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Abstract

A review of the activation products from fusion reactors and their

attendant Impacts is discussed. This includes a discussion on their

production, expected inventories, and the status of metabolic data on

these products.

Introduction

During normal operation of a fusion reactor (controlled

thermonuclear reactor - CTR) tritium will be the major radionuclide

present in reactor effluents and in the working environment. Under

abnormal conditions or after normal shutdown and subsequent

dismantling, other radioisotopes, the activation products, become

increasingly important. Activation products are created from the

transmutation of CTR structural containment, breeder blanket and

coolant materials. As CTR technology develops and final selections

are made of these materials, it will be possible to identify the

different variety and inventories of activation products that will be

produced. Depending on the relative quantities of these materials

that may be released to the environment, information will need to be

gathered on their environmental transfer and metabolism in animals and
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man so that adequate estimates can be made of their potential

radiological impact.

The major differences in environmental Impact of fusion plants

compared to fission reactors are: (1) the absence of volatile fission

products that can lead to releases of these radionuclides on a

continuous basis, (2) the presence of a greater amount of

radioactivity in the form of activated structural material, and (3)

potentially greater rates of tritium release. Activation of CTR

materials with energetic neutrons can lead to the production of large

quantities of radionuclides not commonly encountered in fission

reactors. For some of these elements very little animal and/or human

data are available to construct accurate dosimetric models. The study

and collection of the metabolism of these activation products in

animals is time-consuming and it may take several years to obtain

viable and useful results.

The requirement to complete an Environmental Statement (ES) prior

to building a CTR will necessitate a compilation of site-specific

information and an understanding of the technological operations of

the facility to the extent that a scenario of major environmental

impacts can be derived. Further technological information and a

general understanding of environmental problems likely to be

encountered will be needed for preparation of an ES for the overall

program. There was a considerable amount of information included in

the ES for the LMFBR but many commentors felt that some of the

information was inadequate. To avoid a similar problem in preparation

of an ES for CTRs, it will be necessary to develop, on a timely basis,



sufficient awareness of the public health and environmental problems

likely to be encountered so that these potential problems can be given

adequate consideration as the technology develops.

A second consideration that emphasizes the need for beginning to

evaluate potential public health and environmental problems at this

time Is that technologists need to have established for tritium and

activation products release limits that can serve as a basis for

design criteria. Refinements in release limits can be made only after

the development of an adequate understanding of the spectrum of

radionuclides likely to be released, their chemical and physical

characteristics, their environmental behavior, their uptake by man,

and their contribution to radiation dose.

Production of Activation Products

There 1s presently uncertainty as to which reactor concept,

magnetic or inertial fuel confinement, will be used, but there is

general agreement that the first generation CTR's will use deuterium

and tritium as fuels in the reaction:

D + T -• "He (3.5 HeV) + n (14.1 MeV) (1)

where the threshold fuel (plasma) temperature is approximately 10 keV.

This D-T reaction, equation (1), has a substantially higher

probability of "ignition" and a lower threshold temperature than do

other fusion reactions. Also, deuterium 1s easily obtained from

ordinary water. Tritium is only present in nature in minute
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quantities; but, this difficulty can be overcome by breeding It from

lithium by neutron capture:

6Lf + n + T + "He + 4.8 MeV (2)

7L1 + n •* T + "He + n - 2.5 MeV (3)

Two basic conditions have to be satisfied in a fusion reactor (1):

(1) The fuel has to be heated to a temperature in the

range of 108 °K (10 keV);

(2) The fuel or plasma has to be confined for a sufficiently

long time to ensure that the energy output exceeds the

energy input. This time is given by the Lawson cr1ter1on(2),

which states that for the fuel the product of 1on density

and confinement time has to exceed 10llf sec/cm"3.

Although it will be several years before these criteria are achieved

in a prototype CTR, the first experimental tritium burner will be a

Tokamak type machine which uses magnetic confinement to contain the

fuel plasma in a toroidal geometry.

A D-T fusion reactor will be neutron-Intensive and the initial

containment, the coolant, and the breeder blanket will all be

subjected to high energy and intense neutron fluxes. A list of

proposed materials to be used in a Tokamak CTR is summarized In Table

1. This list was developed from the different conceptual Tokomak

designs currently under consideration (3-9).
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Several different nuclear reactions for niobium are possible with

energetic (14 MeV) neutrons as is Illustrated in Table 2. Reaction

cross sections for 14 MeV neutrons (10) and the half-lives of any

resulting radionuclides are also given. A 11st on all possible

activation products from these reactions with the materials listed In

Table 1 1s composited in Table 3. For simplicity, radionuclides with

a half-life less than 30 days and second order transmutations are not

listed.

A knowledge of the quantity of radioactive material in a fusion

reactor is desirable, but such Information by Itself has little value

In assessing the radiological impact on man, which is dependent on its

potential for release and its biological hazard. In assessing the

risks associated with activation products, many detailed quantitative

studies have been performed which take Into consideration the

different conceptual designs. For example, the use of niobium as a

structural material will result in substantial amounts of long-lived
93n>Nb (13.6 yr) and 9l»Nb (2 x lO* yr) (5,6). With vanadium the

inventory of products is several orders of magnitude less, but niobium

is a typical Impurity present in vanadium.

The activity generated in the niobium structure of a Tokamak 1s

calculated to be approximately 9000 curies/W(th)-year for 93mNb.

For a stainless steel blanket, the activity is of the same order of

magnitude (4). With the use of vanadium, the radioactive inventory is

greatly reduced (6) and when aluminum (SAP-sintered aluminum product)

Is used as structural material, the residual activity is many orders

of magnitude less than if Nb or stainless steel were used (1). But as
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design studies advance, the structural blanket will most likely be

constructed from different alloys rather than fronp a single material.

A common feature of activated blankets is that the total inventory

of radioactivity increases rapidly after start up. For example, the

radioactivity of a stainless steel blanket reaches 109 curies within

2 hours and 4 x 109 curies after two years. Also, Vogelsang and his

colleagues (4) have predicted that, during the period 1 year to 100

years after shutdown, the inventories of activation products in the

CTR will be the same order of magnitude as the fission products and

activation products produced in a comparable LMFBR. This may

represent a significant source of potential exposure to radiation

workers or the general population.

Exposure Pathways

There are three general circumstances in which occupational

workers and the public may be exposed to radiation from CTR's: (1)

during normal operation, (2) during abnormal or accident situations,

and (3) during disposal and/or recycle of CTR materials.

Briefly, CTR's will have to observe State and Federal regulations

controlling radiation exposures. CTR's will be required to be

engineered for compliance with these exposure limits and will

undoubtedly be required to keep radiation exposures as low as

practicable. Because a CTR will become highly radioactive, routine

and preventive maintenance and dismantling will have to be

accomplished remotely. For example, for some fusion reactor designs,

the radiation fields at its center 10 years after shutdown would be

several megarads per hour (11).
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During accidents 1t Is possible that significant quantities of

' radioactive material could be released in the form of aerosols. For

example, a mechanical failure in a pot?ss1um to water/steam heat

exchanger poses such a hazard (1). In the worst case, a rupture of

the heat exchanger would allow a massive Injection of water and/or

steam Into a hot liquid or gaseous metal. This would lead to a rapid

reaction, producing hydrogen gas. The most harmful effects are

pressure surges which upon contact with air would bring about hydrogen

explosions and release activated corrosion products present 1n the

coolant systems. This could also lead to large-scale fires and

release of the tritium contained In the reactor.

Niobium, a possible structural material Is said to burn when

exposed to air at 800°C, emitting white smoke (12). This Implies that

niobium particles could be dispersed 1n the environment during an

accident. Niobium (or other structural metal) would be closely

associated with a much larger quantity of lithium, and It seems

probable that oxidation of the structural metal would occur only after

most of the lithium had burned.

In a typical CTR, there will be approximately 250,000 kg of

activated structural waste material to be disposed of annually(ll).

One solution would be the long-term storage of these structural

materials. But, long-term storage of radioactive materials may not be

a viable solution to the problem. Kulcinski, in his recent article on

fusion power, has Indicated that certain structural materials for use

in the fusion reactor are of strategic importance.(7) He pointed out

that the use of refractory metals, such as Nb or V, means that our
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nation will be almost entirely dependent on foreign sources for these

metals.(7,13) Thus, the U.S. may be forced Into recycling metals used

in the fusion reactors. Such recycling would Increase the potential

for exposure of personnel as well as members of the general

population.

Status of Metabolic Data

DosimetHc data are available on all of the elements listed 1n

Table 3. Much of this information has been prepared 1n accordance

with work currently being performed by the Health Physics Division,

ORNL, for the ICRP; however, these data have not yet been accepted by

this Commission.

There are deficiencies in some of the dosimetric data for CTR

activation products. For example, in constructing a metabolic model

for aluminium, there was very little data reported in the literature

and this data was obtained from studies on rats. Consequently, it was

necessary to base the metabolic model on information obtained

experimentally for gallium which is in the same classification 1n the

periodic chart. Based on these data, the uptake fraction is estimated

to be approximately 10" 3; however, this is lower than the uptake

indicated for reference man(14) or in references cited in the

Reference Man Report.(14) Calculations based on this small amount of

data give an MPC in air for the radioisotope 26A1 of about 10*9

uCI/m3 . In addition, the lower large intestine has been identified as

the critical organ for ingestion and the red marrow as the critical

organ when the mode of entry into the body Is Inhalation. Needless to

say, because of the limitations of currently available information
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used as the basis* this model and the dosimetric data should be used

•with some discretion.

The situation Is much the same for niobium. There appears to be

no data on the metabolism of radioactive niobium in man and very

little information on stable niobium. A recent study of Furchner and

Drake (15) compares the metabolism of niobium In the mouse, rat,

monkey, and dog. Their studies showed preferential retention 1n bone,

a ten-fold higher concentration compared to the whole-body average.

In the absence of data on the metabolism of niobium in man, the

Furchner and Drake data were used in the derivation of a retention

equation for use in dosimetric evaluations.

Several studies in small animals, using a number of niobium

compounds, indicate a GI absorption of 1% or less. However, it Is

Interesting to note that the observed level of urinary excretion and

balance data on stable niobium in humans point to a GI absorption of

at least 60% of dietary niobium. Thus, the incorporation of

radioactive niobium into the food chain could be a significant

exposure pathway. It is also significant that, in calculations for

many of the isotopes of niobium, the critical organ is often the red

marrow or the testes.

In general, there are little human data available and, in some

cases, little animal data for many of the other elements of potential

importance in fusion power. Much of the Intake and excretion data

published in the Reference Man Report are based on the data from a few

individuals or from a survey of institutional diets.
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In summary, with the present conceptual CTR designs utilizing

deuterium and tritium as fuel, it 1s possible to predict qualitatively

which activation products will be present and also estimate

quantitatively the Inventories that will be produced within the

reactor. There are many uncertainties which require attention such as

shielding and containing the activation products both during normal

operation and after shutdown and subsequent dismantling. There are

also possibilities of releases occurring during accidents or abnormal

events. The engineering design will be predicated on maintaining

radiation exposures In the working environment and offsite areas

within State and Federal limits as prescribed 1n their regulations.

These radiation limits are based on dosimetric data which, In some

cases, need additional study.



. Table 1

Fusion Reactor Materials

Containment/Structural Breeder Blanket Coolants

1. Aluminum1 1. Lithium 1. Lithium

2. Vanadium (or alloy) 2. LiF and BeF2 (flibe) 2. Sodium

3. Niobium (or alloy) 3. Potassium

4. Stainless Steel 4. Helium
(SS-316)2

5. LiF and BeF2
5. Nimonic Alloy (PE-16)3

SAP-Sintered Aluminium Product
2SS-316--62SS, i% Mn, IX Si, 18% Cr, 1455 Ni, 355 Mo
3Nimonic PE-16--43S Ni, 35* Fe, 17* Cr» 3* Mo, 1* Ti, 1* Al



Table 2

14 MeV Neutron Reactions with Niobium

Reaction

93Nb(n,n)

(n,n')

(n, 2n)

(n,y)

(n,p)

(n,o)

14 MeV n
Cross Section9

(barn)

2

0.87

1.09

0.0005

0.03

0.009

Activation Product

—

92"Nb

»^b
93mZr

Half-life

12 yr

2 x 107 yr

2 x 10* yr

9.5 x 105 yr

64 hr



Table 3

Summary of Activation Products with Long Half-lives

Activation Product Half-life Activation Product Half-life

26A1 7.3 x 10 5 y 59Ni 8 x 10* y

163 d 63Ni- 100 y

331 d 9l N b Long

51Cr 27.7 d 92% 2 x 107 y
53Mn 3.7 x 106 y 93mNb 12 y

51*Mn 312 d stiflNb 2 x 10** y
55Fe 2.7 y 95Nb 35 d

59Fe 44.6 d **Mo 3 x 103 y
57Co 271 d 93Zr 9>5 x 10s y

58Co 71.3 d aszr 65.5 d

60Co 52.7 y asmjc 2.13 x 10s y
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