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** " Activation characteristics of a material for ser-

vice in the neutron flux of a fusion reactor first
wall fall into three areas: waste management, reactor
maintenance and repair, and safety. Of these, the
waste management area is the most likely to impact the
public acceptance of fusion reactors for power genera-
tion. The decay of the activity in steels within tens
of years could lead to simplified waste disposal or
possibly even to materials recycle. Whether or not
these can be achieved will be controlled by (1) selec-
tion of alloying elements, (2) control of critical
impurity elements, and (3) control of cross contami-
nation from other reactor components. Several cri-
teria can be used to judge the acceptability of
potential alloying elements in iron, and to define the
limits on content of critical Impurity elements. One
approach is to select and limit alloying additions on
the basis of the activity. If material recycle is a
goal, N, Al, Ni, Cu, Nb, and Mo must be excluded. If
simplified waste storage by shallow land burial is the
goal, regulations limit the concentration of only a
few isotopes. For first-wall material that will be
axposed to 9 MW-y/m2 service, allowable initial con-
centration limits include (in at. ppm) Ni < 20,000;
Mo < 3,650; N < 3,650, Cu < 2,400; and Nb < 1.0. The
other constituent elements of ferritic steeds will not
be limited. Possible substitutes for the molybdenum
normally used to strengthen the steels include W, Ta,
Ti, and V.

1. Introduction

Disposal of materials and components from nuclear
power systems is complicated by the radioactivity
induced by neutron reactions. This disposal has
attracted unfavorable publicity and lack of public
acceptance of the fission power op' >.<ns. To counter
this public attitude, it is incumbe. jn those devel-
oping the fusion power source to examine the potential
for the same problem in a fusion power economy and to
evaluate the feasibility of mitigating the material
disposal problem for fusion reactor components.

The fusion fuel cycle most likely to be commer-
cialized is the D-T-Li cycle. In this system deute-
rium (0) and tritium (T) are the fuels. Since tritium
does not occur in nature, it must be bred in the two
isotopes of lithium in the reactions

and

6Li

n + 'Li + n' + T +

The neutrons that drive this reaction, and that carry
the greatest fraction of the energy, are produced in
the fusion reaction

D + T + n + ''He + 17.6 MeV .

The radioactivity concerns in a fusion reactor all
derive from this reaction. Both the deuterium fuel
component and the helium reaction product are stable,
and thus pose no handling problem. The tritium fuel
component is radioactive and decays by electron
emission with a half-life of 12.33 years. This
requires that the tritium be contained and recovered
-with a high level of efficiency. The other component
of radioactivity, and the one that is being treated in
this paper, is the activity produced in all plant
materials from reactions with the fusion neutrons.

The flux of neutrons on the various components of
a fusion power plant will decrease approximately expo-
nentially with increasing distance from the plasma
chamber. The highest neutron flux is at the compo-
nents of the first wall and blanket zone of the reac-
tor, and it is this zone on which we will focus.
Consideration will further be restricted to steels,
the most probable structural material for use in the
first wall and blanket.

The ideal fate for materials from fusion reactor
components that have failed or have reached the end of
their service life is recycle for reuse in the same or
a new application. If recycle is not feasible, the
simplest disposal system that is acceptable will be
preferred. These two options for used material wil
be examined In this paper.

The question of recycle of fusion reactor compo-
ne: -a has been discussed by Jarvls (1). The subject
of low activation materials for fusion reactor com-
ponents was reviewed and discussed by the DOE panel 1
chaired by Conn (2). The material presented in those
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two reports form the basis of this paper. The goal
here is to establish limits on the composition of
steels that would be imposed by the requirements for
recycle or for simplified disposal as waste at the end
of useful component service.

Conn, Okula, and Johnson (3) have examined the
control of activity, especially at long times after
shutdown, by elementally or isotopically tailoring the
composition of structural alloys. They showed the
advantages to be obtained by selecting alloys free of
nickel and molybdenum, and also showed advantages of
using only selected isotopes of these elements if
alloys containing nickel or molybdenum were to be
used. The results were not evaluated against any
regulated limits on recycle or waste disposal.

All earlier evaluations of reduced activation
steels, as for example by Conn et al. (3) and in the
MARS project (4), are deficient in considering only
Che nominal compositions of the alloys. These studies
did not include the effects of Impurities routinely
contained in steels; these impurities will in some
cases dominate the long-term radioactivity charac-
teristics of the steel.

2. Levels of Activation and Rates of Decay

Neutrons emitted from the plasma will undergo
reactions with all elements In the reactor structure
and produce nuclei in an excited state. These acti-
vated isotopes undergo radioactive decay; 'however,
some have intolerably long half-lives. The cross

sections for neutron reactions and the radioactive
states that result are dependent on the parent element
and the neutron energy. More than one isotope species
can result from a single parent isotope, and more than
one decay route may be possible from a single acti-
vated Isotope. Calculation of the activation products
and subsequent decay first requires the calculation of
the neutron flux at the component of interest. The
product of the energy-dependent neutron flux and the
<energy-dependent reaction cross sections yields the
radioactive isotope inventory. The decay characteris-
tics of this inventory give the measure of activity or
radiation field.

The neutron-induced activation of various ele-
ments calculated for the first wall of a fusion reac-
tor Is given in Fig. 1. The neutron spectrum was
determined for a reactor blanket consisting of a
stainless steel structure, a liquid-lithium breeding
medium, and a helium coolant. The data given in
Fig. 1 were obtained by convoluting this neutron
spectrum for the first wall zone with activation
cross-section data for the separate elements. It was
assumed that the neutron flux would not be signifi-
cantly different if the actual element were used in
place of the stainless steel in the initial flux
calculation. The calculations used the density of the
elements at ~20°C, except for gaseous elements, where
the density of the liquid state at the boiling point
was used.

The data presented in Fig. 1 were calculated
for a total reactor operation to 9 KW-y/m accumulated
in three years of continuous operation. This lifetime

10 -

10
TIME AFTER SHUTDOWN [years)

Figure 1 - Activation level and rate ofi decay for elements exposed for 9 MW-y/mz In the neutron flux at the
first wall of a fusion reactor.



corresponds to a total neutron fluence of approximately
1.0 * 10 neutrons/m , and would produce 100 dpa in
an iron alloy first wall. This is probably a minimum
acceptable lifetime for an economically viable reactor.

Note that for almost all elements treated, and
certainly for all those that are major constituents of
candidate fusion reactor structural materials, the
range of activity soon after shutdown is only two
orders of magnitude. The range is from about
2800 Ci/cm3 for Co to 40 Ci/cm3 for Cr. For most
steels, the activity will be slightly above the acti-
vation level for unalloyed iron, about 1000 Ci/cin3.

These activation levels can be put into perspec-
tive by comparing them with materials activated in
fission reactors. Kazimi (5) has provided such a com-
parison (Table I). At 1 and 10 years after discharge
from reactor service the total activities per unit
volume are quite similar for STARFIRE (a fusion reac-
tor with stainless steel structure), a light-water
(thermal) fission reactor, and an LMFBR (fast) fission
reactor. One hundred years after shutdown, the fusion
system material has an advantage of approximately 100,
since the activation products In stainless steel decay
more rapidly than the actinide fuel and fission prod-
ucts in the two fission reactors. The relative
hazards of the materials in the system, which gives
fusion a decided advantage, will be discussed later.

The decay of Induced activity in individual ele-
ments for times up to 1000 years after reactor shut-
down is also shown in Fig. 1. While shutdown
activities showed lietie range, a much greater separa-
tion of elements results if they are compared on the
basis of the rate of decay of this total induced
activity.

Table I. Comparison of the Radioactivity in High-
Activity Wastes from Fusion and Fission Reactors

(for a 1200 MWe Plant at 80S! Capacity Factor
and 332! Thermal Efficiency)

[from Kazimi (5)1

STARFIRE*
fusion
reactor

PWR light
water
fission
reactor

LMFBR fast
fission
reactor

Years
flf tsr
Dis-

charge

1
10
100

1
10
100

1
10
100

Total
Activity
(Cl/cm3)

26.36
2.34

7.6 x 10"3

25.3
3.94
0.41

27.0
3.4
0.41

Biological Hazard
Potential

106 km3.
air

42
6.3
0.2

7,600*
6,080
3,800

1,600*
1,120
740

(per GWe-y)

km3 ,
water

620
86.5
5.2

26,900*
13,300
2,090

16,400*
3,800
570

This represents half the blanket structural
material of STARFIRE, but the radioactivity of the
other half is at least an order of magnitude less.

'With recycle. Inhalation BHP is actinide domi-
nated while ingestion is fission product dominated.

*0nly high level waste and fuel assembly waste
are considered here.

3. Criteria, Goals, and Regulations on Activity

A number of criteria have been used to judge the
"hazard" of radioactive waste and to measure the rate
of decay as a function of elapsed time. The simplest
of these is the specific activity (in curies per unit
mass or per unit volume) which is a measure of the
radioactive decay rate only. (These units are used in
Fig. 1.) Representing the activity in these units
does not distinguish between decay processes, so a
decay event that emits a high energy gamma ray Is
counted equally with a low energy electron emission,
internal electron capture, etc. Another useful mea-
sure of activity in determining occupational hazard is
the rem, which accounts for the energy deposition of
the different types of radiation. Two other units are
used to evaluate the potential for harm after Inges-
tion or inhalation. These are the biological hazard
potential (BHP) for water or air, givun as the volume
of water or air needed to dilute the waste to the
maximum permissible concentration (MPC) permitted by
law. The MPC, and hence Che BHP, is specific to each
radioactive isotope, and is determined by the decay
mode and the rate of decay for the isotope and by the
biological activity of the chemical species.

The difference in the relative hazards of struc-
tural materials after service in a fusion reactor and
of the structure, fuel, and fission products of a fis-
sion reactor Is shown in Table I. While the total
activity was comparable for fusion and fission at 1
and 10 years after shutdown, the BHP for the three
systems shows fusion to have an advantage of 30 to
970. The advantage increases with time, because of
the long-lived actinide isotopes in the fission reac-
tor wastes.

The treatment of recycle given by Jarvis (1) uses
the specific activity and the radiation field, in rem,
on which to base judgments. The US Federal Regulation
governing waste disposal considers the activity of
specific radlonuclides, selected on the basis of their
long-lived hazard potential.

Rules governing the handling and disposal of
radioactive materials are relatively new, and the pro-
cesses of setting these rules and issuing licenses
under them are still in the formative stages. In par-
ticular, large quantities of a "new" type of spent
material, such as will be generated in a fusion economy
can be expected to attract close scrutiny. It is
likely that the rules and standards will be altered
and adapted to meet the requirements of fusion. It is
very speculative to attempt to judge the fate of mate-
rials discharged from a future fusion reactor based on
the regulations available today. However, such an
analysis is attempted here to provide guidance on the
measures that can be taken to achieve control of the
radioactivity in steel structures at long times after
reactor shutdown.

4. The Recycle Option

Jarvis has treated the question of recycling dis-
charged fusion reactor component materials 100 years
after removal from the reactor (1). He calculated the
level of activation in a first wall operated for two
years at 10 MW(th)/mz. The calculation was performed
for 39 elements, including all of those normally found
as constituents of common alloy systems. The decay of
this induced activity was also calculated in order to
determine activity 100 years after shutdown-



Recycle Is the most desirable option for used
reactor component materials. In STARFIRE, the blanket
zone will contain 450 metric tons of stainless steel.
With random failures and scheduled replacements, the
blanket zone will "use" 3400 metric tons of steel dur-
ing the reactor lifetime (6). In a full fusion power
aconomy, the quantities of material become very large
and recycle could reduce the pressures on the mineral
extraction and primary mecal production industries.

If recycle does become possible, economic issues
will determine if it Is practical. The costs of re-
cycle and of possible restricted use of recovered
material must be traded against the values in the
material and in reduced material storage costs.

Jarvis made a number of assumptions to estimate
the potential for material recycle. Among the most
important wera the recycle scenario and the criteria
used to judge if a recycled alloy was acceptable for
reuse. The assumption on recycling was that the re-
processing (melting, casting, forging, and rolling,
etc.) would be fully remote, without any emissions,
and that limits on use of the material would be set by
radiation levels encountered by workers during
machining and assembly operations. Two limits were
used to judge the acceptable activity levels of the
reprocessed alloys. First, that the activity be not
greater than that of newly refined uranium metal,
which is 12 uCi/cm3, and second, that the occupational
exposure due to the gamma dose rate from an infinite
area, thick sheet be no more than 2.5 mrem/h.

The above assumptions and acceptability criteria
are reasonable bases for analysis, and we have no
better criteria to propose. However, It must be recog-
nized that they would likely be unacceptable under
United States licensing procedures. Licensing of a
recycle operation would require a detailed calculation
of effluents expected during reprocessing, and would
impose isotope-specific limits on both reprocessing
effluents and on activity of the recycled product.
While the limits will not be anticipated here, it
seems likely that the greatest restrictions will be on
those gamma-emitting isotopes with very long half-
lives. The limit on exposure of occupational workers
can also be expected to be lower than assumed by
Jarvis. In the United States, the ALARA concept (As
Low As Reasonably Achievable) is generally interpreted
as restricting exposures to approximately 1 rem/year,
instead of the 5 rem/year which was assumed by Jarvis
to arrive at the 2.5 mreo/h criterion. A more likely
limit on occupational exposure for the work force,
under the AI.ARA copcept, is then ~0.5 mrem/h.

Based on the assumptions discussed, the analysis
of the potential for recycle results in a classifica-
tion of the 39 elements considered. The classifica-
tion is in terms of allowed initial concentration of
these elements to allow recycle 100 years after ser-
vice. The results presented by Jarvis (1) are sum-
marized in Table II. Note that the limitations on Fe,
Ni, and Mo would rule out recycle of any of the steels|
in the 100 year scenario.

5. Simplified Waste Disposal

While the technology exists for the permanent
disposal of long-lived radioactive wastes under sev-
eral geologic storage options, it would be economi-
cally and politically more acceptable to use a simpler
disposal system. The favored approach is to generate

Table II. Limito on Constituents of a Fusion Reactor
First Wall to Allow Recycle 100 years after Service

[Adapted from Jarvis, (ref. 1)]

Function
in

Alloy

Composition
Range Limited Elements

Alloy base Not Limited C, Mg, P, S, V, Cr,
Y, Ta, W, Tl

Major alloy 20 to 507. 0, F, Si, Mn, Fe, Pb
constituent

Minor alloy 0.1 to 20% Li, Be, B, Na, Cl, Ca,
addition Ti, Co, Zr, In

Acceptable 10 to 500 ppm H, Al, Ar, K, Sc, Ni,
impurity Cu, Zn, Mo, Cd, Sn

Unacceptable < 10 ppm Nb, Ag
impurity

only wastes that could be emplaced in land disposal
sites (shallow land burial). Institutional control of
the facility would be required only for such times
that the activity presents a hazard. At times beyond
about 100 years, only engineered barriers will be
required.

United States regulations covering the licensing
and operation of land disposal facilities for radio-
active waste disposal were finalized in late 1982 and
published in the Federal Register (7). These rules
form part-of the Code of Federal Regulations for
Energy, and are referred to hereafter as 10CFR61.
The performance objectives used in deriving these
regulations were:

• Protect the genfJral public,

• Protect individuals from inadvertent intrusion,

• Protect individuals during operation, and

• Ensure stability of site after closure.

In establishing procedures to meet these objec-
tives, waste was classified into three categories,
depending on the stability and activity level of the
waste. The highest permissible level Is for Class C
wastes, and it is only this category that can apply to
steel components from the blanket zone of fusion reac-
tors. Class A and B wastes, with more restrictive
limits on activity, will not be considered here.

The general rules governing the disposal of
Class C wastes are designed to meet the performance
objectives. These requirements include:

• Waste or container stable for 300 years,

• Burial 5 m below surface or intruder barriers
with 500-year life,

• Institutional control of access for up to
100 years, and

• Activity at 500 years not unacceptable hazard
to intruder.



While these performance objectives and waste require-
ments are general, they must be translated to specif-
ic, measurable quantities that can be used in judging
the acceptability of material for disposal. This has
been done by examining the Isotopes expected in dis-
charged fission reactor materials, evaluating the
decay life and the potential biological hazard of each
Isotope, and then establishing a concentration limit
for each isotope. Table III gives the limits for
long-lived rad'onuclides allowed in Class C waste.
(If concentrations do not exceed 0.1 times the value
in Table III, the waste may qualify for a less
restricted disposal class, Class A.) Licits are also
set for some of the shorter-lived radionuclides and
these limits, given in Table IV, are for all three
classes of waste qualifying for land disposal.

Table III. Limitations on Long-Lived
Radionuclides for Land Disposal

59Ni
9"Nb
99Tc
129X

Radionuclide

in activated
in activated
in activated

metal
metal
metal

Concentration
(Ci/m3)

8
80
220
0,
3
0,

.2

.08

Alpha emitting transutanic
nuclides with half-life greater
than 5 years

100*

2 1 < 2 Cm
3,500*
20,000*

Units are nanocuries per gram.

Table IV. Limits on Short-Lived Radionuclides
for Land Disposal

Radionuclides

Concentration (Ci/m3)

Class A Class B Class C

Total of all nuclides with
less than 5 year half-life

700 NL" NL

6 0,
6 3;
6 3,
90

Co
Ni
Ni in activated metal
Sr

7Cs

40
700
3.5
35
0.04
1

NL
NL
70
700
150
44

NL
NL
700

7000
7000
4600

*Not limited. Practical limits on personnel dose
rates or heat generation during handling may set limits.

The only limits on concentrations of radionuclides
are those specifically listed in these two tables.
Draft versions of 10CFR61 had proposed setting limits
by similarity to listed isotopes, but this blanket rule
was rejected in setting the final regulations. It
must be recognized, however, that other regulations
covering exposure of the occupational work force (that
would apply during waste emplacement) and limits
covering transportation may also set practical restric-
tions on the material that can be disposed of at land-
fill sites. The reaoval of decay heat may also set
practical limitations on the concentration of radioac-
tivity in storage containers.

In evaluating radionuclide concentrations, the
activity is averaged over the container volume. Dilu-
tion with inert filler material can be used to reduce
the activity per unit volume. Hastes containing more
than one of the isotopes restricted in Tables III
and IV are evaluated by the "sum of fractions" rule.
That is, the concentration of each nuclide must be
divided by the regulated limit for that nuclide, and
the fractions obtained for all limited nucMdes are
summed. To be acceptable for land disposal, the sum
of fractions must not exceed 1.0.

Further details in 10CFR61 establish how activi-
ties can be calculated or estimated, methods of pack-
aging wastes, placement of wastes at the site, and
other particulars not pertinent to the discussion here.
However, these rules are new and they have not yet
been tested through judicial challenge nor have they
been tested in the licensing process for which they
are designed. It is also important to note that the
rules were evolved for wastes from the light-water
fission reactor industry, and the focus was on the
isotopes normally encountered in these wastes. Many
changes can be expected before regulations are needed
to control the wastes of fusion power reactors, and
there is no firm basis for anticipating these changes.
Inasmuch as the most stringent limits are on the
longest lived, gamma-emitting radionuclides, predic-
tion of any relaxation on these limits does not appear
to be justified.

6. Disposal Limits Applied to Steels

The calculated activity levels in the separate
elements included in Fig. 1 can now be used with the
limits discussed in the previous section to establish
allowed concentrations of alloy and impurity elements
in steels. For material that has been in service in
the reactor first wall and has been held 10 years
after service, the limits given in Tables III and IV
impose limits on the initial concentration of elements
that are activated to lT">duce the restricted isotopes.
Only three of the restricted radionuclides impose
restrictions on the composition of steels. These are
9l*Nb, 63Ni, and lhC. The limitations these impose on
initial concentrations of Mo, Nb, Ni, Cu, and N are
given in Table V. These limits, however, are mutually
exclusive. Allowing any one of these elements to
reach the concentration limit would meet the limit for
waste disposal, and would then allow no contribution to
the waste radioactivity from the other four elements.
These limits are given without taking any credit for
dilution in packaging the waste- They also assume the
natural isotopic distribution in each of the elements
considered.

Table V. Initial Concentration Limits for First Wall
Material 10 years aftar Shutdown, Following

9 MW-y/m2 Service [from ref. (2)]

Alloying
Element

Mo
Nb
Ni
Cu
N

Limiting
Radionuclide

9 "Mb
9"Nb
6 3Ni
6 3Ni
11(c

Limit on

(at. ppm)

3,650
1

20,000
2,400
3,650

Alloying E1 eoent*

(wt % in
steel)

0.63
0.00017
2.1
0.27
0.092

*These limits are mutually exclusive.



In practice, the "sum of fractions" rule must be
used in counting all restricted radionuclides for
evaluating the suitability for disposal. The limits
on radionuclides are divided in this way for two
hypothetical steels in Table VI. In the first steel,
one-half of the allowed limit fraction is assigned to
niobium, to allow 0.9 wt ppm residual niobium in the
steel. In the second case, a less realistic assump-
tion of niobium-free steel was made, and a relatively
low limit was set for impurity Ni, Cu, and N to allow
the concentration of molybdenum to be as high as
possible. This treatment allows just over 0.5 wt 7. Mo
in the steel.

The alloying and impurity concentration limits
derived are "worst case" assumptions for a service
life of 9 MW-y/m2. Since these limits are all set by
relatively long-lived isotopes, the allowed initial
concentrations will vary inversely with the service
life. The limits were derived for first wall service,
and the attenuation of neutron flux deeper in the
blanket will result in lower production rates of the
restricted isotopes in most of the blanket structure.
It will also be impossible to pack steel drums or
other containers with first wall material without
either leaving void space or adding inert filler
material. A morp likely scenario is for first wall
steel to be carefully mixed with material from deeper
In the blanket, to relax the restriction on initial
concentration limits. The combination of material
mixing and some dilution with filler material should
result In relaxation of at least 3 to 10 in impurity
content limitations.

Table VI. Examples of Two Acceptable Steels, for
9 MW-y/m2 Service, then Held 10 Years tefore Disposal

The "sum of fractions" rule is used

Ele-
ment

Mo
Nb
Ni
Cu
N

Individual
Maximum
(wt Z)

0.63
0.00017
2.1
0.27
0.092

Total

Steel A

(wt Z)

0.13
0.00009
0.42
0.014
0.0046

(f)*

0.2
0.5
0.2
0.05
0.05

1.00

Steel B

(wt Z)

0.54
0
0.11
0.014
0.0046

(f)

0.85
0
0.05
0.05
0.05

1.00

f Is the fraction of the allowed concentration in
Class C waste.

Further mitigation would be possible through the
use of lsotopic tailoring or layered construction, bi.t
both would increase the cost of a fusion reactor blai-
ket. If isotopic tailoring were used, some of the
isotopes of Ni, Cu, and Mo would be reduced to low
levels by separation, to avoid the production of
restricted radionuclides. Isotopic tailoring is not
possible with niobium, with only a single naturally
occurring isotope, and is unlikely with nitrogen,
where the problem isotope l"*N is 99.6% of naturally
occurring nitrogen. Construction of a reactor blanket
structure in separable layers might also be possible.
High activity first wall material could then be
separated for geologic disposal. Material from
deeper in the blanket would qualify for land disposal.
An alternative method of layer construction would be
to use steel with tightly controlled specifications at
the first wall, and less rigidly controlled material
deeper In the blanket, so that all material would
qualify for landfill disposal.

7. Prospects for Controlled Activation Steels

The limits established for the concentration of
Ni, Mo, N, Cu, and Nb to meet Class C land disposal
requirements after service in a fusion reactor are
very stringent. The restrictions on nickel and molyb-
denum will require the selection of alternative alloy
additions for strengthening and phase control. Among
the unrestricted elements, Mn, W, Ta, Ti, V, and Si
may be attractive substitutes for achieving desired
properties. The elements N, Cu, and Nb can only be
present as impurities, but only niobium should prove a
problem for control to the required level. Discus-
sions with steelmakers (8) suggest that, while control
of niobium below 1 wt ppm can be achieved, it will be
expensive.

Two factors can affect the prospects of devel-
oping steels to meet the low activation goal of land
.disposal. A possible adverse effect could be on the
'further restriction of activity levels acceptable for
land disposal. This could result from more complete
examination of the anticipated characteristics of
fusion reactor waste material or from a general reduc-
tion in acceptable activity levels due to the reluc-
tance of the general public to accept the perceived
hazards of radioactive material. The other major fac-
tor is the relaxation of impurity control because of
dilution of the activated metal components in storage
containers and because of lower activation levels for
material more remote from the first-wall zone.
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