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MASTER

The use of nuclear fusion in commercial reactor systems is one of the
key developing technologies capable of meeting the worlds future energy
demands. The first generation reactors are expected to produce energy by
the fusion of Deuterium (D) and Tritium (T) atoms. The overriding safety
concerns with this fuel cycle arise from the potential release to the
environment of tritium and activation products produced by the capture of
high energy neutrons.

This paper discusses the environmental and safety concerns inherent in
the development of fusion energy, and the current Department of Energy
programs seeking to: (1) develop safe and reliable techniques for tritium
control; (2) reduce the quantity of activation products produced; and
(3) provide designs to limit the potential for accidents that could result
in release of radioactive materials. Because of the inherent safety
features of fusion and the early start that has been made in safety problem
recognition and solution, fusion should be among the lower risk
technologies for generation of commercial power.
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INTRODUCTION

Nuclear fusion is one of the limited number of options that exist for
generation of commercial power for the future. The others are generally
considered to be solar power and the fission breeder. 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 mid 1980s. Fusion power
stations are expected to be ready for commercial use early in the next
century.

The fusion power development program is currently embarking on an
important programmatic transition. This transition is from a program
dominated by plasma physics issues to one in which engineering issues are
pacing. This transition clearly presents difficult challenges to the
entire fusion community.

In the physics area there are numerous problems to be solved in the
areas of ignition, burn, impurity and disruption control. In the
engineering area significant development is required in plasma heating,
blanket design, magnet design, tritium handling and control, materials
development, shielding, and maintenance. In the administrative area
problems arise in funding, program pace, program breadth, and the role of
the national laboratories, universities and industry at various stages
along the road to commercialization.

Along with this transition, there are also a variety of problems to be
solved in the safety area. The most significant of these problems arise
with the introduction of deuterium-tritium (D-T) burning machines in the
fusion development program.

In commercial deuterium-tritium burning fusion reactors 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) the requirement for use of lithium
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to breed trit ium and the attendant f i re potential, and 4) the handling and
disposal of radioactive waste. \ Also, a major concern with the magnetic
systems is the presence of largte superconducting magnets and magnetic
fields and their potential effects on personnel, structures, and
equipment. Each of these issues] is discussed in this paper.

USE OF TRITIUM IN FUSION REACTORS

In the f i r s t commercial fusion reactor, t r i t ium, 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 fa i r l y
well understood. Tritium decays with a hal f - l i fe of 12.3 years, emitting a
relatively low energy (less than 18.6 KeV) beta particle. Since t.he
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 trit ium is dependent on the chemical form. The
maximum permissible concentration (MPC) for trit ium in the oxide form
(tritated water) is 200 times lower than the elemental gas, 0.2 Ci/m3
compared with 40 Ci/m3. Tritium wil l normally be in the elemental gas
form in the fusion reactor but could be converted to t r i t ia ted water in a
f i re 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 hal f - l i fe 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 concentrated in
food chains.1

Dilution of tritium gas to nonhazardous levels occurs rapidly in the
atmosphere. Experience in accidental releases of the gas indicates that
even large releases may not result in serious consequences. In 1974, an
accidental trit ium gas release of nearly 0.5 MCi of trit ium gas in the
elemental form occurred at the Savannah River Plant. The atmospheric



oxidation rate was determined to be under 1% per day, and measured
concentrations were well under calculated and permissible levels.

Fusion reactors will probably contain a tritium inventory of between 5
to 40 kg or 50 MCi to 400 MCi.2»3>4»5 As a result of the low fuel
burn-up expected for fusion reactors, much of the tritium will be
circulating in the fueling loop. The largest inventory will be in the
vacuum pumps, the tritium processing system and the fuel fabrication
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. The recent 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.

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 clean-up systems will be provided to maintain
concentrations at safe levels. The Tritium Systems Test Assembly (TSTA) at
Los Alamos Scientific Laboratories will simulate the tritium flows in a
fusion reactor excluding the breeding system. This facility will be used
in investigating leakage and permeation problems, clean-up 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.^

Leakage and permeation into the reactor building may pose potential
occupational health hazards. The work on the TSTA will determine what
cleanup and protective measures are required.



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.** To further reduce permeation, blankets may
need to operate at low tritium concentrations and employ barriers such as
double walls and surface coatings. As more information on the technical
and economic feasibility of such techniques becomes available, a precise
determination of operational releases will be possible. Advances in
tritium technology could reduce operational releases to less than
10 Ci/day.^ Programs at TSTA and in materials development are working
towards this goal. Release rates at that level would not pose a health
hazard.

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.^ Materials development
programs sponsored by DOE are evaluating alloys that could achieve the high
performance required and minimize the production of induced radioactivity.

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), aluminum alloys, vanadium-titanium alloy, and
ferritic steel have been proposed for use as first wall 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 stainless steel complicates
reactor maintenance and waste management activities. The rapid decay of
the vanadium-titanium alloy and aluminum during the first few weeks may
facilitate maintenance operations such as changing the first wall. In
addition, the rapid decay for vanadium-titanium may allow early recycle of
the material. Vanadium-titanium alloy is hard to fabricate and there is
limited experience in its use. Because of their low melting temperature,
aluminum alloys require a lower operating temperature. 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 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.

Activation products pose a significant operational hazard that must be
considered in reactor design. Air activation, activation of the blanket,
shield and magnet structures, as well as activation in coolants may all
contribute to intense radioactivity in the containment building.
Development of remote maintenance with sufficient capability to maintain a
complex device is an important element in the program to assure that
occupational exposures are held to acceptable levels. The Engineering Test
Facility/Fusion Engineering Device (ETF/FED) scheduled for operation in the
early 1990s will be designed with a mission to demonstrate the remote
maintenance capability.

Potential activation product release mechanisms must be a primary
concern to the reactor designer in assessing various design options.
Through proper selection of structural materials, coolants, breeding
materials, and operating parameters the potential for accidental release of
activation products can be greatly reduced. Some of the potential release



mechanisms that have been postulated are plasma disruptions, plasma heating
system accidents, loss of coolant accidents, magnet system accidents, and
lithium fires. Of these, only the lithium fires are generally considered
to have the potential for releasing a significant quantity of activation
products. As discussed in the next section, there are several design
choices that greatly reduce the potential for a lithium fire.

LITHIUM SAFETY

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 on the order of several hundred metric tons for
use both as a breeding material and a coolant. The trend is now to more
compact designs using lithium compounds and employing other coolant
materials,-'0 e.g., helium.

If the hot 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 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^ commercial reactor design study at Argonne National Laboratory
has used LiAlC^ 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
eliminate lithium air reactions.

If lithium in a reactive form is used in reactors, inherent and
engineered safety design can probably eliminate or mitigate lithium fire



accidents. Based on computer modeling, the following design strategies

have been shown to be effective:^

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.

7. Employ a pressure relief ventilation system with appropriate

filters.

Both experimenta1 and analytical work are required to evaluate the

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

potential safety advantages of lass reactive lithium forms. Experimental

studies are underway at the Hanford Engineering Development Laboratory

(HEDL) 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, argon, carbon

dioxide, and concrete. Results to date show that reaction of lOKg of

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

Fire extinguishment techniques are also being investigated and developed.

Analytical techniques for lithium fires are being developed at the

Massachusetts Institute of Technology9 based on fundamental themodynamic

principles and the HEDL experimental results.

MAGNET SAFETY CONCERNS

A characteristic feature of the magnetic 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 environmental and safety concerns on the use of superconducting
magnets involve human exposure to elevated magnetic fields and the
potential for a magnet accident to result in radioactivity release.

Magnetic fields produced by a fusion reactor should have negligible
effect on the public since fields drop off to the strength of the earth's
field in about 500 m. (The earth's field is about 0.5 gauss.) Fields
inside the reactor areas where personnel may be present are expected to
range up to 500 gauss.^

Official regulations governing exposure to magnetic fields do not yet
exist. Unofficial laboratory guidelines vary widely but in general, they
limit long term whole body exposure for fields above a few hundred gauss
and place limits of less than an hour during a work day for fields of a few
kilogauss.^ Fusion reactors should be able to meet such guidelines if
they prove to be necessary. A number of workers in other fields (e.g.,
accelerator research) have betn exposed to strong fields for long periods
in the past without suffe-ing adverse effects. DOE is sponsoring
additional research in this area so that realistic standards should be in
effect well before the first fusion reactor operates.

The energy stored in the magnetic field of magnetic fusion reactors is
large. For example, the stored magnetic energy in the NUWMAK^ design is
30GJ. 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 coils
could result in 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
•nagnets or 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.^

The Large Coil Program 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 superconducting

magnets.

WASTE DISPOSAL

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. Fission reactors produce activation products, actinides and

long-lived fission products in the fuel. Fusion reactors 'will 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

shielding activation and 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 ^W-Yr/m^.

Neutron wall loadings of about 2 to 4 MW/nr are projected for fusion

reactors in the current conceptual designs.^>2 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 or ceramics could, however,

significantly increase the wall lifetime thereby reducing the quantity of

waste to be handled. Other sources of waste include tritium contaminated

materials and contaminations in coolants.
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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 indicates that stainless steel-316 could

be recycled after a holding time of about 40 years. Aluminum could be

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

personnel 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 comQact

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

decommissioning should not be significantly higher than for fission

reactors.'

OTHER SAFETY AND ENVIRONMENTAL CONCERNS

There are other safety concerns for fusion systems that involve use of

toxic materials, high-vacuum systems, large cryogenic systems, and

high-volt age systems. For the most part, these systems lead to

occjpational safety concerns and do not pose significant hazard to the

general public. Careful design and establishment of operating procedures

will oe relied upon to minimize risk from such systems to operating

personnel. The industrial experience and data base currently available

should be adequate to permit this. As part of the fusion safety research

program, detailed fault and event trees will be constructed to examine for

interactions in wnich failure of these systems could lead to radioactive

release.
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CONCLUSIONS

I t 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 trit ium 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. With the transition from a physics to engineering emphasis
and the increasing use of the D-T reaction in fusion experimental devices,
safety issues must be given much greater attention. This is particularly
true of the ETF/FED class of devices that wi l l contain large quantities of
trit ium and activation products. 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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