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Abstract

Future generation of electrical power using controlled thermonuclear reactors will involve both
traditional and new concerns for health protection. A review of the problems associated with exposures
to tritium and magnetic fields is presented with emphasis on the occupational worker. The radiological
aspects of tritium, inventories and loss rates of tritium for fusion reactors, and protection of the
occupational worker are discussed. Magnetic fields in which workers may be exposed routinely and
possible biological effects are also discussed.

Introduction

Due to renewed optimism about the feasibility of generating electrical power with controlled
thermonuclear reactors (CTRs), it is desirable to begin examining potential health physics problems.
Design of fusion reactors has not progressed to a point where future radiological and environmental
impacts can be estimated accurately; however, anticipated problem areas can be pointed out. Four major
health physics problems at fusion power plants are: (1) large tritium inventories, (2) elevated
magnetic fields, (3) high fluences of fast neutrons, and (4) production of activation products. The
first two problems will be discussed in this paper. Those associated with high neutron fluences, and
transmutation of CTR structural containment, breeder blanket and coolant materials (activation products)
will be dealt with in an accompanying paper.

Fusion Reactors

Breakeven fusion power conditions, as defined by the Lawson criterion,0) involve containing a plasma
of positive ions at a temperature of approximately 10s °K with a product of ion density and confinement
time of 1011* sec cur3, and two different approaches are under way to attain these necessary conditions.!1"4)
The first approach involves an inertial confinement scheme in which the reactants are maintained in a
pinhead-sized pellet and elevated to fusion temperatures by irradiation with lasers more powerful than
any now existing. In this scheme the pellet is heated so quickly that a significant fraction of the fuel
burns before thermal disassembly of the pellet terminates the reaction. A second approach involves a
magnetic confinement scheme in which the hydrogen plasma reactants are confined within a magnetic field
while being heated to temperatures necessary to sustain a fusion reaction. The magnetic field approach
is in turn divided into two general classes on the basis of geometrical configuration. These are the
magnetic mirror system and the toroidal system, which include the theta pinch and Tokamak designs.(3)
Regardless of the approach taken to attain fusion, the following deuterium-tritium (D-T) reaction is the
most attractive for the first generation fusion reactors:

D + T - ltHe(3.5MeV) + n(14.1MeV) . (1)

This reaction is attractive because of its high energy gain and low threshold temperature. Advantages
of a deuterium-tritium fusion reactor are listed(2) in Table 1.

Tritium

Since the D-T cycle is favored for early generation fusion plants, tritium will be the principal
radioactive hazard inside the plant. Because of its volatility, it may be released in appreciable
quantities during normal operation.(3,4) For D-T fueled reactors, the problems of tritium handling are
compounded by the need to breed tritium for refueling the reactor. Thjs will be accomplished by using a
lithium blanket surrounding the plasma to take advantage of the following tritium-producing .reactions:(5)

6Li + n •> T + '•He + 4.8HeV (2)
7Li + n ->• T + ""He + n - 2.5MeV . . (3)
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Table 1 . Advantages of Fusion Power.(1)

1. Effectively infinite fuel supply at low cost
( « 1 mill/kwhr).

2. Inherent safety, no run away due to the lower power
density and physical constraints on the system.

3. No chemical combustion products.

4. Absence of fission products.

5. - No emergency core cooling problem.

6. No use of weapons grade materials, so no diversion
possibility.

Radiological and Biological Aspects of Tritium

Tritium decays by beta emission to heliuni-3 with a half-life of 12.3 years. The maximum energy of
the beta particle is 18 keV and is, therefore, nonpenetrating. Tor this reason the external radiation
hazard to roan from tritium is negligible. Tritiated water can, however, enter the body readily through
the skin and lungs. The maximum permissible body burden for tritium is 1 mCi, and its average biological
half-life {for ingested tritiated water) is 9.5 days.(6)

Retention of tritium is dependent on the form which enters the body; the maximum permissible
concentration in air is a factor of 400 greater for tritium gas than for tritiated water vapor. Tritiated
water vapor easily enters the body through the skin, and approximately 100% of tritiated water inhaled
into the lungs diffuses into the bloodstream. In contrast, intake of elemental tritium through dry skin
is negligible, and when inhaled, only 1.6? is absorbed into the bloodstream with the remainder being
exhaled. V )

Tritium Inventories and Loss Rates for Fusion Reactors

Large quantities of tritium will be present in various parts of a CTR including the fuel storage and
processing system, the fuel injection system, the plasma recovery system, and in the breeding blanket and
recovery system. It has been estimated that the operational levels of tritium will total 760 grains,
corresponding to 7.3 x 106 curies, for a 470-MW(e) Tokamak plant.(8) Tritium inventories for various
systems, where potassium is the coolant used to remove heat from the lithium blanket, are listed in
Table 2. In addition to the values in this table, reactor designs call for the storage of 1-10 kg of
tritium.(9)

Table 2. Operational Tritium Inventories for a 470 HW(e) Reactor.

SOURCE
INVENTORY

CONC. ppm GRAMS CURIES

Lithium

Potassium

Water-Steam

Recovery, processing
and injection systems

1

0.

1.

010

2 x 10

TOTAL

4.4 x

530

40

2.9 x

10"

1O6

7.3 x 10°



An important aspect of tritium fuel is that it has to be transported only once for reactor start-up.
Subsequently, it is handled locally in a closed cycle at the power plant. After start-up, only the
nonradioactive elements, deuterium and lithium, are required to continue the supply of fuel for the plant.

Tritium permeates metal walls rapidly, especially when the walls are heated, and can diffuse from the
blanket-coolant system by three routes: (1) diffusion from the blanket into the plasma vacuum chamber
(a recovery system will collect this tritium and recycle it as fuel); (2) diffusion outward through all
reactor materials into the reactor hall; and (3) diffusion from the coolant system into the steam system.
In some designs the largest contributor in the second route is the leakage of tritium from potassium
coolant through turbine shaft seals and casing, and from potassium piping itself. Tritium containment
will most likely require that most of these components be enclosed within a second containment which
would be maintained at a negative pressure to minimize any tritium escape. In the third route, almost
all of the tritium will be oxidized and released to the environment.

Draley and Greenberg(8) have calculated the expected tritium releases for a 470-MW(e) Tokamak fusion
reactor which are presented in Table 3. The value of lining steam generator tubes with tungsten as a
tritium barrier is illustrated in this table. For this system, only 2.6 Ci of tritium are predicted to
be released to the environment daily, corresponding to a maximum individual off-site of 0.17 mrem/yr.
Visualize this level compared to releases of 11 Ci/day for current PHRs and 0.13 Ci/day for BWRs.lB)
both normalized for a 470-HW(e) output. In addition, both PWRs and BWRs are augmented by some 34 Ci/day
at fuel-reprocessing plants per net 470 MW{e) of fission plant output.(8)

Table 3. Tritium Releases for a 470 HW(e) Reactor.(6)

SOURCE RELEASE (Ci/day)

Potassium piping 2.0

Potassium turbine 0.02 i
t

Steam generator j
Stainless steel (66.7) I
Tungsten clad 0.58 !

Potassium coldtrap 0.009

Reactor cell 0.002

TOTAL •» Z-6

At present there are no generally applicable standards regulating the release of tritium to the
environment other than Federal and state regulations governing occupational and public radiation
exposures. Present regulations for light-water reactors limit the radioactivity released in gaseous
effluents so that the dose equivalent to an individual in an unrestricted area does not exceed 5 mrem/yr
to the whole body, nor more than 15 mrem/yr to the skin. For liquid effluents the upper limit is
3 mrem/yr for the whole body and no more than 10 mrem/yr to any organ.(10)

Radiation Worker Protection

A complex contamination problem in fusion reactors will be related to the adsorption of tritium
onto the reactor structural materials. The walls of the containment vessel and associated vacuum systems
will be highly contaminated and will be a source of occupational exposure once opened and handled. This
has always been a problem with D-T accelerators and may scale up in proportion to the inventories of
tritium used in fusion reactors. During Operation HENRE, a large D-T accelerator employing targets with
1500 to 2000 Ci of tritium was used to produce high neutron fluences. Surface contamination on a
maintenance platform of this accelerator usually varied between 5 * 103 and 5 * lO1* dis/min per swipe of
a 100-cm2 area, and at the target base and other surfaces, much higher contamination levels existed.(11)
Fraas(12) has estimated that the niobium blanket structure for a fusion reactor alone will absorb
approximately 21 g (2.1 * 10s Ci) of tritium. This will complicate any decontamination efforts in that
most particulate contaminants can be removed with chemical scrubs, but tritium cannot be removed easily.

Due to the low beta energy, the detection of tritium is difficult, especially in the presence of
other radionuclides and radiation fields. Tritium monitoring systems for the nuclear fission industry
are being improved continuously, and these systems will be applicable to the monitoring programs at
thermonuclear reactors, lonization monitors with gamma compensation have been developed,(13) as well as



scintillation counters,('4) to determine tritium in air. To distinguish between tritium gas and tritiated
water vapor, water-bubbler and freezing-ou* techniques have been employed;!'') however, these techniques
require periods of an hour to a day for collection and analysis. Sophisticated bio-assay techniques will
be required at all CTR installations. An automatic HTO-in-urine analyzer with a sensitivity of luCi/1 has
been developed at the Chalk River Laboratory.(15) This system includes a urinal attached to a liquid
scintillation analyzer. Samples are metered automatically and mixed with liquid scintillator. The HTO
activity is measured and recorded in about two minutes. Although this system represents a post-facto
method for monitoring tritium intakes and exposures, it may be useful in keeping track of tritium
exposures.

There is additional need for instrument development for CTR survey application of potentially
contaminated surfaces prior to their handling. At present, there is no accurate portable instrument
which can indicate on a real-time basis whether the tritium is in elemental or oxidized form. Tritium
around a fusion reactor will be in both gaseous and vapor forms probably with a high gas-to-vapor ratio.
(The MPC is a factor of 400 higher for tritium gas than for tritiated vapor.) A conservative approach
would be to assume that all of the tritium is in the oxidized form since the rate of oxidation from
tritiated gas to vapor is uncertain at this, time. This would entail an overdesign of the reactor to
compensate for these uncertainties.

When working with high levels of tritium around a fusion reactor, respiratory and skin protection
will be necessary. Suitable rubber or plastic gloves and clothing will have to be worn whenever there is
a chance of wetting the hands or body with tritiated water. A glove of 0.36 mm neoprene can offer a
protection factor of up to 340.(7) At present, polyvinyl chloride appears to be the most popular material
for plastic suits. A "sandwich suit" consisting of a pair of wet cotton coveralls over a plastic suit
and a second plastic suit over the wet cotton coveralls gives the most protection.(7) Research is
needed to develop a membrane which is more impermeable to tritium than polyvinyl chloride and still give
the worker mobility and comfort. Masks are of little value for respiratory protection unless breathable
air is supplied from a pressurized tank or through air lines from a source outside the contamination zone.

Magnetic Fields

Magnetic fields are used to confine the high temperature plasmas in many fusion reactor concepts,
such as the Tokamak design. Fields will depend on the reactor concept employed. Magnetic field strengths
and configurations are available for various thermonuclear reactor designs. For the 5000 MM(t) UMMAK-1
concept, a toroidal field is produced by the main magnetic field coils, and a poloidal field is produced
'by the plasma current, divertor coils, and transformer coils. The toroidal field is in the plane of the
torus with the strength varying from 10,000 gauss in the area ..jar the reactor to less than one gauss at
a distance of 50 meters.(16) The poloidal field, on the other hand, will radiate both vertically and
horizontally from the torus, and at a distance of 500 meters the magnetic field strength will be one gauss.
(For comparison, the earth's magnetic field is about 1/2 gauss.) Thus, strong poloidal fields as high
as 70 to 450 gauss may be found outside the reactor area in the transport and hot cell regions. Workers
near the building could be subjected to field strengths of 1 to 70 gauss for long periods of time. It is
expected that beyond the plant's exclusion area the magnetic fields will have decreased to near natural
levels so that the general public will not be exposed to elevated fields.

It is not possible at present to assess with any certainty the potential hazards to the operational
workers from exposures to these magnetic fields, since the biological effects found resulting from
elevated magnetic fields have been highly variable.(17) The first documented effect in man, which was
consistently reproducible, was that of seeing light flashes when the head was placed in an alternating
magnetic field (magnetic phosphene effect).('8) changes in the electrical activity of the brain and heart
have also been found after exposing humans to fields of 500 to 9,000 gauss.(17) Alterations in the growth
and development of mammals have been reported after exposure to magnetic fields.(19-21)

The effects of combined exposures of magnetic fields and irradiation are important, since personnel
working in fusion reactors will have the potential to be exposed to both. Barnothy and 8arnothy(22) found
an enhanced survival of mice that were first exposed to a magnetic field before being irradiated, and
they ascribed the protective effect to an increased leukocycte concentration found after exposure to a
magnetic field. Another study, however, has reported some synergism between the effects produced by
irradiation and magnetic field exposure.(17)

Additional studies are needed to explain the highly variable and nonreproducible results reported
in past experiments. There are no sound physical models available to describe the cause-effect relation-
ships for most of the observed biological effects of magnetic fields. Presently, there are no guidelines
for occupational or public exposure to magnetic fields.

Summary

Fusion reactors will present both traditional and new health physics problems. Tritium is expected
to be the principal radiation hazard to the occupational worker in a fusion reactor plant. The future
fusion industry will benefit from continued improvement of tritium monitoring and handling techniques
under development by the nuclear fission industry. Additional research on protective clothing and
instrumentation will be required for use in health protection programs at CTR installations. Research
is also needed to determine the rate of conversion of tritium gas to tritiated water, especially in the
working environment. Because of a lack of adequate biological data of magnetic effects on man, it is
difficult at present to estimate whether or not the high magnetic fields used in many fusion reactor
concepts will present a hazard to the occupational worker.



References

1. Kulcinski, G. L., "Fusion Power - An Assessment of its Potential Impact in the USA," Energy
Policy 2: 104-125, 1974.

2. Fusion Power by Magnetic Confinement, ERDA-11, 1975

3. Post, R. F. and Ribe, F. L., "Fusion Reactors as Future Energy Sources," Science 186: 397-407,
1974.

4. Fusion Power: An Assessment of Ultimate Potential, WASH-1239, 1973.

5. Maroni, V. A., "Selected Problems of Tritium Management Related to CTR," paper presented at A
Short Course in Fusion Power, Princeton University, October 30-November 3, 1972.

6. Butler, H. L. and Leroy, 0. H., "Observation of Biological Half-Life of Tritium," Health Phys.
11: 283-285, 1965.

7. Bush, w. R., Assessing and Controlling the Hazard from Tritiated Water, AECL-41S0, 1972.

8. Draley, J. E. and Greenberg, S., "Some Features of the Environmental Impact of a Fusion Reactor
Power Plant," in Technology of Controlled Thermonuclear Fusion Experiments and the Engineering Aspects
of Fusion Experiments and the Engineering Aspects of Fusion Reactors, COHF-721111, (ed.) by Draper, E. L.,

9. CTR Engineering Systems Study Review Meeting, WASH-1278, 1973.

10. "Numerical Guides for Design Objectives and Limiting Conditions for Operation to Meet the
Criterion - As Low as Practicable for Radioactive Material in Light-Water-Cooled Nuclear Powpr Reactor
Effluents," in Licensing of Production and Utilization Facilities, 10 CFR 50, 1975.

11. Butler, H. M. and Haywood, F. F., Radiation Safety Practices - Operation HENRE, CEX-65.05, 1971.

12. Fraas, A. P., Conceptual Design of the Blanket and Shield Region and Related Systems for a Full-
Scale Toroidal Fusion Reactor, ORNL-TM-3069, 1973.

13. Cowper, G. and Osborne, R. V., The Detection of Tritium in Air with Ionization Chambers,
AECL-2604, 1966.

14. Sannes, F. and Banville, B., A Portable Tritium-in-Air Monitor, AECL-2283, 1965.

15. Osborne, R. V., Monitoring for Tritium at Low Levels, AECL-2700, 1967.

16. Badger, B. et al., Wisconsin Tokamak Reactor Design, UWFDM-68, 1973.

17. Young, J. R. et al., Information Requirements for Controlled Thermonuclear Reactor Environmental
Impact Statements, BNWL-1883, 1975.

18. Alexander, H. S., "Biomagnetics - The Biological Effects of Magnetic Fields," Am. J. Hed.
Electron. 200: 86-87, 1963.

19. Barnothy, J. M., "Growth-Rate of Mice in Static Magnetic Fields," Nature 200: 86-87, 1963.

20. Eiseiein, J. E. et al., "Biological Effects of Magnetic Fields-Negative Results," Aerospace Hed.
32: 383-386, 1961.

21. Ossenkopp, K. P. et' al., "Prenatal Exposure to an Extremely Low Frequency - Low Intensity
Rotating Magnetic Field and Increases in Thyroid and Testicle Weight in Rats," Develop. Physcholbiol. 5:
275-285, 1972.

22. Barnothy, M. F. and Barnothy, J. M., "Biological Effect of a Magnetic Field and the Radiation
Syndrome," Nature 181: 1785-1786, 1958.


