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ABSTRACT

If current technology were used, several major
sources of potential occupational radiation
exposure at fusion power stations would be quite
similar to those at current light water reactor
power stations. Based upon this similarity,
crude estimates of doses received from various
maintenance operations at fusion power reactors
are made. The dose estimates reinforce the need
for concurrent development of sophisticated
remote maintenance devices and low-activation
materials for fusion reactors. It is concluded
that minimization of occupational doses can be
best achieved by developing an overall mainte-
nance strategy that combines the best features
of remote techniques and low activation mate-
rials as opposed to developing one or the other
exclusively.

INTRODUCTION

The most extensive maintenance operation at
a fusion power reactor may be replacement of the
blanket structure, which typically contains more
than 95% of the neutron-induced radioactivity.
Radiation damage to the wall of the structure
confining the fusion plasma will necessitate
replacement of the blanket structure several
times during the reactor lifetime. A ̂ recent
conceptual fusion reactor design study pro-
duced a modular blanket assembly consisting of
24 sectors. Each sector weighs about 66 metric
tons and has a volume of 16 m^. The concep-
tual design calls for replacement of 4 sectors
each year, thus resulting in 6 complete blanket
replacements during the assumed 40-year reactor
lifetime. The design incorporates features to
facilitate the use of fully remote maintenance
equipment for all operations inside the reactor
building and ' ot cell. It is generally agreed
that some maintenance operations will have to be
performed remotely and will require remote
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techniques more advanced than those currently
used. However, there is no general consensus
that all maintenance operations can or need to
be performed remotely on a commercial power sta-
tion. A basic question is whether or not many
of these operations can be performed more cost
effectively by personnel.

Fuller et al.^ compared four tokamak
reactor designs and concluded that for optimum
scheduling of blanket replacements, a time
reduction of 3.6 to 27.Vf, could be achieved by
allowing maximum possible contact maintenance.
Even greater time savings may be accrued for
other operations, especially tho:e involving
smaller equipment. One of the major factors
involved in the decisions about the degree of
remote maintenance is the time-vs-cost compar-
ison. Time penalties associated with the use of
current remote manipulators are very l?rge and
would impose a severe penalty for servicing
power utility facilities where service downtime
is directly linked to commercial viability.

Overall, the maintenance procedures
required during blanket replacement will be
quite varied. It appears that for current tech-
nology, effective time utilization may wel!
require a range from hands-on contact to fully
remote maintenance.3 In situations where
maximum possible contact maintenance is desir-
able, one would want to minimise the radiation
fields associated with the operation. This may
be achievable by using low-activation materials
in various reactor components. Thus, there is a
need for concurrent development of remote tech-
niques and low-activation materials for fusion
reactors.

To gain an appreciation of the need for
concurrent development of remote techniques and
low-activation materials for fusion power reac-
tors, occupational radiation doses are examined
for two major operations: coolant-steam genera-
tor maintenance and blanket replacement.
Although numerous other maintenance operations
will result in exposure to tritium and neutron
activation products contained in fusion reac-
tors, these two will result in a significant
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potential for exposure and are amenable to
analysis based on the similarity of the power
conversion systems and attendant maintenance
operations for fusion reactors and current light
water reactors. For this analysis, reference is
made to a base case for a fusion reactor that
uses stainless steel for the blanket structural
material, pressurized water for the coolant, and
a solid tritium breeding material. No specific
fusion reactor design concept is focused on.
General consideration is also given to alterna-
tive blanket structural materials and coolants
relative to their effectiveness for reducing
occupational radiation doses.

In recent conceptual design studies, as
noted above, provisions are made for fully
remote maintenance operations, and it is assumed
that the technology will exist. For these con-
ditions, no exposure to radioactivity should
occur during maintenance on the coolant-steam
generator system and replacement of the blanket.
The following analysis assumes minimum extrapo-
lation of current remote technology and there-
fore represents a somewhat pessimistic view of
anticipated developments.

COOLANT-STEAM GENERATOR MAINTENANCE

Base Case

Detailed design and expected maintenance
scenarios are not available for a water-cooled
fusion power reactor. However, a recent
design1 uses a power conversion system which
is basical\y the same as that used for pressur-
lzed-water fission reactors (PWRs). Thus, the
attendant maintenance operations would also be
expected to be similar. Activated corrosion
products in the primary coolant loop of this
system are deposited on the steam generator
tubes and associated piping. The rate of depo-
sition of crud on these surfaces is reported to
be nearly three orders of magnitude greater than
that removed by the primary coolant cleanup
system.'* Crud deposition often results in
failure of the steam generator tubes and has led
to the need for periodic inspection and mainte-
nance. The radiation field associated with this
hardware results from the deposited crud (acti-
vated corrosion products) and is a major contri-
butor to occupational radiation dose.^»6

Estimated steady-state specific activities
in the coolant of a water-cooled fusion rea>.cor
are presented in Table 1 along with those for
several PWRs.l'^ It can be seen that both
fission and fusion systems contain similar

concentrations of 58r,0 an(j 60r.o. These
radioisotopes are the dominant contributors to
radiation dose for PWRs.° Similarly, in Table
2, the calculated surface deposited radio-
activity on the inner walls of the steam genera-
tor tubes of the fusion reactor is compared with
measurements for several PWR reactors.'»9,10
Again, similar levels are seen.

Approximately 50% of the annual collective
dose at a PWR results from operations performed
in the auxiliary building (steam-generator)
rather than at the reactor per se.1* The
total collective dose for PWR coolants is now in
the range of 400 to 600 man-rem per year per
plant for a total work force (station employees
plus contract labor) of 600 to 1100 persons
receiving measurable exposures.^"14 The
trends have been such that the higher values
occurred during the more recent years. Current
experience also indicates that contract workers
at PWR stations receive about 70% of the total
collective dose while station and utility
employees receive 2O5£ and 103!, respect-
ively.1'' Overall, during 1982, the average
collective dose was 1.4 man-rem/MW(e)-year, with
about 50% of this dose associated with the
coolant-steam generator system.

Based on the similarity of the power con-
version systems of a water-cooled fusion reactor
and a pressurized-water fission reactor and com-
parable values for the coolant activity and
deposited activity, one would expect for occupa-
tional doses resulting from maintenance activi-
ties associated with the steam generator and
coolant system to be similar also. Thus, with
minor improvements in steam generator technology
and coolant system design, a rough estimate of
the radiation dose associated with maintenance
of this equipment is 0.7 man-rem/MW(e)-year.
cusion will, of course, benefit from advances in
steam generator technology and efforts to reduce
the associated personnel exposures. Substantial
efforts are now being made to reduce these doses
by changing the design and developing
decontamination procedures.8 The light water
reactor industry has under development several
remote machines designed to service steam
generators. The need for these and other
devices is evident.

Alternative Coolants and Structural
Materials

The primary alternative coolants to water
are helium and liquid lithium. The neutron flux
through the actively cooled parts of the reactor
would be slightly different for these coolants



Table 1. Coolant activity levels.for water-cooled
power reactors (mCi/m )

60,'Co 54,Mn 58- 59,PFe 51Cr

STARFIRE (fusion)
Ocnnee-1 (fission)
Maine Yankee (fission)
Connecticut Yankee
(fission)

0
1
.96
.2

2
0
.02
.66

2.64
10
10
20

0.
5.

06
5

3
3
.87
.7

Source: Compiled from refs. 1 and 7.

Table 2. Deposited activity levels for water-cooled
power reactors (mCi/m )

iTARFIRE (fusion)
CHOOZ (fission)
Beznow (fission)
0conee-l (fission)
Douglas Point (fission)
Maine Yankee (fission)
Connecticut Yankee
(fission)

58rCo

118
97

300-400
625

2-500

60Co

86
84
170-180
34
28
0.5-75
0.55-113

54Mn

152
44
34-39
6.7

59Fe

2
4
7

Source: Compiled from refs. 1,7,9, and 10.

than for water because of differences in mater-
ials requirements and in neutron absorption in
the different coolants. To a first approxima-
tion, however, the induced radioactivity in the
structural material will be similar to that for
the water-cooled reactor.

For a helium-cooled reactor, Bickford'5
postulated two mechanisms for radionuclide
release from the insides of the piping walls:
(1) direct daughter recoil ejection and (2) bulk
neutron sputtering of active'; .J material. For a
neutron wall loading of 3 MW/nr, Bickford
found that direct daughter recoil ejection con-
tributes up to 90% of the radionuclide release.
In predicting coolant and surface radionuclide

concentrations for the Pacific Northwest Labora-
tory modification^ of the demonstration
power plant desc-lbed by Steiner et a l . , ^
Bickford found that deposition patterns and
activity levels in the helium-cooled system are
similar to those in water-cooled systems. Thus,
the use of a noncorrosive coolant may not
automatically result in a significant reduction
in potential occupational dose. However,
Bickford's analysis of helium as a coolant does
not include possible coolant cleanup measures.
Therefore, helium may afford some advantages
over other coolants when more fully analyzed and
when experience with these systems is
developed.



Liquid lithium has not been used as a
coolant in recent designs because of potential
safety implications; however, it is still con-
sidered a viable candidate.1" As a coolant,
lithium may remove and transport substantially
more coolant-wall (corrosion) material than will
water. Av?ilable data indicate that the cor-
rosion rate of stainless steel in lithium may be
50 to 100 times greater than in water at reactor
coolant temperatures.19 This corrosion may
be reduced somewhat by the addition of trace
quantities of aluminum. 20,21 /\ reactor
utilizing a liquid metal coolant would likely
employ an intermediate heat exchanger. As a
result, the frequency of maintenance on the
steam generator would probably be reduced sub-
stantially, a/id the contained radioactivity
would be limited to that leaking from the inter-
mediate heat exchager {probably only small
quantities). The intermediate heat exchanger
would likely require less maintenance than the
steam generator, however it would contain higher
concentrations of radioactive corrosion
products.

The choice of coolant wall material will
have a major impact on occupational radiation
exposures associated with the cool ant-steam
generator system. The material usually used for
coolant tubing and pipes is often the same as,
or similar to, the major structural material.
Consequently, designs with structural materials
having high activation potential also have high
specific activities in the coolants as a result
of corrosion. One driving force for this choice
of similar materials is the requirement of
thermal, mechanical, and chemical compatibility
of the coolant tubes with the structural
material. Since the cobalt isotopes, 58Co
and 60r,Oj are presently the dominant dose
contributors in PWRs, the use of any nickel- or
cobalt-bearinq alloys would not yield signifi-
cantly different results when compared to stain-
less steels. However, other materials have
potential for reducing radiation doses associa-
ted with maintenance of coolant systems. The
important characteristic is that of having few,
if any, high-energy photon decay products. A
material could actually have a high induced
specific activity, but if the decay prou'icts are
limited to beta particles and low-=nergy
photons, little radiation dose would be
accrued.

Low-activation materials have been proposed
as alternatives to iron-based alloys as the
structural materials for fusion reactors.
Immediately after shutdown, the low-activation
materials have nearly the same specific activity
as the conventional materials. However, often

the activity drops rapidly after the first day
or so. In any case, high-energy x rays or gamma
rays are absent in many of the low-activation
alternatives and, as such, those materials
represent an attractive option for significantly
reducing potential occupational radiation doses.
Consequently, in addition to improvements in
remote maintenance techniques and equipment,
material developments may lead to the lowering
of expected occupational doses at fusion reactor
facilities.

BLANKET REPLACEMENT

Base Case

As noted above, replacement of the blanket
structure may be the most extensive maintenance
operation for a fusion power reactor due to the
blanket size, structural design, radioactivity
level, and replacement frequency. To gain a
perspective of the likely occupational dose
associated with blanket replacement operations
using current technology, an examination of an
admittedly rough analog is now made. Dismantl-
ing the reactor and replacing the blanket
structure should, to a first approximation,
resemble some of the procedure required to
decommission a fission reactor. The decommis-
sioning of a fission reactor requires many
similar operations involving the breaking of
coolant lines and segmenting large vessels con-
taining neutron-induced radioactivity.

A detailed assessment has been made for
procedures and expected occupational doses for
decommissioning a PWR.22 The radiation
levels used in that study were obtained from
operating PHRs. Estimates were based on a
task-by-task analysis of personnel hours and
expected radiation dose rates associated with
each task." Shielding was used to lower
exposure levels to the range of 10 to 50 mR/h.
For a water-cooled fusion reactor with a stain-
less steel blanket structure, the radionuclides
responsible for external exposures will be
essentially the same as for a PWR, S8co and
G^Co, both in terms of coolant loops and
major structural steels. Hence, similar levels
of exposure will be present per unit of specific
activity as noted previously. A brief summary
of the major dose contributors for fission
reactor dismantlement and of analogous opera-
tions which would be needed at a fusion reactor
undergoing blanket replacement is presented in
Table 3. As shown, disconnecting coolant lines
and support equipment results in a major portion
of the dose which is taken to be the same as
that associated with removal of pumps and other
support equipment in PUR dismantling operations.



Table 3. Parameters related to PWR reactor dismantling and partial
fusion blanket changeout

Operation on

Specific
Weight activity Oose
(kg) (Ci/kg) (man-rem)

Pressurized-water reactor

Segmenting pressure vessel
and internals

Removal of pumps and other
support equipment

Fusion reactor

Disconnecting of coolant lines
and support equipment

Disconnecting 1st and 2nd
walls (assuming cutting length
decrease by 10x)a

Reconnecting coolant and support
equipment and preparation for
new blanket assemblies

3 x 105 15

4 x 105 150

170

260-600

260-600

200

130-300

aAssumes 25% blanket replacement.

Source: Compiled using refs. 22 and 23.

It is assumed that removal of the blanket will
require cutting of the first and second walls of
the stucture. The cutting operation is compar-
able to segmenting the PWR pressure vessel and
internals in terms of the cutting length and
radiation fields. This aspect of the blanket
replacement operation is design specific, and
there is presently no consensus that cutting
will be necessary to remove the blanket. Most
conceptual fusion reactor designs call for
removing the blanket sectors intact. Specific-
ally, a recent desiqn* incorporates mechanical
seals between sectors to eliminate the need for
cutting operations in the reactor hall. The
dose commitment associated with the installation
phase (reconnecting coolant lines and support
equipment, etc.) of this operation is taken to
be about one-half of that associated with the
removal operations.

fn the fission reactor dismantlement study,
efforts were made to teep doses as low as
reasonably achievable." Hence shielding
and remote handling techniques and equipment

used. External exposure rates were
normally reduced to 10 to 50 mR/h. Nonetheless,
approximately 200 man-rem were accumulated
during the cutting operation. For the fusion
reactor, even with shielded, semi- remote maint-
enance it seems unlikely that external exposure
levels will be much below 10 mfi/h for alt of the
necessary operations since the radiation fields
inside of the bulk shield may be in the range of
10J R/h. Thus, even though the total cutting
and welding times for the fusion case may be
smaller than the cutting time for PWR dismantle-
ment, the ambient radiation fields will be
higher and the total integrated radiation
exposure may actually be comparable. The total
dose for the blanket replacement operation is
estimated to be in the range of 500 to 1000
man-rem (Table 3), which is comparable to that
for maintenance of the coolant-steam generator
system. Again, this estimate is based on the
use of current technology.



Alternate Coo)ants and Structural
Materials"

Alternative coolants would provide modifi-
cations to Table 3 inasmuch as the coolants
might transport greater or lesser amounts of
activated corrosion products. Helium might
yield a little less and liquid lithium (here
coolant lines would be connected to the inter-
mediate heat exchanger system) somewhat more
than water.

A major dose-reducing effect might result
from substitution of one or a combination of
low-activation materials in place of the stain-
less steel. Hopkins et al.^4 considered
replacement of many of the stainless steel
blanket components of the STARFIRE reactor
with low-activation materials, using primarily
aluminum and silicon carbide with 1 ppm iron
impurity. They found (Table 4) that dose rates
for the stainless steel blanket structure and
its low-activation counterpart outside of the
biological shield were quite similar and accept-
ably low for personnel entry into the reactor
hall. However, inside of the shield, where
cutting and welding might be done,,.dose rates
were reduced by a factor of 10 from the
stainless steel design.

While alternative blanket materials seem to
offer a major potential for dose reduction, not
all reactor components may be be compatible with
low-activation options. For example, the heat-
ing and/or fueling components may require mater-
ials subject to a greater activation than the
major structural material. Further, low- acti-
vation materials may not be adequate for the
structural or thermal requirements of certain
zones within the reactor.

CONCLUSIONS

The above presentation focuses on potential
occupational radiation doses resulting from
exposures to gamma rays of activated structural
materials and consequential corrosion products.
Not included are exposures to tritium and (un-
likely) exposures to neutrons. Further, only
two major aspects of maintenance associated with
exposures to neutron-induced activation products
were examined, coolant-steam generator mainte-
nance and blanket replacement. These two main-
tenance operations alone are estimated to result
in approximately 1 to 1.5 man-rem/MW(e)-year
assuming use of current technology. This level
would indicate a need for about 1000 to 1500
different maintenance personnel (station
employees plus contract labor) for these

Table 4. Post-shutdown dose rates (millirem/h)
(five years continuous operation at 3.6 MW/m^)

Behind
Shield

Behind
Blanket

Inside
Plasma Chamber

Time STARFIRE
after reference

shutdown design

Lowa STARFIRE Low- STARFIRE Low-
activation reference activation reference activation
design design design design design

1 day

2 weeks

3.0 x 10'2

3.0 x 10

1 year 1.7 x 10

-3

-3
D-3

n-3

2.5 x 10°

2.4 x 106

1.5 x 106

20.8

20.6

15.9

103

109

109

7.1 x 10J

7.0 x 10 3

5.3 x 10 3

aThe biological dose rates shown for the low-activation design are primarily due
to one atom part per million iron impurity in all materials.

Source: ref. 24.



functions, assuming that the present trend
within the nuclear industry of limiting annual
occupational doses to about 1 rent/person
continues.

The above dose estimates, which pertain
only to two general sources of radiation expo-
sure, provide ample evidence for a need to move
toward future dose-reducing methods. It is
clear that at the present level of development,
neither low-activation materials nor remote
maintenance can meet the needs of a viable
future fusion reactor economy. The two develop-
ment areas need not be in opposition, but could
be in complementary paths. Detailed studies
could be performed to identify the areas for
overall optimization of development of each
dose-reducing method. The importance of a
unified strategy cannot be dismissed thinking
that one or the other can fulfill all of
fusion's needs. At present, both low-activation
materials and remote handling machines are at a
very early stage of development relative to
their projected mature states. It would appear
unwise to assume that either will be able to
provide fully for the complex needs of fusion.
Therefore, remote techniques and low-activation
a'ternatives should be considered as being
complementary in nature.
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