximum is at noon [261].

The estimated diurnal average concentration is approximately 10 cm 3 [260,

261, 263].

The 6-10 years residence time of elemental tritium in the atmosphere

was estimated from the measurement of the latitudinal distribution of tritium

gas in troposphere [264]. Therefore, it would be expected that an
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appreciable fraction of elemental tritium in the atmosphere is converted to

tritiated water by photochemical reactions during the above residence times.

Atmospheric residence times of hydrogen estimated from chemical kinetic

models range from 2 to 9.4 years [260, 261].

It is necessary to develop a chemical kinetic model to quantify the

oxidation rate of elemental tritium to tritiated water in the lower

atmosphere. For that purpose, it is also necessary to investigate the

concentration of free radicals, such as the hydroxyl radical, which take part

in reactions with elemental tritium in the atmosphere and the isotope effect

on the reaction.

7.2.6 Models and Measurement of Tritium Conversion Rate in the Atmosphere

The relative effect of photochemical and biological oxidation

processes on an atmospheric release of elemental tritium has been evaluated

using a simple dispersion model [254, 265]. The effect of biological

oxidation is significantly greater than photochemical oxidation if the plume

is in contact with the ground and the deposition velocity of elemental

tritium to soil is greater than 0.01 cm/s [254]. It was also predicted from

the model that fractions of biological oxidation at a plume travel of 10 km

varied from 0.1 to 1 % depending on atmospheric stability classes for a

deposition velocity of 0.01 cm/s, wind speeed of 1 m/s and release height of

30 m [265].

Two models which are applicable to a short-duration release and to a

chronic release of tritium respectively, have been developed to predict the

behaviour of tritium in a forest ecosystem [259]. The short-duration model

predicted atmospheric concentrations of elemental tritium during the passage

of the plume over the vegetation. A prediction of this model was that the

concentration of tritiated water in the foliage will rise at night for a few

days after the plume has passed. The prediction of the yearly average model

was in good agreement with the measurement.

Field experiments on a release of elemental tritium were carried out in

France [1]. Concentrations of elemental tritium and tritiated water were

measured at various downwind sites, after five releases of elemental tritium

from 870 to 3400 Ci respectively. It was reported that the period at the end

of which half of the elemental tritium released was converted to tritiated
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water, was 1350 s. These results indicate that the conversion rate was

extraordinarily high in this place. However, this is in disagreement with

all of the laboratory experiments [267]. Further work is required.

On May 2, 1974, 479,000 Ci of tritium gas was released from Savannah

River Plant [1]. More than 99% of tritium released was elemental tritium.

It was observed that about 0.2% of elemental tritium was converted to

tritiated water in five hours after the release [1]. After the released puff

had passed, the highest concentrations of tritiated water were found in the

soil, where elemental tritium had been converted to tritiated water [2681.

Analyses of soil cores taken after the release indicated that the tritiated

water had been displaced downward from the surface by rain, but remained in

the rooting zone [268].

7.2.7 Conversion to Tritiated Methane

A few percent of the tritium in the troposphere is as CH3T [2363. It

is conceivable that elemental tritium is converted into CH3T or other organic

compounds in the atmosphere.

Methane is produced by a small group of anaerobic bacteria through the

consumption of hydrogen [245]. But under aerobic conditions, methane is used

by methane-oxidizing bacteria. Atmospheric methane originates at the earth's

surface, at least 80% resulting from the anaerobic decomposition of recent

(i.e. recently alive) organic matter 1269]. However, no information exists

regarding the biological conversion of elemental tritium to tritiated methane.

It is known that elemental tritium-methane exchange reaction is induced

by tritium decay [270-273]. However, this reaction is effective only at high

tritium concentrations [236], hence it would not proceed at low tritium

concentrations in the atmosphere.

Methane is oxidized through the reaction with the hydroxyl radical in

the atmosphere to produce H2 or CH20 [236, 261]. The calculated tropospheric

residence time of methane ranges from 2 to 11 years which is nearly the same

as that of hydrogen [260, 261, 263].
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7.2.8 Calculations and Summary of Conversion Rates of Elemental Tritium to

Tritiated Water for Various Processes

In this section, conversion rates per day of elemental tritium to

tritiated water for the various processes are calculated and summarized on

the basis of the above discusion.

Exchange_with water

Conversion rates of this reaction range from 0.18 to 35%.d 1 over an

initial tritium concentration range of 0.05 to 0.7 Ci/l in the absence of

metal catalysts [237, 238]. But these are negligible for the initial tritium

concentrations between 5x106 and 3x0 - 3 Ci/1 [239].

Oxidation by_oxysen

In the absence of metal catalysts, conversion rate of this reaction is

constant, -0.02%.d , over an initial tritium concentration range of 10

to 10 Ci/l [130]. As the initial concentration increases from 10- to 1

Ci/l [242], the conversion rate increases from -0.02 to 2%.d , and the

rate appears to be constant again at -20%.d- for the initial concentration

between 100 and 300 Ci/l [241]. Conversion rates calculated from the other

experimental data [243] increase from 0.001 to 10%.d- 1 as tritium

concentrations increase from 10- 3 to 600 Ci/l.

-2
Conversion rates at a tritium concentration of 2x10 2 Ci/l increase

from -0.03%.d - without metal catalyst to -0.2%.d- with steel and

aluminum catalysts and also to ~-l%.d with a platinum catalyst [240].

Reactions of THe+

Conversion rate for this process is about 0.03%.d , assuming that the

THe+ reacts rapidly to form tritiated water.

Biologicalreactions

Laboratory experiments showed that conversion rates for this process

ranged from 12 to 66%.h 1 in various soils at a water content of 40% at 30°C

[247, 248]. The biological conversion rates calculated using a simple
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4 X
dispersion model ranged from 0.1 to 1% per 10 sec at a deposition velocity

of 0.01 cm/s and a release height of 30 m [265].

Photochemical oxidation

The conversion rate for the reaction of elemental tritium with the

hydroxyl radical in the atmosphere is about 0.06%.d 1, assuming that the rate

constant, temperature and hydroxyl radical concentration are k = 1.2x10- 1 1

3 -1 -1 6 -3
exp (-2200/T) cm3.molecule .s 1 [261] at 25°C and 10 cm 3 respectively.

The 6-10 years residence time of elemental tritium in the atmosphere was

estimated and if elemental tritium is converted to tritiated water with

these residence times, the conversion rates range from 0.03 to 0.05%.d 1.

Measurement of conversion rate in release incident

Conversion rate measured in the tritium release incident in 1974 is

equivalent to about l%.d [1].

7.2.9 Recommendations for Future Studies

Many studies on the conversion of elemental tritium to tritiated water

have been made as summarized above. It is necessary to evaluate and analyse

these data so as to be used for safety analysis. The following studies are

needed.

For exchange and oxidation process of elemental tritium to tritiated

water, it is necessary to study catalytic effect of surfaces of apparatus and

construction materials and of particulates in the atmosphere and soils.

Dependence of the reaction order and rate constants for oxidation reaction on

tritium concentration is ambiguous, hence further studies are required.

Further experiments under a variety of conditions, with or without water

vapour or metal, in air or oxygen, are necessary to fix the importance of

oxidation and exchange reactions.

A study on the reaction between THe+ and H20 would be also required.

Dependence of the biological oxidation in soil on soil types and meteorology

is not clear. The deposition velocity of elemental tritium to the soil and

the residence time of tritiated water in the soil depend on the meteorology,

condition of soil and type of vegetation in the vicinity of each facility.
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It is necessary to study these items and develop a model to predict the

biological conversion rate in the natural environment.

It is necessary to develop a chemical kinetic model to quantify the

photochemical oxidation rate of elemental tritium to tritiated water in the

lower atmosphere. It is also required to investigate the concentration of

free radicals, such as the hydroxyl radical, which take part in reactions

with elemental tritium in the atmosphere, and the isotope effect on the

reactions.

To undertake these studies it will be necessary to have a close

cooperation between the designers of fusion reactors , radioecologists,

radiobiologists, and physicists and chemists working on tritium transport in

the environment.

7.3 MOVEMENT OF RADIONUCLIDES THROUGH THE FOOD CHAIN TO MAN

In order to assess the consequences to man of radionuclides released

from fusion facilities, the parameters affecting the movement of

radionuclides through the food chain to man must be determined. In the

analysis of potential airborne and aqueous releases of radionuclides from a

fusion facility, the dose received by man is usually determined using models

which make extensive use of transfer parameters (eg air to soil, soil to

vegetables and vegetable to man). For each of the available models,

different sets of transfer parameters may be required. For the presently

available models and computer codes, transfer parameters are available for a

majority, but not all, of the expected fusion radionuclides listed in table

6-IV. The possibility also exists that present codes ignore certain

fusion-specific aspects of radionuclide movement through the environment.

Tritium is a specific example where the chemical form will influence its

toxicity. The initial conversion from HT to HTO has been considered in

section 7.2 and the further movement through the food chain is discussed

below.

7 3.1 Movement of Tritium through the Food Chain: Canadian Studies

The dispersal of tritium, as HTO, around reactor sites has been

intensively studied. In a long term programme at the Chalk River Nuclear

Laboratories (CRNL) the temporal and areal distribution of reactor tritium
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has been analyzed [274] by a) monthly composite precipitation sampling at six

sites within a 10 km radius of the reactor stack. This provides input

information to surface and subsurface systems of the area; b) monthly

composite sampling of the Ottawa River at CRNL, at a small reactor facility

(NPD) upstream of CRNL, and at a town 50 km downstream of CRNL. An

estimate of HTO releases from NPD and CRNL to the Ottawa River can thus

be derived [275]; c) annual sampling of 60 small streams and lakes within a

10 km radius of CRNL to provide information on the long term trends of HTO

deposition in the area. This also serves to monitor for any unexpected

seepage of HTO from reactor or waste management areas. d) occasional

sampling of free water HTO in vegetation [276] to provide a broader survey of

mean atmospheric HTO concentrations in the area. In view of future

facilities for reactor tritium removal we are also proposing to study the

levels of atmospheric HT in the CRNL area to establish background levels

before operation of the facility begins. This programme will also establish

whether any significant amount of reactor tritium is released as HT ( or as

hydrocarbons). These studies are also pertinent to future research

requirements for an assessment of tritium releases from fusion facilities.

For dose assessment purpose, it has been generally accepted that

released tritium moves with water through the environment [277] and that the

dose via various pathways may be evaluated by considering the specific

activity and the relative contributions of water from different sources to

the total water intake of an individual. This position is critically

dependent upon the non-occurrence of tritium enrichment following

assimilation and incorporation into organic molecules. Most reported studies

have been done at elevated tritium levels under field or controlled

laboratory conditions. In the aquatic environment, where most studies have

been conducted, the evidence does not support tritium enrichment [278, 279].

However, measurements made in natural terrestrial environments [280-282]

where concentrations are low and conditions are subject to unknown vagaries,

have been interpreted as indicating that the organically bound T/H ratio in

vegetation may be 2 to 5 times that of the free water. However, it is still

unclear whether these results are valid or are a reflection of analytical

contamination problems or temporal fluctuation in tritium concentrations

[283]. Besides an assessment of relative T/H ratios, measurements of

organically bound tritium can provide information on past trends of tritium

concentration as demonstrated by the results of a study at CRNL [276].
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In view of potential releases of tritium as tritiated hydrogen, HT,

from fusion facilities in the future, the hypothesis that high bound T/H

ratios can be developed, will need to be more adequately tested with

reference to HT. Studies of the interaction of HT and possibly tritiated

hydrocarbons with plants and soils can act as a sink for HT. The calculation

of individual doses will be critically dependent upon the occurrence of such

processes.

A major difficulty that must be overcome , in order to facilitate

biosphere studies, is to establish the reliability of techniques used for the

measurement of organically bound tritium. Adequately equipped low background

laboratories, such as that at CRNL, removed from local sources of tritium and

coupled with extensive experience in tritium measurements are essential

components for future research activities.

7.3.2 Movement of Tritium through the Food Chain: European Studies

Tritium in_mammalian_sys tems

The mammalian studies addressing the question of the fate of tritium

fed to cows as HTO originated at Mol. Research on HTO intakes does not

warrant further research, so the emphasis has since been on the fate of

organically-bound tritium (OBT) derived from feed. The deposition of

feed-derived OBT into organic or body pools and their turnover rates are

warranted especially with respect to the offspring.

The results of recent experiments, performed in the framework of a CEC

coordinated programme, show that notable differences exist in the measure of

incorporation of ingested OBT into newly synthesized lipids, proteins and

carbohydrates. It was shown also that ingestion of OBT with the diet may

lead to the formation of important deposits of OBT, incorporated into

proteins and fats of body tissues. Important data have been also collected

on the transfer of tritium from mother to fetus in the miniature goat. On

the other hand, milk formation was chosen as a model to study the

incorporation of ingested OBT into newly synthesized organic molecules by

determination of tritium levels in organic milk constituents (casein, fat,

lactose) of cows and miniature goats.
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Future needsandprorammes

The importance of dietary OBT for man resides in the fact that a

certain fraction of the ingested OBT will be deposited in his tissues under

equilibrium conditions. Accurate quantitative data with regard to the size

of this fraction and to its residence time in the body are not available.

For this reason, accurate assessment of the importance of dietary OBT for the

radiation dose to man is impossible. Studies on the metabolism of OBT in

animals have been designed to furnish the quantitative data which will enable

such an assessment to be made. In the framework of CEC coordinated programme

for the period 1985-1989, experiments will be carried out on monogastric

(pigs) and polygastric animals (mini-goats) to study the fate of tritium in

organic compounds and predict the behaviour of OBT in man.

Tritium in_the_aquatic food chain

As aquatic ecosystems in certain parts of the world may be an

important source of human food, research projects concerned with aquatic

organisms have been encouraged, since 1973, by IAEA, in the framework of a

co-ordinated research programme, where marine and freshwater laboratory

facilities were available. Aquatic plants and animals were studed for uptake

and release patterns of tritium in laboratories under controlled conditions.

Following uptake of HTO, it has been shown that tritium is incorporated into

various cellular components of algae including nucleic acids, proteins and

lipids. This OBT can be excreted or released when a cell dies and may be

reused by other organisms, particularly bacteria, and recycled.

The potential for food chain transport of specific OBT metabolites

resulting from primary production has been assessed using a green

algae-daphia-fish(-man) food chain and the relevant models are being studied

under dynamic conditions of algae culture. Ratios of specific activity

higher than one were observed in certain amino acids which can play a role in

nucleic acid metabolism.

Future needs and programmes

The observation of OBT/TFWT values substantially in excess of 1 in

aquatic biota is a factor that must be re-evaluated; particularly in the role

of the sedimentary inventory. In the framework of the CEC Radiation
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Protection Programme (1985-1989), laboratory and field work are proposed for

the study of the dynamic cycling of HTO and OBT in sediments and its transfer

to biota. Several laboratories will study food chains leading from bacteria

and algae to invertebrates and fishes. These plans include feeding

specifically labelled compounds as a means of trying to assess further the

critical question of biological pools and their turnover.

Modellin& of_environmental_cycling_of tritium

Several models are available for predicting the global dispersion of

tritium. These models, which are all based on the global hydrologic cycle,

are similar in structure but differ somewhat in detail, e.g. number of

assumed environmental compartments and magnitude of some of the transfer rate

constants. Estimation of the collective dose commitment following the

release of tritium to the surface oceans is one order of magnitude lower than

that for its release to the atmosphere.

There is actually a concerted effort by most experimental groups of the

CEC countries to develop methematical models. However, the approaches vary

signficantly and the efforts could be integrated more effectively.

Concerning the accident situations, it was concluded that a complete model

for tritium predicting the consequences of an accident is likely to be

impractical.

Future needs and programme

The models used to predict the regional and global transfer of tritium

contain a number of simplifications. The development of more comprehensive

models for tritium would provide greater confidence in the predicted impact

of this radionuclide. In particular, no satisfactory model exists to predict

the local consequences of a substantial amount of tritium released in the

environment. Furthermore more advanced models could ultimately be developed

to assess exposure under non-equilibrium conditions and to include the

special behaviour of H- labelled inorganic compounds.

7.3.3 IAEA Tritium Monitoring Programme

In 1971 the IAEA promoted a tritium monitoring programme. Mr. Winter

of the Karlsruhe Research Centre promoted this project because there are two
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heavy water reactors and a processing plant near the Centre. Thus, this

region contains the main tritium emitters in the Federal Republic of

Germany. His presentation given at the Joint Research Centre of Ispra [284]

revealed the fate of 2000 to 5000 Ci of tritium annually released as

tritiated water vapour via exhaust stacks. The effluent water, from all

sources at the Centre, is discharged through the sewage treatment plant and

eventually reaches the River Rhine. Ecologial investigations were combined

with their monitoring. The findings give an excellent example of the fate of

tritiated water or vapour which eventually reaches man. Drinking water,

composed of a mixture of ground water from different areas and depths, spring

waters and surface water, contains various amounts of precipitation depending

on the area from which it is collected. The results of plant collections

showed more organically bound tritium in needles of the pine and spruce and

in leaves of the hornbeam trees than in the tissue-free water. Plants

growing in the vicinity of the sewage treatment plant had the highest tritium

content, those with the lowest were away from the main wind direction, while

those with an intermediate content were in one of the two main wind

directions. There does not appear to be any direct relationship between the

tritium in the ground water and the amount in the plants. From these

findings, it is extremely important to remember that plants, especially

edible ones, are able to exchange tritium with water vapour in the atmosphere

and that it is mostly bound to the organic fractions [285]. Therefore, it

appears essential that areas near and far from any nuclear centre be kept

under surveillance in order to detect any increase in the inventory of

environmental tritium.

Future needs and programme

Information concerning the pathways of tritium from food and water to

man are known, but further studies on the exchange of inorganic tritium with

the organic form, and the mechanism of tritium metabolism at the molecular

level in the nuclear structures of mammalian cells are required.

7.3.4 Environmental Models for Fusion Radionuclides (Europe)

The NRPB(UK) Model

The current model used by NRPB [286] has been developed from a model

produced by the same group in cooperation with European colleagues [287].
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Tabulations have been produced based upon the transfer to foodstuffs from the

continuous deposition at a constant rate over periods of the order of 1

year. The transfer of long-lived radionuclides into foodstuffs may continue

for many years after deposition has ceased and thus the full impact of a

discharge practice may not be expressed within a man's lifetime. This is

reflected in the results presented here for long-lived radionuclides; it

must be given due consideration when the results are used in any particular

assessments application.

A modular approach has been adopted in the terrestrial foodchain model;

separate modules exist for the most important transfer processes, for

example, soil migration and animal metabolism. Each module consists of a

collection of interconnected compartments between which the movement of

radionuclides is represented by rate parameters. The main transfer processes

modelled in the terrestrial foodchain pathway to man are as follows.

Contamination of plants

(a) interception and retention of deposited activity

(b) resuspension processes

(c) translocation

(d) root uptake

(e) migration in soil

Transfer to animal products

(f) consumption of contaminated pasture

(g) inadvertent consumption of soil

(h) inhalation in initial cloud

(i) inhalation of resuspended activity

(j) metabolism to milk and meat products

The development of appropriate models to represent these processes are

described in detail elsewhere [286].

The foodstuffs considered, for the application of the general model are

green vegetables, grain and root vegetables, milk, meat and liver products

derived from grazing cattle, and meat and liver products derived from sheep.

These foodstuffs were selected from consideration of the major components of

the average diet in the UK and the categories of crop type were selected by
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grouping together those for which the same contamination mechanisms are

important. The modules used to predict the transfer of radioactive material

to each of these categories of foodstuffs are shown in the transfer

coefficients. The transfer coeffients were derived from the basic data

discussed in the following section using the methods described by Simmonds et

al [286].

Tables 7-VII and 7-VIII contain values for the element-independent and

element-dependent parameters for crops applicable to UK conditions. The

element-independent values were taken from Simmonds et al [286] apart from

data relating to the direct contamination of crops from deposited activity.

Table 7-VII Element Independent Parameters

appropriate for the UK [286]

for Crops and Pasture

Parameter Value

Roots Grain Green Pasture

vegetables

Yield,fresh weight

(kg km-2) 2.5x106 4.105 1xlO 6 1.105 (a)

Interception factor 0.3 0.05 0.03 0.25

Soil on plant surface

% of dry plant weight - 0.1 (b) 0.1 (c) -(e)

Half-life on plant

surface, (days) 14 30 (f, g) 14 (f, g) 14

5 (h) 5 (h)

Mean life for cropping, (days) 100 100 100 -

Depth of soil (cm) 30 30 30 15

Fraction of activity

retained after preparation (d) 1.0 0.5 (f) 0.1

0.15 (g)

0.1 (h)

Notes:

(a) Dry weight

(b) Before processing and removal of husks

(c) Before kitchen preparation

(d) Applies to surface contamination only

(e) Included in estimate of soil consumption by grazing animals (Table 7-IX)

(f) Cs,I.Te,Tc

(g) All nuclides excpet those listed in notes (f) and (h)

(h) Am, Cm, Np and Pu only
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Table 7-VIII Element Dependent Parameters for Crops and Pasture [286]

Element Concentration factor (a) Translocation fraction
Root Grain Green Pasture deposited on plant which
vegetables vegetables reaches portion eaten

Root vegetables

Phosphorous 1 1 1 1 1 10-1

Sulphur 6 10-1 6 10-1 6 10- 1 6 10-1 110- 1

Chromium 3 10-4 3 10- 4 3 10- 4 3 10- 4 -
Manganese 3 10-2 3 10-2 3 10-2 3 10-2 5 10-2
Iron 3 10-4 4 10- 4 2 10- 4 4 10- 4 5 10-2

Cobalt 2 10- 3 1 10-2 1 10 -3 1 10- 2 5 10-2
Zinc 4 10- 1 4 10- 1 4 10- 1 4 10- 1 5 10- 2

Selenium 1 1 1 1 1 10-1
Rubidium 1 10-1 1 10- 1 1 10- 1 1 10-1 1 10-2

Strontium 6 10-2 2 10-2 7 10- 1 5 10-2(c) 1 10-2
Yttrium 3 10- 3 3 10-3 3 10 -3 3 10- 3 1 10-2
Zirconium 2 10-4 2 10- 4 2 10-4 2 10- 4 1 10- 2

Niobium 1 10-2 1 10- 2 1 10 -2 1 10- 2 1 10- 2

Molybdenum 1 10-1 1 10-1 1 10-1 1 10- 1

Technetium 50 (b 50 (b) 50 (b) 50 (b) 1 10-1
Ruthenium 1 10- 6 10- 4 4 10- 410-2 5 10-2
Silver 2 10- 1 2 10- 1 2 10- 1 2 10- 1 5 10- 2

Antimony 1 10-2 1 10-2 1 10-2 1 10-2 5 10-2
Tellurium 1 1 1 1 1 10- 1

Iodine 2 10-2 2 10-2 2 10 -2 2 10- 2 1 10- 1

Caesium 5 10-3 6 10- 3 2 10 -2 2 10-2(d) 1 10-1

Barium 5 10- 3 5 10-3 5 10-3 5 10-3 1 10-2

Lanthanum 3 10-3 3 10- 3 3 10- 3 3 10- 3 1 10-2

Cerium 3 10-3 3 10-3 7 10-3 5 10-4 2 10-2

Promethium 3 10-3 3 10- 3-3 3 1 3 3 10-3 2 10-2

Europium 3 10- 3 3 10- 3 3 10-3 3 10-3 2 10-2

Radium 3 10-4 3 10- 4 3 10-4 3 10- 4 1 10- 2

Uranium 3 10-3 3 10-3 3 10-3 3 10-3 1 10- 2

Neptunium 1 10-3 1 10-6 1 10-4 1 10- 4 -
Plutonium 1 10-3 1 10-6 1 10-4 1 10-4 -
Americium 1 10- 3 10- 1 0-5 1 10 -310 -3

Curium 1 10-3 1 10-5 1 10-3 1 10-3 -

Notes:

(a) Concentration factor-activity/unit wet weight in plant
activity/unit dry weight soil

(b) Recent experimental data have indicated that this value may be too high.

(c) This value applies to uptake from lower layers of soil, for the top 1 cm,
a value of 2 10-1 is appropriate.

(d) This is the inital value for the concentration factor but it is modified
in time by fixation. See ref. [286] for full model of caesium on pasture.

Element-independent parameter values for cattle and sheep are given in

Table 7-IX; they are the same as those used in a previous study [286]. Table

7-X lists the element-dependent parameter values for cattle; most of these

are the same as used previously [286]. Again, however, additional elements

have been considered and certain parameter values have been altered where new

information has become available. The sources of these additional data are

noted in Table 7-X. The fractional transfers of inhaled activity to animal

products are calculated in relation to the transfer of ingested activity as

described elsewhere [286].
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The data are intended for use in modelling foodchain transfer in

conditions of continuous deposition from atmosphere, i.e., for routine

discharge operations. They are not necessarily appropriate for use in all

conditions in which radioactive materials may be discharged; for example,

some changes may be necessary for application to accident conditions.

Equally, modifications may be necessary to the data to take account of the

different physico-chemical forms in which the radionuclides may appear

following discharge to the environment.

The foodchain model has been applied to one particular discharge case,

namely, continuous discharge for one year corresponding to deposition to
-2 -1

ground at unit rate (1 Bq km 2 s ). The results are expressed in terms of

the time integrals of activity concentrations in foodstuffs at various times

after deposition has ceased. For long-lived nuclides, the time

Table 7-IX Element Independent Parameters for Animals

Parameter Value

Milk cows Sheep

Amount eaten per day

(kg dry wt/d) 12 1.5

Half-time in G I tract (h) 15 15

Mean life (y) 6 1

Soil consumption as % of dry

matter intake 4 20

Weight of muscle, kg 230* 18*

Weight of liver, kg 6 0.8

Milk production rate (l/y) 3.65 103 

Number of animals/km 250 200

Inhalation rate (m3/) 1.5 10- 3 1 10Inhalation rate (m s/) 1.5 10" 1 10"

* This is the carcass weight, the weight of lean meat is 150 kg for

cattle and 15 for sheep [286].
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Table 7-X Element Dependent Parameters for Cattle (a)

Fraction of daily intake by Fraction of daily intake by Biological half -life,yr
ingestion, transferred inhalation, transferred

Element per litre per kg of per kg per litre per kg per kg muscle liver
of milk muscle of liver of milk of muscle of liver

Phosphorous 2 10-2 3 10-2 3 10 - 2 2.10- 2 2 10-2 2 10-2 3 10 - 2 3 10 - 2

Sulphur 2 10-2 3 10-1 3 10-1 1 10-2 2 10-1 2 10-1 3 10 - 1 3 10-1
Chromium 2 10 - 3 5 10- 5 10 - 3 2 10- 3 6 10 - 3 6 10 - 3 9 10-2 9 10-2
Manganese 3 10- 3 5 10 - 3 2 10-1 8 10- 3 1 10-2 4 10-1 6 10-2 7 10-2
Iron 3 10- 4 1 10-3 4 100 8 10 - 4 3 10 - 3 1 10-1 5 10° 5 10°

Cobalt 2 10 - 3 110- 3 1 10-1 3 .0- 3 2 10- 3 , 2 10-1 5 10-1 5 10-1
Zinc 1 10-2 2 10 - 3 7 10 - 3 1 10- 3 1 10- 3 110-3 10-1 8 10-1
Selenium (b) 4 10- 3 2 10 - 3 6 10-2 2 1.0-2 1 10-2 3 10-1 7 10-2 7 10-2
Selenium (c) 4 10- 3 4 10-1 1 10° 3 .0- 3 3 10-2 7 10-1 7 10-2 7 10-2
Rubidium 1 10-2 1 10-2 1 10-2 6 10- 3 6 10- 3 6 10- 3 1 10-1 1 10-1
Strontium 1 10 - 3 3 10 - 4 3 10- 4 2 10- 3 5 1 0 -4 5 10- 4 5 10-2 5 10-2
Yttrium 2 10 - 5 6 10 - 3 5 10-2 1 10-2 3 10° 3 101 4 101 4 101
Zirconium 3 10 - 5 5 5 105 10- 4 3 10 - 3 6 10 - 3 6 10- 3 2 10-2 2 10-2
Niobium 2 20-2 5 10 - 4 5 10 - 4 2 10-2 3 10- 3 3 10 - 3 3 10-1 3 10-1
Molybdenum 1 10- 3 1 10-2 2 10-1 2 10-3 2 10-2 3 10-1 1 10-1 1 10-1
Technetrium 1 10-2 1 10-2 4 10-2 7 10 - 3 7 10 - 3 3 10-2 8 10 - 3 8 10 - 3

Rutheniuim 6 10- 7 1 1 1 01 10 - 3 1 10-6 2 10- 3 2 10 - 3 7 10-1 7 10-1
Silver 3 10-2 1 10- 3 4 10- 1 5 10-2 2 10 - 3 7 10- 1 1 10-1 1 10-1
Antimony 1 10 - 4 1 10 1 0-1 2 10-1- 42 10- 3 2 10 -1 5 10-2 5 10-2
Tellurium 2 10 - 4 5 10 - 3 5 10 - 3 3 10- 4 8 10- 3 8 10 - 3 5 10-2 5 10-2
Iodine 1 10-2 7 10- 3 7 10- 3 6 :10- 3 4 10- 3 4 10- 3 5 10-2 5 10-2
Caesium 7 10 - 3 3 10-2 3 10-2 4 10- 3 2 10-2 2 10-2 3 10-1 3 10 - 1

Barium 3 10 - 4 5 10 - 4 5 10 - 4 2 10--3 2 10 3 2 10 - 3 9 10-2 9 10-2
Lanthanum 2 10 - 5 5 10 - 3 2 10-1 4 10- 3 9 10-1 3 101 1 101 1 101
Cerium 2 10- 5 1 10 - 3 2 10-1 4 )0- 3 2 10-1 3 101 1 101 1 101
Promethium 2 10 - 5 5 10-3 4 10-2 1 10- 2 3 10° 2 101 1 101 1 101
Europium 2 10- 5 5 10 - 3 4 10-2 1 10-2 3 10 ° 2 101 1 101 1 101
Radium 4 10- 4 10-0 - 3 7 10 - 3 13 6 10-4 1 10-2 1 10-2 7 10-2 7 10-2
Uranium (d) 6 10 - 4 2 10- 4 2 10 - 4 6 10- 3 2 10 - 3 2 10 - 3 3 10-2 3 10-2

Notes:

(a) The fractions transferred to unit mass of muscle and liver of

sheep can be derived from the following expression

M .
c1i

f = f .
S91 C.I m

Sti

where f . and f are the fractions transferred to unit mass
si ci

of tissue i, in sheep (s) and cattle (c). M and M . are the

masses of tissue i, in sheep (s) and cattle (c);

(b) Elemental selenium, oxides and hydroxides;

(c) All other compounds of selenium;

(d) Most hexavalent compounds of uranium.
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integrals continue to increase for many years after the discharge has ceased,

principally due to long-term transfer from the soil reservoir. Thus the full

radiological impact of a discharge practice may extend in time beyond the

period of the practice itself. This point must be given due consideration in

any application of the results presented here.

CEC Intiatives

The Commission of the European Communities through their General

Directorates had a compilation of information carried out on the movement of

radionuclides, including the lanthanides, through aquatic and terrestrial

ecosystems. Their aim was to review available data and recommend values of

parameters for use in environmental models. However, calculation of the

radiation dose received by man due to ingestion or inhalation of

radionuclides transported through the environment was not considered. Nor

were tritium and carbon-14 included among the isotopes studied [288].

The major activation and fission products released from nuclear

installations within the countries of the European Community are reviewed.

The main areas covered include the deposition of radionuclides on plants and

soils, uptake and translocation in plants via the roots and foliage,

metabolism in domestic animals, and radionuclide transfer through the main

physical and biotic components of the aquatic environment. In reviewing

these subject areas, account was taken, not only of the literature relating

to specific radionuclides, but also that relating to the stable element of

which they are radioisotopes. Each section concludes with recommendations

for particular model parameters.

Since there is an overlapping of the isotopes found in fission

effluents and those in fusion, as well as the activation products, the

information is of great value for a comprehension of the passage of

radionuclides through the food chain regardless of their source.

In dealing with each isotope, their first chapter includes a conceptual

outline of the various processes involved in the transport of radionuclides

through terrestrial and aquatic ecosystems [288]. Then each chapter is

divided into four sections: the chemistry; distribution and transport of the

element in parent materials and soils; the uptake and distribution of the

element in plants; metabolism in domestic animals and man; behaviour of the
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element in aquatic environments. Each section concludes with recommendations

for particular model parameters. For soils, plants and aquatic systems these

take the form of concentration ratios or of the fraction of the element or

radionuclide which is likely to be associated with one particular component

of the system.

Emphasis throughout the study [288] was on the compilation of data

relevant to the evaluation of the impact of chronic releases of radioactivity

to the environment. Although much of the information given is applicable to

nuclear accident assessment studies, it can only be used for such assessments

after a close scrutiny of its pertinence since it was not collected with that

end in view.

The model parameters recommended are, in general, only applicable to

assessments of the radiological impact of radioactivity released on man. The

data in this report can be used to develop provisional dynamic models. Such

models would be of help to scientists engaged in designing new experimental

studies, as well as having considerable implications on the assessment of the

relative importance of various environmental pathways to man.

Future needs and programme

Similar inquiries on tritium, carbon-14, and activation products of

fusion reactors.

7.3.5 Environmental Models for Fusion Radionuclides (USA)

In 1982 the M.I.T. Plasma Fusion Centre published modifications that

were made of the Calculations for Reactor Accident Consequences Code (CRAC)

for fusion application [289] . This document provides information on 36

radionuclides currently found in the health file of the code FUSEDOSE. They

are activation products of fusion blankets made of 316 SS, TZM or

V-15Cr-5Ti. Thus, the code may be used for Fe-Cr-Ni alloys, and Mo-based and

V-based alloys as well. The codes are continuously updated and currently

(Spring 1981) available from the Argonne Code Center.

The health file should be expanded to include radionuclides which may

be needed for assessments of other materials. They represent potential

additional information needs.
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The M.I.T. study reports 20 out of 29 elements listed for consideration

in environmental models. They made several changes in the Oak Ridge systems

analysis of 1971 [290] from which much of the modelling and notation is used

in the report. The changes were made to obtain CF values (a measure of the

ecological transfer to man as Ci ingested per Ci/m deposited consistent with

CRAC input requirements. A series of diagrams are shown of the direct and

indirect pathways to man. A block diagram compares modelled terrestrial

pathways starting with the deposition source (given as ground deposition in

p.Ci/m 2 ) passing through soil, grass, crops, and soil sink, to beef (p.Ci/kg)

and milk (iCi/l) ending up with input to man: I (liCi/d). This is explained in

detail by equations and calculations. A comparison of the CF values given in

reports of ORNL , Wash-1400 [291] and M.I.T. [289] is shown.

The codes

AIRDOSE: the M.I.T.- modified version of this code is a similar

consequence analysis tool for fusion assessment. Continuous

emissions of tritium or other gases can be calculated.

FUSECRAC: the fusion modified CRAC . A future need for this code is an

improved resuspension model for tritium and an interdiction

check. At present the existing model and lack of resuspension

interdiction appears to produce conservative results.

Ingestion input data

Depending on the release considered, the ingestion contribution to long

term dose can be dominant. CF is a measure of the ecological transfer to

man as Ci ingested per Ci/m 2 deposited. Dose factor indicates the damage

done internally after the isotope enters the body. These are independent

factors to determine radiological hazard assessment from ingestion of

deposited radionuclides in foodstuffs, typically divided into milk, beef,

crops. The problem is to acquire dose factors and calculate CF values for

fusion isotopes.

A comprehensive compendium of what is known about the technical basis

for an assessment of environmental implications of fusion energy was prepared

for the U.S. Department of Energy by Cannon [74]. The report is the

principal reference upon which an environmental impact statement on magnetic
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fusion will be based. STARFIRE, a tokamak fusion reactor design, was chosen

as the major reference and the SS-Li-He (stainless steel structure/lithium

breeder/helium coolant) as one of the alternatives. The many diagrams are

dedicated to an explanation of the various components of a fusion reactor.

Only one diagram shows the pathways of the release of tritium in the

environment: from coolant systems and emergency atmospheric clean-up system.

It does not discuss fusion reactor radioisotopes and the foodchain. It does,

however, point out that the effluents will contain nonactive products from

purification, biocides and other chemicals, and sanitary wastes. A study of

the movement through the foodchain of radioistotopes in combination with the

non-active wastes at an elevated temperature is needed.

7.3.6 Recommendations

The requirements for tritium in the food chain are very dependent upon

the intial conversion from HT to HTO discussed in section 7.2. Conversion in

animals and plants may also be important for ingestion in man (section 7.4)

and so detailed studies of partitioning in the biosphere are required.

Models for dispersal and movement of tritium and other radionuclides through

the food chain need to be agreed, at least on a regional basis. Any elements

peculiar to fusion will need to be included.

7.4 PARTITIONING OF TRITIUM IN HUMANS

The purpose of this section is to identify the portion of HT and

HTO organically bound in the human body. Current ICRP models for dose

calculations following tritium metabolism in the body assume that it is

uniformly distributed in the body water. As a consequence, the dose

equivalent contribution due to a possible presence of organically bound

tritium fraction having a retention time longer than that of aqueous

tritium could be underestimated.

7.4.1 Tritium Metabolism and Dosimetry

In the past, it has been argued that the integrated tritium in an

organ or tissue would not exceed that in body water and hence urine

concentrations could be used to obtain, directly, a conservative estimate

of whole body dose. But following the introduction of the concept of the

effective dose equivalent and the recommendation by ICRP committee 2 that
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the average soft tissue dose should be used to estimate effective dose

equivalent for HTO exposure, such dose estimates explicitly include the

dose to tissues from tritium retained as non-aqueous hydrogen in body

cells (OBT) and that to tissues from tritium in the body water.

It has been shown that a human can oxidize HT to HTO, yet ICRP dose

calculations consider the dose due to the HT gas in the air in terms of

the lung only. Modelling of HT metabolism at CRNL indicates that the

dose due to HT oxidation by the human body is not negligible compared to

the dose to the lungs due to the HT gas.

Future needs and programmes

Future studies at CRNL will include a study of HT metabolism in

humans to test their model and to define the range of model parameters.

Another planned study is on tritium uptake from contact between tritium

on surface and intact skin. Work on the metabolism and dosimetry of

metal tritide particulates may also be necessary.

7.4.2 Biological Effects of Tritium

For exposure to low concentrations of tritiated water that would

result in X-ray doses up to about 10 mGy per year, the only biological

effects that are likely to be of concern are the probabilities of

inducing cancers and genetic disorders. At higher concentrations of

tritium in water other effects such as loss of oocytes can be measured.

As indicated in a recent review of tritium effects,there is a lack

of direct evidence concerning the RBE of tritium for cancer induction. A

source of confusion in the assignment of a correct RBE in biological

studies with tritium, has been the use of improper reference radiations

such as chronic gamma-rays in some studies. To avoid confusion, effects

of tritium should be compared with those of 200 or 250 kVp X-rays.

Future needs:

A detailed, critical and well documented review of information on

the genetic effects of tritium appears to be required.
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7.4.3 Tritium Distribution in Man

In the paragraph concerning "Metabolic data for hydrogen" [227] it

is reported that, from the available data, the organically bound tritium

(OBT) in animals chronically exposed to tritiated water contributes of

the order of 10% of the committed dose equivalent to the whole body from

an intake of tritiated water. Recently results of measurements carried

with on some human tissues [292, 293] seems to indicate that a fraction

from 10% to 30% of the total tritium burden in human tissues appears to

be in the bound form. In addition to this finding, according to Belloni

et al., [293], if loose and bound tritium in the body are considered to

be uniformly diffused in the soft tissues then the committed equivalent

dose for an intake of a bound tritium is 2.6 times higher than that which

would be expected for the same intake of diffused tritium. Ingestion of

OBT leads in any case to a committed dose equivalent greater by a factor

2 to 3 than that due to ingestion of tritium as HTO. As a consequence,

the risk evaluation associated with tritium discharged in any form into

the environment should be based on a separate evaluation of the fraction

that is organically bound during the passage through the food chain.The

introduction pathway of tritium is obviously important and, according to

Wirth and Lewis [294], the ratio of T/H in plants is the basis of an

estimation of the sources of OBT in animal products. In addition to the

intake of OBT from plant feed, an exchange of about 40% of the ionic

bound hydrogen with the dissociated hydrogen of tissue water molecules is

assumed. Resulting from this, the OBT in animal products can be

considered as originating 20% from drinking water, 55% from soil water

and 20% from air humidity. One third of the organic compounds in man can

be estimated as resulting from the ingestion of animal products. The

remaining two thirds arise from the ingestion of plant products. An

exchange of hydrogen between tissue water and organic compounds is

considered identical to that of animals. Consequently the origin of

hydrogen in the organic compounds in man can be estimated as being 35%

from drinking water, 50% from soil water and 15% from the air.

Tritium entering the free body water compartment could be

metabolically incorporated into human tissues, increasing the retention

in the body. To account for this metabolic incorporation, health

physicists currently suggest that cumulative dose estimates be multiplied

by a factor of 1.2 [295-298].
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Etnier et al. [295] point out that the classic methodology for

estimating dose to man from environmental tritium assumes that all

tritium, whether organically bound or free, enters directly into man's

free body water compartment and is uniformly distributed as HTO in the

body. This adjustment still ignores the fact that OBT in foodstuffs may

be directly assimilated in the bound compartment of tissues without

previous oxidation. Further, the review by Etnier et al. [295] reports

that Thompson and Ballou [299] studied adult and newborn rats which had

been maintained on HTO for four to six months. The specific activity of

OBT was determined in various organs and tissues. They concluded that

20-30% of the hydrogen of most tissue compounds was derived from body

water. However, only about 10% of fatty-acid hydrogen was derived from

body water, suggesting that the major portion of the gross fat and

fatty-acid fractions was derived from preformed organic molecules taken

in as food. Hatch and Mazrimas [300] had mice drink HTO for a period of

40-147 days and measured the specific activity of tritium in various

organs. They estimated that approximately 26.5% of hydrogen in the bound

compartment is derived from drinking water, 17.5% from metabolic water in

food, and the remaining 56% from organically bound hydrogen in food.

Laskey, Parrish, and Cahill [301] likewise reported an average 25% uptake

of tritiated hydrogen in the bound component of the organs of adult and

newborn rats continuously exposed to HTO in drinking water.

According to the data referred above it seems more conservative to

estimate that of the order of 20-30% of the committed effective dose

equivalent is due to OBT. A more precise evaluation appears to be rather

difficult because it largely relies on the pathway of tritium

introduction, e.g foodstuff would supply more organically bound tritium

than water. Nevertheless when it is not possible to exclude some

particular pathways on account of the environmental parameters, the

conservative approach should be preferred.

7.4.4 Recommendations

Further information is required on the following subjects:

1. The contribution of various food types to total organically bound

tritium in the body;

2. The factors affecting the fraction of total body tritium in the

bound form;
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3. The physical distribution and retention of organically bound

tritium following ingestion or inhalation.

Once the above information has been obtained, a generalized model

should be developed which calculates loose and bound tritium fractions

following a given intake as well as the resultant dose equivalent.

Given the existing tritium facilities, and potential for an

increase in the number of laboratories and fusion reactors where tritium

is handled, it is important that this question be resolved in the short

term. Failure to do so may commit occupational workers and members of

the public to higher dose equivalents than previously thought.
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8. RECYCLING, DECOMMISSIONING AND WASTE MANAGEMENT

8.0 INTRODUCTION

This chapter is concerned with the problems of recyling radioactive

materials, decommissioning and radioactive waste management. The major

contributors to this chapter are given in the authors' list of this report.

8.1 RECYCLING AND DECOMMISSIONING

The problems associated with the management of radioactive materials

produced during the routine operation and decommissioning of fusion

reactors have yet to be assessed and it is suggested that they should be

identified at the reactor design stage. Technical, safety and economic

issues require consideration at the design stage to ensure that potential

difficulties are identified and solutions are incorporated in the design.

Based upon experience with fission reactors, steps can be taken

during the fusion reactor design stage to minimize production of

radioactive wastes during operation and decommissioning and also ensure

that hazards posed by decommissioning and radioactive waste management

operations are acceptable.

The general requirement of a programme of design which will

facilitate the safe handling of operating and decommissioning radioactive

wastes is required. The programme should establish that applicable

regulatory requirements, criteria and limits are properly recognized.

8.1.1 The Problem

The production of radioactivity in a D-T fusion reactor is

concentrated in the first wall and the tritium breeding regions of the

neutron blanket, both of which must be replaced at intervals to maintain

the structural integrity of the reactor. These rejected components will

be so highly radioactive that appreciable quantities of self-heat will be

generated. Consequently, they will have to be stored until the activity

has decayed to a sufficiently low level that active cooling is unnecessary
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when further, less stringent, storage arrangements will suffice. There

are evident advantages to be gained from "tailoring" the composition of

the structural materials used in the construction of these most highly

irradiated parts of the reactor so as to reduce the period over which the

radioactive waste represents an appreciable hazard of one in hundreds,

rather than millions, of years.

The review is a summary of a report produced by Jarvis [302] which

addresses the problem of identifying those chemical elements which may be

permitted as constituents of the structural materials to be used in D-T

fusion reactors if certain criteria concerning the production of

long-lived activity are to be met. Two distinct approaches are pursued,

the first concerning the re-use of the waste materials in future reactors;

the second concerning the safe, but permanent, disposal of the waste

materials.

In an earlier report [303] Jarvis set out to investigate the

selection of elements to be included in a structural material on the

assumption that the material would be recycled after a decay period of 100

years; some 39 stable elements were classified in terms of their maximum

allowable concentrations in a material to be used as the first wall of a

D-T fusion reactor.

8.1.2 Data Files Used

Whether or not a particular element is likely to produce a strong

and long-lived induced activity can be determined by an examination of a

chart of the nuclides [304] in conjunction with a table of neutron

reaction cross-sections [305], bearing in mind the requirement that the
12

decay half-lives must be in excess of 5 years but less than 10 years if

there is to be an appreciable activity left after a 100 year decay

period. Table 8-I provides a list of all the radioisotopes possessing

half-lives in this range which can be reached by moderately energetic

(• 14 MeV) neutron-induced reactions with stable elements, either directly

or as a result of successive reactions. Thorium and uranium are

included in the list as their half-lives fall in the adopted range

although they are normally regarded as stable elements; their possible

reaction products (fission-products and actinides) are not included.
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Table 8-I Assessible, Long-Lived Radioisotopes (5y<T<101 2 y)

Excluding Higher Actinides

Z Nuclides

1 3 H

4 10 Be

6 14 C

13 26 A1

14 32 Si

17 36 C1

18 39,42 Ar

19 40 K

20 41 Ca

25 53 Mn

26 60 Fe

27 60 Co

28 59,63 Ni

34 79 Se

36 81,85 Kr

37 87 Rb

38 90 Sr

40 93 Zr

41 92,93m,94 Nb

42 93 Mo

43 97,98,99 Tc

46 107 Pd

47 108m Ag

48 113m Cd

50 121m,126 Sn

53 129 I

55 135,137 Cs

56 133 Ba

57 137,138 La

61 145,146 Pm

62 146,147,151 Sm

63 150,152,154 Eu

T (years)

12.3

2.5x106

5.7x103

7.4.x105

650

3.1x105

269,33

1.3x10 9

8x104

2x106

3xl0 5

5.3

8x104 ,92

6.5x104

2.1x105,10.8

4.8x101 0

28.1

1.5x106

3.2x10 7 ,13.6,2x104

3.5x103

2.6x106,1.5x0 6 ,

2.1x10 5

7x106

127

14

55,1x10 5

1.6x10 7

3x106,30.0

10.7

6x10 4 ,1.1x101

17.7,5.5

1.OxO1 lxlOl,90

36,13,8.5

Important decay radiations

19 keV~

0.55 MeVP-

156 keV-

1.8 MeVy

1.7 MeV-3(P-32)

0.71 MeV3-

0.56 MeV3-3.5 MeVO-(K-42)

1.46 MeVy (11%)

X-rays

X-rays

1.3 MeVy (Co-60)

1.3 MeVy

Brems. to 1.06 MeV, 67 keV3-

0.16 MeV3-

X-rays, 0.67 MeV,-

0.27 MeVP-

2.3 MeVO-(Y-90)

60 KeVO-

X-rays, X-rays, 0.70 MeV

X-rays

X-rays, 0.76 MeVy,

0.29 MeVP

40 KeVO-

0.72 MeVy(90%)

0.59 MeVf-

0.42 MeV-3,0.69 MeVy (Sb-126)

150 KeVI-

0.21 MeVP-,0.66 MeVy (90%)

0.356 MeVy (36%)

X-rays,1.43 MeVy (70%)

X-rays, 0.75 MeVy (65%)

a.a. 76 KeV~-

0.44 MeVy (86%), 1.4 MeVy (22%),

1.28 MeVy (37%)
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Table 8-I Assessible, Long-Lived Radioisotopes (5y<T<10 y)

Excluding Higher Actinides (Continued)

64 150 Gd

65 157,158 Tb

67 163,166m Ho

71 176 Lu

72 178m,182 Hf

75 186m,187 Re

77 192m Ir

78 190,193 Pt

82 205 Pb

83 207,208,210m Bi

90 232 Th

92 234,235,238 U

1.8x106

150,150

33,1200

3.6x10 1 0

31,9x106

2x105,5x1010

241

6x101 1,50

1.4x107

38,3.7x105,3.5x106

1.4x101 0

5 8
2.4x105,7.0x108,

4.5x109

X-rays, 0.95 MeVy (69%)

X-rays,0.81 MeVy (63%)

0.306 MeVy 95%)

0.326 MeVy 94%),1.1 MeVy (34%)

(182 Ta)

1.07 MeV-3,3 KeVP-

0.47 MeVy (49%)

a, X-rays

X-rays

1.06 MeVy

2.61 MeVy

0.30 MeVy

a.

a, a, a

(77%),

(100%),

(39%)

A comprehensive neutron cross-section data library [306] is

available for those 39 stable elements considered to be of particular

interest for fusion reactor calculations. With this library, and a

modified version of the isotope generation and depletion code ORIGEN

[307], it was possible to make detailed calculations of the radioactivity

and dose-rate from each of the 39 elements for any desired cooling time.

These calculations take into account the transmutation of the original

element by successive neutron reactions. The nuclear cross-section data

base for most of the remaining 44 of the 83 stable elements is sparse and

only first-order calculations have been performed on these.

8.1.3 Recycling of Reactor Components

Conservation of raw materials will become increasingly important in

the future and the rejected components from fusion power reactors could

well be regarded as a valuable reserve. A decay period of 100 years is

assumed to be appropriate [303]. Recycling implies at least the returning

of the components to the foundry, for they have already been rejected on
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the grounds that their intrinsic metallurgical properties have been

impaired through radiation damage and nuclear transmutation effects. As a

result of the latter effect, some chemical purification may be needed to

render the material fit for further service in a fusion reactor. Whatever

the scenario, it is reasonable to suppose that the irradiated materials

could not be worked until the surface dose-rate from a large volume of the

material has fallen to less than 2.5 mR/h, the present maximum permissible

dose to a radiation worker present for a 40 hour working week.

The dose-rate calculations were approximate in that contributions

from charged particles (a and 3) and from eletromagnetic radiation of

below 200 keV are not included. A relatively thin shield would suffice to

screen out the a, 3 particles and the X-rays, whereas a thick shield,

adequate to screen out y-radiation, is not practicable. Although the

direct dose from beta-particles is neglected, the indirect contribution

due to bremsstrahlung of more than 200 keV energy was taken into account.

Other hazard indices are available but appear not to be appropriate

in what must necessarily be a strictly controlled working environment.

Previously (ref. [303]) Jarvis used a second criterion on a par with the

2.5 mR/h dose-rate due to gamma radiation. This was the 0.65 .Ci/g

activity associated with uranium metal, adopted on the grounds that this

naturally radioactive metal is handled by the nuclear industry without the

need for extreme precautionary measures. However, when the gamma

dose-rates are supplemented with the dose rates due to bremsstrahlung from

3 particles, it is found that dose rate rather than activity is usually

the limiting criterion. Therefore, the dose rate criterion alone is now

taken as the condition to be met before material recycling can be

undertaken.

The results of the dose-rate calculations are presented in two

groups:

i) the 39 elements for which ORIGEN calculations are possible, and

ii) elements for which first-order calculations have been made.

8.1.4 Calculations

Table 8-II lists, for each of the 39 elements studied, the

percentage of the element permitted in a first wall material if the
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Table 8-II Percentage of

to Exceed 2.5

Element Permitted in First Wall so as not

mR/h After Cooling for 100 Years

Element Controlling Radiation % permitted % permitted

nuclides (based on y (based on y and

dose-rate bremsstrahlung

alone) dose rates)

Li

Be

B

C

N

0

F

Na

Mg

Al

Si

P

S

C1

Ar

K

H-3

Be-10

C-14

Na-22

Al-26

Si-32

Cl-36

Ar-39

Ar-39

C1-36

Ar-39

K-40

Ar-42

Mn-53

Fe-53

Fe-60, Co-60

Ni-59

Fe-60, Co-60

19 keV3

0.55 MeV3~

156 keV3-

1.27 MeVy

1.8 MeVy

1.7 MeVI-,

0.71 MeV~

0.56 MeVP

0.56 MeVO3

0.71 MeV-

0.56 MeV3,

1.46 MeVy

3.5 MeVO-

X-rays

X-rays

1.3 MeVy

bremss. to

1.06 MeV

1.3 MeVy

100

100

100

100

100

100

100

10

100
-3

3x10

20

100

100

100

100

40

5

100

100

100

100

100

100

10

100

3x10

20

100

100

0.1

3x10 - 4

3x10- 4

3x10 2Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

-2
3x10

-1
2x10

10

100

100

100

10-1

1

3x10-2

2xlO 1

100

100

100

100

10-1

-110

Cu 1
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Table 8-II Continued

Element Controlling Radiation % permitted % permitted

nuclides (based on y (based on y and

dose-rate bremsstrahlung

alone) dose rates)

Zn Fe-60, Co-60 1.3 MeVy 5 5

Y 100 100

Zr Sr-90 2.3 MeVP , 3x10 10-

Nb-94 0.70 MeVy

Nb Nb-94 0.70 MeVy 10- 4 10- 4

Mo Tc-99 0.29 MeVI-, 10- 2 10- 2

Nb-94 0.70 MeVy

Ag Ag-108m 0.72 MeVy 106 106

Cd 103 103

In 1 1

Sn Sn-121m 0.42 MeVy-, 1 102

Ag-108m 0.72 MeVy

Ta 100 100

W 100 100

T1 100 100

Pb 100 100

criterion of 2.5 mR/h after 100 years is to be met as determined using

only the y-radiation dose-rate (column 4), as given previously

(ref. [303]). It should be noted that these permitted levels, which are

the essential results of this part of the study, are expressed as a

percentage of each element allowed in a first-wall material. This does

not mean a weight percent in some unspecified alloy. It refers to the

mass of an element permitted relative to the mass that the wall would have

if constructed solely from that element. Thus, when considering a high-Z

element in a low-Z matrix, allowance for the differing densities should be

made when estimating the permitted impurity level; consideration of the

effect of the differing y-radiation attenuation coefficients is also

needed.
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Table 8-III summarizes the element acceptability as based on these

new dose rate calculations.

From inspection of Table 8-I, which lists all the accessible long-

lived radionuclides, a list of elements likely to produce troublesome

daughters can be prepared (Table 8-IV). The dose-rates due to the

controlling nuclides associated with each element have been derived for a

decay period of 100 years; the percentage values for each element are

given in Table 8-V. The results quoted in Table 8-V should be treated

with some caution since only primary neutron-induced reactions are

considered.

Table 8-III Element Acceptability (Origen Calculations. [307]

Primary constituents:

Major constituents (10-50%):

Minor constituents (1-10%):

Li,Be,B.C,N,O,F,Mg,P,S

V,Cr,Mn,Fe,Y,Ta,W,Tl,Pb

Na, Si

Cu, Zn, In

Trace constituents (0.1-1%):

Acceptable impurities (10-1000 ppm):

Troublesome impurities (1-10 ppm):

Unacceptable impurities (<< 1 ppm):

C1, Ti, Co, Ni

Al, Ca, Sc, Zr, Mo, Cd, Sn

Ar, K, Nb

Ag

Any element for which the permitted level lies below 100 ppm could

prove troublesome; from Table 8-V was identified, in this class, the

following: Ba, Eu, Tb, Er, Tm, Re, Ir and Bi. Particularly noteworthy are

Eu, Tb and Ir for which the permitted levels are only about 0.1 ppm or

less. The neutron reactions for Er, Tm and Re were assumed to proceed

predominantly via the long-lived metastable states. This is probably

incorrect. New measurements or nuclear model calculations are needed to

establish realistic branching ratios.
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8.1.5 Recycling Considerations

The acceptability of all stable elements is summarized in Table

8-VI, where those elements possessing properties appropriate to a

structural material are separated from those likely to be present only as

impurities. A more thorough investigation of the impurity elements can be

expected to strongly deplete the group labelled as being permitted in

"unlimited" quantities. Note that entries for Th and U are provided; this

entailed making calculations of fission product and actinide production

and decay.

Table 8-IV Possibly Troublesome Elements amongst those not

Covered by Origen Calculations

12
Z Element Long-lived product nuclides (5 < T11Z < 10 years)

31 Ga

32 Ge

33 As
79

34 Se Se*
79

35 Br Se*
79

36 Kr Se* 81Kr 8 5Kr

37 Rb 85K

38 Sr 85
Kr

44 Ru 9Tc* 98T 9 9

45 Rh

46 Pd 107Pd*

51 Sb

52 Te

53 I

54 Xe 129I* 137C

Cs*
55 Cs 129I* 125*

56 Ba 1 3 3Ba 135 1375
Cs* Cs

57 La 135Cs 137Cs 137L

58 Ce 137
La*

59 Pr 1 3 7La*
~~~~~~~~60 Nd~~La60 Nd
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Table 8-IV Continued

Z Element Long-lived product nuclides (5 < T < 10 years)
1/2

62 Sm

63 Eu

64 Gd

146pm 14 6Sm*
150

Eu
150

Eu

151 smSm*
151 *

Smn*
151,

Sm*

154Eu

154E
Eu

65 Tb

66 Dy

67 Ho

68 Er

69 Tm

70 Yb

71 La

72 Hf

75 Re

76 Os

77 Ir

78 Pt

79 Au

80 Hg

83 Bi

90 Th

92 U

1 5 8Tb

1 58Tb

166mHo

166mHo

166mHo

186m

186mR

192m

192mI
193pt*

Note:* - associated radiations fall below 200 keV.
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Table 8-V Permitted Levels so as not to Exceed Dose-Rates Above 2.5 mR/h

After 100 Years for Elements not Covered by Origen Calculations [307]

Z Element Reactions Cross-section % Permitted

(barn)

36 Kr

37 Rb

38 Sr

44 Ru

56 Ba

57 La

62 Sm

63 Eu

64 Gd

65 Tb

66 Dy

68 Er

69 Tm

75 Re

76 Os

77 Ir

78 Pt

83 Bi

Kr(n,2n)85Kr
85 85

Rb(n,p) Kr
88 85

Sr(n,a) 8Kr
98 98 99 99

Ru(n,p) , Ru(n,p) Tc
137 137

Ba(n,p) Cs,
134 133
1Ba(n,2n)13 Ba

139La(n, 3He)13Cs
147 146

Sm(N,np) 4Pm
151 150

Eu(n,2n) 150Eu
154 154

Gd(n,p) 4Eu
159 158

Tb(n,2n) 1 Tb
158 158

Dy(n,p) 58Tb
166 166m

Er(n,p) mHo
169 T(n, 166mHTm(n,a) Ho

187Re(n,2n) 1 6Re
186 186m
186Os(n,p) 18Re

193 192m
Ir(n,2n) Ir

192t(n,p)192Ir

Bi(n,2n)20Bi

1.37

0.025

0.2

0.024, 0.030

0.06, 1.70

-6
3x10

2x10

0.61
-3

7x10

0.42

0.010

<<0.005

<<0.003

<<1.53

<<0.006

0.59

<<0.003

2.5

-2
5x10

0.6

8x102

6

2x10 4

0.4

20
-5

lxlO

5xlO1

2x10- 6

-2
4x10

-3
<<3x10

<<2x10

<<6x10 3

50

1X10-5lxlO

0.1

5x0-55 xlO

Note: (i) Neutron capture reactions ignored as first-wall thermal neutron

flux is very low for the chosen reactor blanket design.

(ii) Reactions are assumed to proceed through metastable levels, if

long-lived. The cross-sections used may be far too large if

the branching ratios for the reactions lead, predominantly , to

the ground states instead of the metastable states.
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Table 8-VI Summary of Element Acceptability in Structural Materials from

Considerations of Recycling After 100 Years Cooling Time

A. Structural elements (intended constituents)

Primary constituents:

Major constituents (10-50%):

Minor constituents (1-10%):

Trace constituents (0.1-1%):

Undesirable constituents (10-1000 ppm):

Troublesome constituents (1-10 ppm):

C, Mg, V, Cr, Mn, Fe, Ta, W

Si

Cu, Zn

Ti, Co, Ni

Al, Zr, Mo, Sn

Nb

B. Impurity elements

Unlimited (> 10%) Li,

Ge,

Te,

Yb,

Be, B, N, 0, F, Na, P, S, Ga,

As, Se, Br, Y, Rh, Pd, Sb,

I, Cs, Ce, Pr, Nd, Sm, Ho,

Lu, Hf, Os, Au, Hg, T1, Pb

Minor impurities(l-10%):

Trace impurities (0.1-1%)

Acceptable impurities (10-1000 ppm):

Troublesome impurities (1-10 ppm):

Unacceptable impurities (< lppm):

Ru, In

C1, Rb, La,

Ca, Sc, Sr,

K, Ba

Ag, Eu, Tb,

Pt

Cd, Dy, Er, Tm, Re

Ir, Bi, Th, U

C. Omissions

Hydrogen

Unstable elements:

Inert gases:

H, D

Tc, Pm

He, Ne, Ar, Kr, Xe

A particular point to note is that the thermal neutron fluence at

the first-wall is only 10- of the total fluence owing to the presence of

large quantities of lithium in the breeding blanket. Thus, certain

elements (e.g. Ho) do not give rise to as high a dose-rate when placed at

the fusion reactor first-wall as they would when placed in a thermal

reactor. The present results should not be used out of context.
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Whilst it is possible to specify the proportion of each element

which is acceptable in a structural material required to meet the dose-

rate criterion, we have not studied the practicability of achieving the

permitted levels in a real material. It might prove impossible to reduce

the impurity levels of certain elements (e.g. Ag) to the desired extent.

If it is accepted that certain residual quantities of such elements are

unavoidable, then it should be appreciated that any other impurity level

specifications would be relaxed. Should it then become apparent that the

100 year-old materials cannot be handled directly, full, remote

processing, operations will be necessary and any idea of hands-on

machining and assembly of refabricated components must be abandoned.

8.1.6 Conclusions and Recommendations

Degrees of acceptability have been assigned to the chemical elements

likely to be employed as constituents of structural materials for fusion

reactor, neutron blanket, construction on the basis of requiring that

radiation-damaged components be recycled after a cooling period of 100

years. The sole criterion of recyclability adopted here is the dose-rate

from gamma energy cut-off (200 keV) was adopted, electromagnetic radiation

of lower energy being neglected. This approximation is one which should

be removed in future studies. Further comments are included in Section

8.2 on waste disposal.

8.2 WASTE MANAGEMEMT

The radioactive materials that cannot be recycled will need to be

stored and disposed of both during operation of the plant and after

decommissioning. Technical, safety and economic issues require

consideration at the reactor design stage to ensure that potential

difficulties in waste disposal are identified and solutions are

incorporated into the design [308].

8.2.1 Materials for Disposal

Radioactive wastes from nuclear plants consist of a great diversity

of products in many physical and chemical forms. The characteristics of

individual products are the essential factors which determine the choice
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of a safe method of management. The radioactivity concentration level can

be distinguished for convenience in three broad classes:

high level waste (HLW) more than 10- Ci/g;

medium level waste (MLW) between 10- 2 and 10 7 Ci/g;
-7

low level waste (LLW) less than 10 Ci/g.

While land burial is the normal practice for LLW, HLW require

cooling by forced convection, and heavy shielding during transportation.

The time required to decay to below LLW is a characteristic of each

element. The cooling time required, for elements irradiated in the first

wall of a fusion reactor at 1 MW/m2 for 10 years, to decay below HLW and

LLW, are given for different elements in Table 8-VII. These data are

useful in making the choice of materials for fusion-reactor blanket and

shield, in order to reduce the hazard related to radioactive wastes. Some

Table 8-VII Cooling Time Required to Decay Below HLW and LLW for

Elements Irrdiated at 1 MW/m for 10 yElements Irradiated at 1 MW/m for 10 y

Element Cooling time to decrease to Element Cooling time to decrease to

HLW LLW (a) HLW LLW (a)

Li ) 1 min 1 min V 3 y 15 y

Be(b) 10 s3.106 y(l min) Cr 5 y 16 y

(b) 6
B( b) 1 min 8.10 y Mn 10 y 16 y

(b) 1 s 1.106 y (1 s) Fe 30 y 10 (100) y

Na 18 y 62 y Co 40 y 136 y

Al 6 d 5.5.106 y Ni 100 y 106 y

Si 6 h 2 d Cu 400 y 2100 y

P 100 d 1 y Zr 10 y 1.2.107 y

S 1 y 10 y Nb 120 y 1.4.10 y

C1 2.5 y 3.106 y Mo 1 y 2.2.106 y

K 1.5.10 y 3.10 y Ta 3 y 9 y

Ca 1.5 y 1.3.10 6 y W 3 y 9 y

Ti 4 y 11 y Pb 3 d 6.107 y.

Notes:

(a) In parentheses time required to come

(b) Tritium is not included

near to the level
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of the elements listed in Table 8-VII namely Ti,

decay below LLW within 100 years after shutdown.

comprising the structural materials like Ni, Al,

longer than 10 years to reach LLW.

V, Mn, Cr, S, Si, Li, Na,

Many of the elements

Zr, Mo, Nb, require times

Table 8-VIII Estimated Amount of Waste from a 1 GWe Nuclear Plant

Fission LWR Fusion D-T

Annual waste 1.5.108 Ci(,y) ~ 108 Ci

4 actinides)

From decommissioning - 10 Ci 9.10 Ci b

Notes:

(a) Solidified HLW from fuel reprocessing [308]

(b) STARFIRE data [5]

To appreciate the total amount of wastes produced during the

operations and after decommissioning of a nuclear facility which has

produced 1 GWe during 30 years, the information given in Table 8-VIII may

be useful. In terms of total radioactive inventory it appears that the

amount of waste produced by a fusion power plant is higher than that

produced by a fission plant with equal power capacity. It should be

pointed out, however, that the degree of BHP (biological hazard potential)

associated with fusion systems is lower by one order of magnitude as

compared to the fission systems, and decreases more rapidly with time.

Tritiated wastes have not been taken into account in this

comparison. An estimate of the potential hazard implicit in the

radioactive waste requires the consideration of other parameters such as

the ALI (Annual Limit of Intake), and the solubility of the radioactive

material in water. This estimate is out of the scope of the present work.

The code applied to compute the radioactive decay data given in

Tables 8-IX and 8-VII is a new code [309] which is being developed at the

JRC, Ispra. The activation cross sections applied are those included in

UKCTR III [306].
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Table 8-IX Integrated Decay Heat Released by one

Irradiation for 10 Years with 1 MW/m

Gram of Element After

Element Decay heat(J/g) Element Decay heat(J/g)

Li,Be,B,C 1 Mn 3.3.106

Na 2.6.106 Fe 1.9.10

Al 1.4.10 Co 1.7.10 7

Si 7.3.10 Ni 3.1.106

P 8.8.10 3 Cu 1.6.106

S 1.0.10 Zr 6.5.10 4

C1 2.9.10 Nb 2.6.10 7

Ca 1.3.10 Mo 3.4.10

K 5.8.106 Ta 1.7.106

V 2.5.103 W 5.6.10 4

Ti 1.2.10 Pb 2.9.10

Cr 3.1.10

8.2.2 Plan for Disposal

It may well prove uneconomic to recycle radiation-damaged

components, even after an indefinte cooling period in a waste repository.

The waste can then be considered to have no further value; with the

repositories becoming full, it will become important to dispose of the

least active waste, permanently, and at the earliest possible

opportunity. Unlike the situation confronting the present nuclear

industry, the disposal of fusion-reactor radioactive waste is a problem

which will not arise for many decades, by which time the capability for

remote handling of active materials can be expected to be much further

advanced that at present. Also, the legislative framework governing the

disposal of radioactive waste is likely to be rather different from that

now in force. In particular, it is hoped that a future code of practice

governing the disposal of radioactive waste will be formulated which

assigns individual limits on each radionuclide in the waste, taking into

account the manner in which the radioactive material is released to the

surrounding environment. These limits will be related to the annual

limits of intake used in radiological protection when establishing safe

working practices. However, disposal problem is considered in the light
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of the U.K. guidelines for the disposal of radioactive waste as set out in

the Radioactive Substances Act, 1960 (HMSO, 1982); these guidelines merely

identify the radioactive material as containing a, 0, y emitters or

just 0, y emitters and specify the limits in Ci/g (or Ci/ml).

In brief, the situation is as follows:

i) Highly active waste is dangerous and must be kept in strong purpose-

built stores capable of dissipating the decay heat from the waste.

This form of storage is expensive and supervision is essential.

ii) Once the decay heat has been dissipated, the waste can be packaged

and transferred to a well-engineered repository placed deep

underground which, when full, can be sealed off. This can be termed

geologic disposal, from which retrieval is not intended. Such

disposal facilities do not yet exist. The level of activity for

which this form of disposal is relevant would be determined by the

dose-rate received by the workers operating the plant.

iii) Radioactive matter of activity concentration exceeding the values

given below can not be disposed of at sea (averaged over a gross

mass of less than 1000 tonnes):

- 5 x 10- 5 TBq kg- 1 for alpha emitters;
-2 -1

- 2 x 10 TBq kg for beta/gamma emitters with half-lives of

greater than 1 year (excluding tritium); and

- 3 TBq kg- 1 for tritium and beta/gamma emitters with half-lives

of 1 year or less.

iv) The UK Department of the Environment may authorise the disposal of

unpackaged radioactive waste by burial on sites where access is

controlled. Each case is judged on its merits and any burial of

radioactive waste that has taken place in the past cannot be taken

as a precedent.

v) The disposal of moderately active, solid waste by burial is

generally permitted at the Drigg Site (U.K) owned and operated by

BNFL. The relevant limits for 0, y waste are 60 nCi/ml and an

unshielded surface dose-rate from the waste of less than 750 mR/h.
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vi) High volume wastes of specific activity less than 10- 2 nCi/g can be

made exempt from the regulations and are therefore suitable for

unsupervised disposal (the "dust-bin" approach).

It is interesting to compare the levels mentioned above,

particularly the last, with the definition of a radioactive substance

given in the UK code of practice for the protection of persons exposed to

ionizing radiation in Research and Teaching (HMSO 1968, amended 1974) as

being any substance containing radioactivity in excess of 2 nCi/g. It is

pertinent to note the levels of activity naturally present in certain

elements -- K 0.84 nCi/g; La 0.02 nCi/g; Sm 3.38 nCi/g; Th 110 nCi/g;

U 650 nCi/g.

As specified above, all radioactive components removed from a fusion

reactor will have to be kept in a special store until the decay heat

generation has fallen to an acceptable level. This form of storage will

probably be required for a number of years. Once the forced cooling is no

longer necessary, the next step in the disposal procedure may be

considered. It is probable that all that will happen is that the forced

cooling will be stopped and the waste material will be left in the

repository until the radioactivity has decayed to such a low level that

the final disposal of the material can take place.

In order to assess the length of the time for which the waste will

have to be stored, the times needed for all potential "first--wall"

materials to decay have been calculated Table 8-X to each of the four

levels: 100 uCi/g, 60 nCi/g, 2 nCi/g and 10 nCi/g. The letter M has

been used as an abbreviation for millions of years. One conclusion can be

drawn immediately from inspection of the table: the majority of elements

require millions of years to decay to levels compatible with "dust-bin"

disposal. Also presented in the table are the percentage values for each

element needed to meet the four activity limits after a 300 year cooling

time. Even minor impurities will pose a severe problem for "dust-bin"

disposal.

Before inspecting Table 8-X more closely, there are two points which

should be mentioned. First, most of the elements listed will be present

in structural material or the coolant as minor constituents, at most. An

indication of the likely use for each element is given under the heading

"function"; where S1 and S2 refer to the likelihood that the element will
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Table .8-X Decay Times and Permitted Percentages for Elements Covered by

Origen Under Different Disposal Criteria

Time to decay to given level (years) Percentage of F.W. material for 300 year decay to:

Function 100 VCi/g 60 nCi/g 2 nCi/g 102nCi/g 100 PCi/g 60 nCi/g 2 nCi/g 10
- 2

nCi/g

Li B 200 400 400 400 100 2 8x10 - 2
4x10 4

Be B 200 M M M 100 13 4x10 - 1
2x10 - 3

B S2 300 M M M 100 1 4x10
- 2

2x10 - 4

C S1 100 M M M 100 7 2x0
-1

lx
-- 3

N A 3x10
4

M M M 4x10 2x10
- 4

8xl
6

4x10
8

0 C 1 M M M 100 2x10
1

8x10
3

4xl
-5

F B 300 1x105 1xlO
5

M 100 5x10
-1

2x10
- 2

9xl0
- 5

Na C 100 300 3x10
4

1x10 5
100 75 2 10

- 2

Mg S2 20 300 300 M 100 100 100 5

A1 S1 300 M M M 100 2x10 1
6x10 3

3x10
5

Si S1 1 300 M M 100 100 53 3x10
1

P S2 1 300 300 M 100 100 100 8

S S2 1 3x10 3
110

4
M 100 15 5xl - 1

2x10
- 3

C1 - 1X10 3
M M M 37 2x10

-2
7x10 4x10

- 6

Ar A 5x10 M M M 3x10 2x0
- 5

5x10 3x10

K - 3x10 5
M M 3x10 2

2x10 6x10 3xl - 9

Ca S2 3x103 M M 2 2x10
3

5x10 5
2x10

- 7

Sc - 300 M M M 100 4x10 - 2
xlO

- 3
7x10

-6

Ti S1 30 3x10 3
lxlO M 100 8x10 2

x0
-

lxlO
-

V S1 100 300 300 x10
3

100 100 100 5

Cr S1 70 300 300 300 100 100 100 100

Mn S1 100 100 4 1X10 7x10M 4 lx10- 7x2O -4
Fe S1 100 m M M 100 1 5xl0 2x105 -1 2x10

- 4

Co S2 100 3xl5 M M 100 5 2x10 910

NI S1 3x10 5
M M M 2 1X10 5X10 2X10

Cu S2xlO 3
3x05 M M 3x10

- 1
2x10 4

6x10 6
3xlO-8

Zn-1 -3 -5Zn - xlO3
3x03 M M 2 lx10- 3

5x10 5
2x10 - 7

Y - 80 300 xlO
3

1xlO3
100 100 21 IxlO1 1

Zr S1 300 M M M 100 lx10 3x10 2x10

Nb S1 xl10
5

M M M 2 1x10 3
4x10 5

2x10
7

Mo S1 1X10
5

M M M 2 1X10 3
4x10 5

2x10 7

Ag - 2x103 M M M 1x10 7x10 - 5
2x10

-
6 xlO-8

Cd -300 3x103 M M 44 3xl0
- 2

9x10
- 4

4x10 6

In - 30 300 ixlO3
3x10

3
100 40 1 7x10 3

Sn - x103 3x103 3x1 0 3 3x 2 lxl
3

4x10 5
2x10 7

Ta S2 30 300 300 300 100 100 100 8x10 1

W S2 30 300 M M 100 100 34 2x10 1

T1 - 100 100 M M 100 100 10 5xl 2
Pb B 30 M M M 100 4 lxlO1 7

xiO

Th B M M M M 0.1 6x105 2x10 1X10

U B M M M M 1.0 6x10 2x10 1X10

Notes: See text
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be either the primary or a secondary constituent of a structural material;

B refers to the blanket region which may contain a neutron multiplier

(Be, Pb) as well as the tritium-breeder material; whilst C refers to the

need for a coolant and A to the atmosphere. The second point is that the

calculations refer to the first-wall region. Certain differences become

apparent when the blanket region is considered, owing to the slight

softening of the neutron spectrum. The elements most affected are Na, Si

and P which are between 50 and 1000 times less strongly activated in the

blanket than in the first-wall. Interestingly, these three elements are

in any case characterized by low activation.

A main concern is the disposal of the structural materials. The

materials used for neutron multiplication, tritium generation and as

coolants may suffer from a degree of radiation damage and from

transmutation effects but their mechanical integrity is not a requirement

and there need be no disposal other than at the expiry of the lifetime of

the reactor, if then.

Table 8-XI Summary of Element Acceptability in Structural Materials from

Considerations of sea Disposal After 300 Years

A. Structural elements (intended constituents)

Primary constituents:

Minor constituents (1-10%):

Trace constituents (0.1-1%):

C, Mg, Al, Si, Ti, V, Cr,

Mn, Fe, Co, Zr, Ta, W

Ni, Nb, Mo

Cu

B. Impurity elements

Unlimited (10%):

Minor impurities (1-10%):

Trace impurities (0.1-1%):

Acceptable impurities (10-1000 ppm):

Li, Be, B, 0, F, Na, P, S, C1,

Sc, Y, Cd, In, T1, Pb

Ca, Zn, Sn

N

K, Ag

C. Omissions

All elements not covered by UKCTRIIIA data base; also H, He and Ar.
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Of the primary structural elements only V and Cr are candidates for

dust-bin disposal. Si meets the "non-radioactive" criterion. Relaxation

of the requirement to the trench-burial standard permits C to be

additionally considered. Only when sea disposal is considered does the

choice of structural elements become widened but even here Ni, Nb and Mo

must be limited to not more than 2% of the material constitution; of the

secondary structural elements, only Cu gives cause for concern. The

element acceptability ratings for sea disposal after 300 years are

summarized in Table 8-XI.

In summary, unless a structural material can be devised from Mg, V

and Cr, the dust-bin disposal method is inappropriate even after a 300

year cooling period. Sea disposal levels are more readily attainable, for

a wider selection of elements. However, it is most probable that sea

disposal will be strongly discouraged so it would appear inescapable that

purpose-built repositories will be needed for permanent disposal in which

case the cooling time needed, before shipment is permitted from one

repository to another, is determined by the decay heat problem alone.

There appears to be little prospect for casual disposal of the

structural elements even after a 300 year cooling period. This finding

has made it unnecessary to enquire about the contributions from the

impurity elements not already incorporated in the library UKCTR IIIA [306].

8.2.3 Conclusions and Recommendations

Degrees of acceptability have been assigned to the chemical elements

likely to be employed as constituents of structural materials for fusion

reactor, neutron blanket, construction on the basis of requiring that

radiation damaged components be recycled after a cooling period of 100

years. The sole criterion of recyclability adopted here is the dose-rate

from gamma radiation and the bremsstrahlung associated with 3-decay. An

arbitrary energy cut-off (200 keV) was adopted, electromagnetic radiation

of lower energy being neglected. This approximation is one which should

be removed in future studies.

The problem of long-term waste disposal has also been examined and

it has been shown that dust-bin disposal is not permissible in view of the

induced activity remaining above the required levels even after cooling
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for 300 years. Sea disposal is the most obvious and least expensive

method of effecting permanent disposal, but it is unlikely to be an

acceptable option in the 21st Century. Consequently, under the present

U.K. regulations, permanent disposal will require purpose-built

repositories on the lines of those being designed for the storage of

fission-reactor wastes. It should be realized that the regulations

governing the disposal of radioactive waste are non-specific and very

stringent. A welcome relaxation would result from the adoption of rules

for the land disposal of radioactive waste similar to those newly adopted

in the U.S.A. [97]. The new rules set concentration limits on individual

radioisotopes for various classes of waste. Adoption of these rules would

enhance the prospects of near-surface burial but would not remove the need

for careful specification of the structural materials.

The general tenor of this section has, so far, been one of

pessimism, with the fusion radioactivity problem appearing not much less

serious than that obtaining with fission unless new structural materials

can be developed. However, the possibility of future developments should

not be ignored. In particular, one should note the extensive efforts now

being made in the field of laser-isotope separation, where the goal is to

obtain enriched uranium with a throughput of hundreds of tonnes.

Redirected towards the isotopic separation of the chemical elements in

structural materials, there arises the prospect of removing some of those

isotopes which are mainly responsible for the production of long-lived

radionuclides so that a reduction of several orders of magnitude in the

long-lived radioactivity could be effected, even when the conventional

prescriptions for certain materials (e.g. 316 stainless steel) are

retained [310]. Thus, isotopic tailoring could dramatically and

beneficially alter the results of the present study. To obtain the full

benefit of this approach, a very stringent policy of excluding impurity

elements would be essential.

Recommendations

It would be highly desirable to produce guidance on a radioactive

waste management programme for use by designers of fusion reactors and

associated equipment. This programme should:

a) consider the production and management of routine operating

radioactive wastes;
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b) identify decommissioning wastes;

c) define and document a decommissioning scenario;

d) identify the organizational structure and responsibility for

implementing a decommissionability programme.

As a first step this chapter can be used in this evaluation.
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9. ACCIDENT ANALYSIS

9.0 INTRODUCTION

Accident analysis plays a key role in the safe design of a fusion

device. This section reviews the existing data base of safety analyses,

analytical capabilities, and experimental programs to verify these

analytic capabilities.

9.1 DISRUPTIONS

Approximately 1 GJ of thermal magnetic energy will be contained

within the plasma of a D-T burning reactor. During a disruption, the

thermal energy will be rapidly transported to the vacuum boundary

producing structural melting, vaporization, and severe thermal stresses.

For INTOR, this initial phase of the disruption (the thermal quench), was

estimated to occur over a time period that ranged from 5 to 20 msec and
2

delivers a peak limiter energy deposition of 270 J/cm . During the

final phase of the disruption (the current quench), the magnetic energy

associated with the plasma current is dissipated by induced eddy currents

in the vacuum boundary structures. These currents interact with the

toroidal magnetic field to produce forces in these structures. The recent

disruption accident in the JET facility gives an indication of the

potential severity of these forces.

In order to confidently analyze the consequences of this event, the

capability is required of predicting:

1) plasma instability growth rates

2) plasma particle and energy transport

3) vaporized structural material transport, ionization, and emitted

radiation

4) plasma electromagnetic field evolution

5) structural, thermal and mechanical response

For the INTOR phase IIA design effort, a simplistic model for plasma

current decay was employed to determine structural forces. The modelling

of the thermal response of the vacuum boundary structural material
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received the most attention. Melt layer/evaporation depth models were

developed and used to parametrically examine melt layer/thickness and

vaporization depths for eight structural materials versus plasma energy

deposition. This information was used to estimate limiter, divertor

plate, and first wall lifetimes. A parametric examination was necessary

because models for plasma behaviour were not developed. Several melt

layer motion models were developed of INTOR, but no consideration was

given to thermal-stress-induced crack propagation of the exposed material.

Since INTOR phase IIA, comprehensive model development efforts have

continued for the thermal quench [311] and current decay [312, 313]

phases of the disruption. An experimental program was initiated to

characterize the surface of materials exposed to high heat fluxes and to

validate the INTOR thermal models. Also, papers have been published

[315, 316] on induced stresses and surface crack propagation.

Disruption models presently under development by the authors of

references [311] and [312], possibly others, have achieved a level of

sophistication where the ability to accurately address vaporized

structural material transport, ionization, and emitted radiation and the

plasma current decay is limited by the lack of experimental data. Data

are also required to verify methodologies for the analysis of crack

propagation in radiaton embrittled materials. Also, the wealth of plasma

instability growth modelling needs to be reviewed.

9.2 LOCA AND LOFA

The limiter or divertor plate, first wall, and tritium breeding

blanket are components of fusion devices that require an active cooling

system. Due to the high heat loads (e.g. 2.4 MW/m2 for the INTOR

limiters, these components will be cooled by water systems of moderate

pressures 1.0 MPa and low temperature 100°C. As a consequence of these

high heat loads, coolant interruptive accidents such as the loss of

coolant accident (LOCA) and loss of flow accident (LOFA) can be

particularly hazardous. In addition to loss of component integrity,

these accidents could propagate to cause failure of other reactor

components by: inducing a plasma disruption, thermal shock of high

temperature surfaces, overpressurization of the vacuum vessel, thermal

interaction with the vacuum pumps, etc. Building pressurization by these
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low temperature coolant systems will not be a safety concern. However,

radioactive contaminates could be released from within the vacuum vessel

or the coolant.

Calculations for a blanket module LOCA were performed for the INTOR

phase I design concept. The results indicate that 360 seconds are

required without plasma shutdown before first wall melt occurs, and that

the afterheat can be removed by the tritium purge system (if a heat sink

is available) with plasma shutdown. Similar calculations for INTOR phase

IIA were not undertaken. Since phase IIA, a relevant study for the U.S.

Tokamak Fusion Core Experiment (TFCX) was accomplished with the ATHENA

Code [317]. ATHENA is a comprehensive, time dependent systems analysis

code under development in the US for performance of fusion reactor safety

analyses. This study investigated the consequence to the TFCX limiter

(peak heat flux of 7.0 MW/m2) of a LOCA into the containment building,

and a LOFA initiated by loss of pumping power. Both accidents resulted in

limiter beryllium tile surface melting within 55 sec and the copper

substrate by 10 sec. This study also indicated that a LOCA into the

vacuum vessel could result in a pressure of about 0.3 MPa.

The data base for LOCAs lacks information regarding heat, mass, and

momentum transfer for any coolant into vacuums. There needs to be an

experimental program developed to produce this information or validate the

extrapolation of existing high pressure models.

9.3 MAGNET ACCIDENTS

The superconducting magnets of fusion reactors represent a possible

safety hazard in as much as the release of their stored energy (about 50

GJ) could conceivably serve as the initiating energy for an accident

sequence that would release toxic or radioactive materials. The energy of

the magnets could be coupled into other systems of the reactor through:

(1) a major structural failure and the breaking of adjacent electrical

cables and piping, (2) a quench of the magnets in the common cryostat and

possible overpressurization of the containment, and (3) the interaction of

fringe fields and circuitry in the control room during an accident

sequence.

289



Computer codes have been developed [161, 318] to study the normal

zone growth for a single turn in pool boiling and forced convection

superconducting magnets. The capabilities of computer codes to model in

detail the behaviour of a magnet set and its associated power supplies and

controls are not presently available. Work is continuing toward the

development of codes capable of modelling these closely coupled systems in

which the time constants differ widely [172, 319].

The existing store of experience in the operation of large

superconducting magnet sets comes from the mirror fusion program, the

operation of large MHD magnets, and superconducting particle

accelerators. Information on the performance of a large tightly coupled

set of superconducting magnets will be gained from MFTF-B. Additional

experience in the operation of a set of superconducting toroidal field

coils will be available when the Large Coil Task becomes fully operational.

Over the last three years, small scale experiments have provided

information on the performance of superconductor, cryogens and insulators

under faulted conditions, such as shorts, arcs and quenches of the

superconductors. These experiments have expanded the data base of

intensive properties needed to model supercoducting magnet transients and

accidents.

9.4 TRITIUM SYSTEM ACCIDENTS

Since tritium is highly mobile, accidental release is a primary

concern. A complete analysis of tritium accidents requires identifying

accident initiators and sequences of failures that must occur to result in

a release. Then, using failure rate data for components and systems, the

probability and consequences of the accident can be determined. A

detailed analysis has been completed for a tritium system based on the

Tritium System Test Assembly (TSTA) design [320]. Based on this work, a

qualitative understanding of risks for the fusion reactor tritium systems

is currently possible.

Accident initiators include leakage or rupture of components

containing tritium, overpressurization of systems such as storage beds or

tanks, and human error. Tritium release accidents could also be initiated

by failures in adjacent systems such as magnets or reactor cooling systems.
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Since most tritium is contained in glove boxes or other secondary

enclosures, failure of the enclosures would need to occur. In addition,

these enclosures are located in either the tritium building or test cell,

both of which can be isolated and the released tritium cleaned up.

Critical to these systems is the tritium detection system, isolated

system, and the cleanup system. The Tritium Migration and Analysis

Programm (TMAP) developed in the U.S. is an example of a computer program

designed to calculate tritium release, concentration, chemical form, and

cleanup.

Because of the multiple containment systems and the building

isolation and cleanup system, an accidental release will require multiple

failures to occur simultaneously. Unless a "common cause" should result

in failure of a critical series of these safety systems, the probability

of multiple failures resulting in a release is small. Common-cause events

such as fires, loss-of-power, seismic events, etc., are consequently the

primary cause of release in a well designed system. Analysis of common

cause failures requires detailed design information.

The work in progress on INTOR, TFCX, or other near term D-T burning

fusion experiments will provide needed experience in analyzing tritium

accidents and in identifying common cause failures. Work also continues

on accumulating failure rate data for components used in tritium systems.

Operation of TSTA will provide valuable experience data to support these

activities.

9.5 DIAGNOSTIC WINDOW BREAKS

Accidental breakage of plasma chamber diagnostic windows has the

potential for precipitating a plasma disruption and providing an oxygen

supply for the oxidation of high temperature surfaces; however, no

analyses have been performed regarding this accident. In addition, no

computer codes have been specifically developed to analyze this accident.

9.6 CRYOGENIC SYSTEM ACCIDENTS

The release of cryogens into the vacuum vessel or containment

building of a fusion reactor has the potential for overpressurization and

producing a rapid thermal quench of vacuum vessel components and reactor

coolant piping.
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An analysis was performed for the U.S. Fusion Engineering Device

(FED) [321] to determine the consequences of a toroidal magnet inlet

helium header break. The analysis indicated that about 70% of the magnet

cryogenic inventory would be vented to the containment atmosphere causing

a pressure rise of 0.08 MPa. Analyses have not been performed for cryogen

thermal-mechanical interactions with piping loops or other reactor

coolants.

9.7 MAINTENANCE ACCIDENTS

Significant quantities of radioactive materials will be generated

during the operation of a D-T burning fusion reactor. The primary ways in

which these materials could prove most hazardous during maintenance is by

the mobility of the radioactive substance, or by the afterheat generated

by activated structures. The mobility of tritium, sputtered particles,

and coolant corrosion products could be greatly enhanced by accidents that

occur during maintenance. The afterheat of activated structures is large

enough so that active cooling could be required during maintenance.

Accidents that interrupt this cooling could cause structural temperatures

to reach levels where oxidation and volatilization of radioactive oxides

is a concern.

Analyses should be performed for such accidents. However, computer

codes need to be developed to predict transport of sputtered or oxidized

particulates. An experimental program [91, 92] is presently investigating

oxidation of structural materials, and the developed computer models and

codes from this program will be useful for analyzing these accidents.

9.8 OTHER ACCIDENTS

Extreme natural phenomena such as earthquakes, storms, floods, etc.

are initiators for potential hazardous accidents. No extensive work in

this area has been undertaken for fusion reactors; however, suitable

analytical techniques are available to design for such occurrences.

9.9 RECOMMENDATIONS

Based on the input provided at the Ispra workshop on fusion safety,

the following are the high priority needs for additional or ongoing R and

D that is needed in the accident analysis area.
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1) Develop a set of realistic accident initiators and scenarios. A

realistic set of accident initiators and scenarios should be developed to

provide guidance to future safety experiments and to indicate areas where

improvement in reactor design is needed. To aid in ensuring completeness

and rigor in the process, these scenarios should be developed through use

of a disciplined logic approach such as use of the fault/event tree

methodoloy. However, additional design detail must be put into future

commercial reactor design studies or else these logic approaches can only

evolve those sequences and/or initiators that are intuitively obvious to

an experienced safety analyst.

2) Develop comprehensive, time-dependent computer codes for fusion

safety analysis. Continued development of comprehensive, time-dependent

safety analysis codes, such as the U.S. ATHENA code development task, is

essential for fusion safety analysis of complex systems. Such codes must

be capable of accurately modelling the interactions that take place

between systems during accidents, including the plasma, first wall,

blanket, heating, vacuum, magnet, cooling, etc. systems of the reactor.

The impact of a failure of one system on other systems must be included if

realistic deterministic calculations are to be made of fusion reactor

accidents. Without such realistic calculational tools, the safety analyst

is forced to postulate worst case consequences and scenarios, which lead

to ultra-conservative estimates of accident consequences and potentially

unnecessary requirements for fusion reactor safety and protective systems.

3) Perform experiments to quantify important parameters of possible

fusion accidents (e.g. blanket LOCA). Experimental data on a wide variety

of potential fusion reactor accidents are needed to provide proper

verification and benchmarking of the computer codes developed for fusion

safety analysis. Without such experimental confirmation, the accuracy of

the computer codes will not be known and, again, the analysts must prepare

the code input in a conservative fashion to ensure that the consequences

are not underpredicted. This also can result in unnecessary requirements

for safety and protective systems.

4) Develop instrumentation to detect system failures and initiate

corrective action. A sophisticated array of instrumentation will be

required to monitor the processes that occur in a fusion reactor. This

instrumentation must be capable of monitoring all parameters important to
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safety (e.g. power, temperature, pressure, flow rate, etc.) for normal,

off-normal and accident conditions. The instrumentation must be capable

of initiating corrective action such that a fault in one system or

parameter does not propagate to the other systems and compound the

consequences of the initial fault. This instrumentation must accurately

function for extended periods of time in a hostile fusion environment of

radiation, temperature, pressure, flow, potentially corrosive fluids,

etc. Development of information on the requirements for measurement

systems and qualification of instruments for the fusion environment should

receive a high priority in fusion development programs.

In addition to the above mentioned high priority items, continued

development and application of probabilistic risk assessment techniques

should be pursued for fusion. Use of such techniques provides the most

rational basis for fusion reactor safety analysis and assessment and

should be incorporated at the outset, if possible, in commercial fusion

reactor licensing and regulatory deliberations.
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FREQUENTLY USED SYMBOLS AND UNITS

Units
Name Symbol

SIa Special Conversion factors

Absorbed dose D gray (Gy) rad (rad) 1 rad = 10 mGy = 10 mJ * kg-

Absorbed dose rate D Gy. s- rad s' I rad- sl=10 mGy ·s-

Exposure X coulomb per kilogram (C kg- ) rontgen (R) I R= 258 juC kg- 1

Exposure rate X C kg- ' s"' R' s' 1 R. s-
= 258 iC kg- ' s'

Dose equivalent H (dimensions of J kg- ') rem

Dose equivalent rate H - rem -s'

Activity A becquerel (Bq) curie (Ci) I Ci = 37 GBq= 3.7 X 101°s-

Quality factor Q

Electron kinetic energy E MeV 1 MeV= 1.602 X 10-13J

Incident or initial
kinetic energy Eo MeV

Photon energy k MeV

Useful conversions
1 Bq = I radioactive disintegration per second = 1 s-l = 27.027 pCi
1 Gy= I J-kg-'= 100 rad
1 eV= 1.602X 10- 9 J, approx.
I MeV 1.602X 10- 3 J = 1.602 X 10-13kg Gy= 1.602 X 10-8 g rad = 1.602X 10 ~6 erg
I W= IJ.sl=l V'A
Absorbed dose corresponding to an exposure X of 1 C* kgl: to air: D = 33.7 Gy

to tissue: D= 36.4 Gy (Co-60)
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