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ABSTRACT

Several components of a STARFIRE fusion reactor have been studied.
The breeding ratios were calculated as a function of lithium enrichment
and neutron multiplier for systems containing either Li,;0 or LiAlOj,. The
lithium requirements for a fusion economy were also estimated for those
cases and the current U.S. resources were found to he adequate. However,
competition with other lithium demands in the future emphasizes the need
for recovering and reusing lithium. The radioactivities induced in the
breeder and the impurities responsible for their formation were deter-
mined. The residual radioactivities of several low-activation structural
materials were compared with the radioactivity from the prime candidate
alloy (PCA) a titanium modified Type 316 stainless steel used in STARFIRE.
The impurities responsible for the radiocactivity levels were identified.
From these radioactive impurity levels it was determined that V15Cr5Ti
could meet the requirements for shallow land burial as specified by the
Nuclear Regulatory Commission (10CFR61), whereas PCA would require a more
restrictive disposal mode, i.e. in a geologic medium. The costs for each
of these disposal modes were then estimated. The VI5Cr5Ti residual
activity is sufficlently low that adequate removal of the limiting niobium
radioactivities might allow recycling of V15Cr5Ti about 80 years after its
removal from the reactor. Two techniques for recovering the lithium from
the L1Al10,, an aqueous recovery technique and a solid-state reaction, are
discussed. Several options were also considered for recovering the toroi-
dal magnet materials at the termination of reactor lifetime: disposal of
the materials, recovery of the materials by chemical processing, and
recovery of the materials for refabrication of the magnet and dewar

assembly. The last method was judged most cost effective.

ix



MATERIALS REUYCLE AND WASTE MANAGEMENT
IN FUSION POWER REACTORS

PROGRESS REPORT FOR 1982

1. Introduction (ANL)

The purpose of these studies is to define, examine and evaluate
the waste handling and materials recycle problems of fusion reactors. A
product of these studies is information on what reactor materials can be
reused and how such reuse can be accomplished, what material must be
discarded to waste, and what level of confinement is required for the
waste, i.e., shallow land burial or geologic media. The scope of the
study will include all materials associated with fusion reactors both
during routine maintenance, the routine periodic replacement of the first
wall and blanket as well as the accumulated material at decommissioning.
The handling of the bulk of the tritium formed in lithium during reactor

operation was not considered in this initial study.

In this first report, the lithium requirements are calculated for the
solid breeders Li70 and LiA10) as a function of lithium enrichment
and neutron multiplier. These requirements are then estimated for a
fusion economy of 1000 GW(e) and compared with the estimates for the
available lithium resources in the U.S. The calculated radionuclide
content of the solid breeder materials Lij0 and LiAl0j after irradia-
tion in a reactor are presented, and the troublesome impurities are
identified. Since it appears that conservation of lithium will be
necessary, procedures for iecovering the lithium from spent LiAl09 are
given. A study was made comparing what is termed "low activation"
structural materials, particularly the radioactivity produced in each
material and techniques for disposing or recycling of these materials.
The superconducting magnet structures exhibit low levels of radioactivity
and are candidate materials for recycle. Three ovtions for handling the
magnets are considered with reuse (to the extent possible) being the most

effective for recycling magnet materials.

Some of the detailed information from this study is included in the
appendices, for example a discussion of the conversion of decay gamma

source to dose, the detailed summary of the activation analyses for the



first wall/blanket combinations, and the activation for the toroidal
field magnets. Discussions are presented of the radioactive waste
disposal requirements based on current regulations, including a discus-
sion of the biological hazard potential (BHP), materials recycle
requirements and the possibility of 1isotopic modification of some of the
materials of construction. Also included in the appendices are some of

the detailed procedures proposed for handling irradiated magnet materials.

This study 18 focused on the STARFIRE reactor, mainly because the
most detailed information on construction, materials sand nucleonics are
available for this design. The results of the study are, nevertheless,
generic because they are generally independent of plasma physics or the
details of a particular fusion reactor concept and depend upon the
neutron spectrum and the materials of construction. This study will
indicate the waste disposal techniques required, the costs of waste
disposal, the possibilities for recycle of materials and any incentives
for substituting materials with the aim of decreasing the impact of
disposal. Low activation materials offer the promise of reduced radio-
activity in certain configurations and the possibility of recycle of
materials. The impact on waste disposal requirements of low activation
materials, and in particular vanadium, is evaluated. The vanadium was
selected merely as a representative of a class of "low activation”
materials. The use of vanadium structural material will be discussed for
a STARFIRE type reactor that was an earlier version in the STARFIRE study
and utilizes vanadium in the first wall and blanket, with liquid lithium

as the coolant and breeder material.

This interim report focuses on the problems of the structural mat-
erial for the first-wall/blanket, how long it must be cooled before it
can be handled, how it is processed, disposed of, and an estimate of the
costs of disposal. Also included is a comparison of a low activatien

material, vanadium, with the PCA* as a first wall material.

*Prime Candidate Alloy, an advanced titanium-modified Type 316 austenitic
stainless steel.



1.1 Summary

At present stainless steel is the leading candidate as the structural
material fcr fusion power reactors. However, the large amount of induced
radioactivity has encouraged a search for materials with adequate or
perhaps even improved physical properties as well as leaser amounts of
induced radiocactivities. Several candidate low activation materials were
examined: T16A14V, Al 6063 and V15Cr5Ti. For all of these materials,
the impurity content controlled the final dose rate. The aluminum alloys
could not escape the formation of 26A1 and thus the radiological dose rate
for T16A14V at 100 years after reactor shutdown is approximately 0.9 rem
per hour® while for Al 6063 the dose rate is approximately 14 rem per hour.
The V15Cr5Ti dose rate after 100 years is approximately 100 mrem mostly
due to 94Nb. Thus reduction or elimination of molybderum and niobium
isotopes, from which b 1s formed by neutron activation, could result
in a lowering of the radiological dose to very low limits. Further
reductions in the impurity content, namely of nickel, will be reflected

in a lower 60Co content and lower dose rate at shorter time periods.

In a fusion reactor, neutron activation of materials results in a
first-wall/blanket structure containing 98X of the total radicactuivity
and the larger volume of the remainder of the reactor structure containing
the remaining radioactivity at a low concentration. An important goal
for fusion reactor development is to minimize the formation of large
amounts of long-lived activities to permit recycling of structural

materials [BAKER].

Over the 30 year lifetime of the reactor, approximately 4500 m3 of
the structure remains at shutdown; approximately 99% would be availegble
for recycle with about 1iX destined for disposal in shallow land burial
[BAKER]. The periodic removal of the the first-wall/blanket structure
yilelds approximately 2160 m? of material. Of this material 1850 m3
(the multiplier, reflector and breeder) could be disposed of in shallow
land burial (after recovery of the tritium). The remaindesr, 310 n3 of

*For these analyses the surface dose rate is estimated based on a sphere
of 1 meter iIn diameter.



PCA (5 of the total amount of material) would require some more restric-

tive disposal option.

Disposal of some of these materials is controlled by the proposed
10 CFR 61 "Licensing Requirements for Land Disposal of Radioactive
Wastes." Under these regulations, PCA requires more restrictive confine-
ment than land disposal, e.g., in a geologic medium, mainly because the
63N1 and 9%Nb contents of the first wall/blanket materials exceed the
limits permitted for shallow land burial by factors of 20 and 65 respec-
tively. The activity in the vanadium £lloy is sufficiently low that
shallow land burial would be acceptable at any time 1 year after removal
from the reactor. However the disposal costs can be reduced substantially
if a decay perlod of 10 years 1is selected. The activity level of the
vanadium alloy is sufficiently low, especially with effective removal of
the troublesome impurities, niobium, molybdenum and nickel, that recycling
of the vanadium alloy becomes a likely possibility.

Other studies have shown that the use of a neutron multiplier in a
fusion system enhances the breeding ratic of a particular system. For
the LiAl0y system with a ZrsPbj multiplier, the breeding ratio increases
slowly with enrichment up to 30% 6Li, beyond which it becomes insensitive

to enrichment.

An analysis of the lithium requirements for a fusion economy of
1600 GWe indicates that approximately 80X of the U.S. resources would be
required assuming lithium resources at the level of the present knowledge,
and that no lithium is recycled. But since only 3% of the total lithium
is consumed during a time equal to sector lifetime, recovery of lithium

is necessary to conserve what may be limited supplies of lithium.

The results of the neutron irradiation of breeder materials is
dominated by the presence of impurities. The presence of zirconium and
molybdenum isotopes in the LiAl0O2 yield an assortment ol radioisotopes.
Based on these results, concentration limits of these impurities can be
established so that the resulting induced radioactivity does not inhibit

recycle of the breeder material.



For the recycle of the LiAl09 two techniques are available, a
solid state reaction in which the residual material (containing LiAl09
and LiAls0g) is reacted with Li,CO03 (of proper 6Li enrichment) to yield
LiAl0y and an aqueous technique in which the residual oxide is dissolved
in an aqueous solution and the lithium isolated for recovery. The solid
state method is simple but has the limitation that all radioactivity is
carried on to the new product. The aqueous technique has the possibility
of achieving a separation of lithium from all extranecus materials, thus
permitting hands—on opevration for subsequent processing but requires

disposal of the aluminum.

Three options for the disposition of irradiated materials from
the STARFIRE toroidal field (TF) magnets were examined, namely, (1) dis-
posal of the irradiated magnet material, (2) reproceseing of selected
materials and the subsequent manufacturing of a new magne:r using these
and new materials with standard fabrication techniques, and (3) prepara-
tion of the irradiated magnet for the subsequent refabrication of a new
magnet using the irradiated materials. The results indicate that re-
fabrication of a magnet using the acceptable components of the irradiated
magnet ic technologically feasible. The total cost of refabricating the
12 TF magnets was estimated to be $21 million in 1982 dollars. Since
this option avoids the purchase of new magnets, which would cost over
$170 million, it is the preferred economic choice. In comparison,
reprocessing and recycling of the magnet materials yields a net profit of
$0.4 million, but requires the purchase of a new set of magnets. In the
event that the old magnets are unusable {e.g., as a result of significant
advances in magnet design or severe accidental damage), reprocessing of
the TF~coil materials can be used to recover the decommissioning costs
associated with the STARFIRE magnets. Lastly, the low induced radio-
activity levels in the magnets permit their qualification as Class A
low level radioactive waste. Simply disposing of the magnets via shallow
land burial was estimated to cost $3.5 million, including all the asso-
ciated costs of dismantling, packaging, shipping, and ultimate disposal.
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1.2. STARFIRE Reactor

The STARFIRE reactor i1s a water-cooled fusion reactor of the
tokamak design operating in a continuous plasma burn mode with a thermal
powcr of 4000 MW and a net electrical power of 1200 MW [BAKER]. The fuel
for the reactor 1s deuterium-tritium. An isometric view of the reactor
is shown in Fig. l-l. The reactor configuration involves 12 toroidal
field (TF) coils, 12 supeiconducting poloidal coils (EF and OH) and
4 small, normal conducting control coils (CF). The reactor configuration
was developed to permit the superconducting EF colls to be kept external
to the superconducting TF coils so that their replacement is possible
without fabrication of a new coll on the reactor. The shield consists of
twenty-four sectors so that it may be installed between the TF coils.
The sectors are joined together by a welded vacuum seal. The vacuum
boundary location was selected at the shield interior with access door
seals located at the outer surface. The magner systems and shield are

expected to last for the life of the reactor.

The blanket is divided into twenty-four toroidal sectors of two
different sector sizes to permit their installation between the TF coils.
In the STARFIRE reactor, the twenty-four first wall/blanket sectors are
integral units. The basic functions of the first-wall/blanket are to
provide the first physical barrier for the plasma, to convert the fusion
energy into sensible heat and to provide for the heat removal, to breed
tritium and to recover the bred tritium and to provide some shielding for
the magnet system. The first wall i8 modified 316 stainless steel,
identified as "prime candidace alloy" or PCA. The first wall must
withstand high rarticle and energy fluxes from the plasma, high thermal

and mechanical stresses and elevated temperature operation.

The blanket must breed tritium and since lithium is the only viable
tritium-breeding material, lithium must be present in the blanket; in the
case of STARFIRE, lithium is present as LiAl03. With the use of L1Al0y
as the breeder, it 1s necessary to use lithium enriched in 6L1 and to have
a neutron multiplier such as Be or Zr5Pbj3. A graphite reflector completes
the blanket structure. Some of the details of blanket construction are
given later in the report. It is anticipated that the hlanket sectors
will have a 8ix yesr lifetime.
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The primary function of the STARFIRE vacuum system is to remove

the helium formed as ash from the fusion reaction. The system must also
produce a high vacuum of approximately 1.3 x 10-6 Pa for initial

plasma startup, it must regenerate the cryopumps, and interface with the

tritium recovery system. To achieve these goals, the system requires
roughing and regeneration pumps, 48 cryopumps on 24 vacuum ducts and a
gate valve and right-angle valve for each of the cryopumps. Each of the
cryopumps contains molecular sieves for pumping non-condensibles. During
normal operation, 24 of the cryopumps will be evacuating the system while
the other 24 cryopumps are being regenerated on a two hour cycle. The
right angle valve (regeneration valve) opens and closes during the
operating cycle, while the gate valve (isolation valve) is only closed

to isolate the cryopump from the vacuum system when replacement is
necessary. It is anticipated that the cryopumpe and the right-angle

valves will have a two year lifetime and will then be replaced.

The reactor configuration was developed so that each component could
be replaced in a time consistent with its anticipated life using remote
maintenance techniques. Components have been combined where possible in
modular units so that all reactor components can be removed and replaced
in a simple manner. Such a "remove and replace" concept permits quick
resumption of reactor operation while the more time-consuming activities
are carried out in the adjacent hot cell. The maintenance schedule calls
for reactor downtime for approximately 28 days per year to permit replace-
ment of four first-wall/blanket sectors including limiters and rf ducts
and 24 of the cryopumps with their accompanying right-angle regeneration
valves. These tasks will be accomplished by means of remotely controlled

special purpose machines.

Low activation materials such as vanadium offer the promise of
reduced radioactivity in the structural material and the possibility of
recycle of the structural material. In order to optimize the properties
of the reactor system with vanadium as the first wall material, liquid
lithium was selected as the coolant and breeder material. A consequence
of using liquid lithium as the breeder is that no neutron multiplier is
required. Also with the V/Li system, lithium can be removed from the



sector before its removal from tne reactor and only vanadium and graphite
need to be handled during maintenance operations. The use of the V/Li
system results in a first-wall lifetime that is expected to be twice that
of the PCA in the PCA/LiAl05 system, thus reducing the frequency of
blanket sector replacement [ABDOU],

1.3 Background

This section contains a summary of work by others that serves as
background to the present studies. Fusion power reactors use fuel that
yields no radioactiv:c byproducts as part of the generation of energy, but
the very high neutron flux in fusion reactors produces activation of
structural materials to levels that require extensive shielding during
operation and careful radioactive waste management. Comparison of the
radiocactive components of fusion and fission reactors is generally not
useful since only fission reactors contain long=lived, highly toxic
trans-uranium nuclides and modest-lived (T;;2 < 30 y) fission products,
while fusion reactors contain activation products only a few of which are
long=-1lived and wmany of which emit no penetrating radiation. Nevertheless,
the experience gained in the management of radioactive wastes from
fission reactors can be applied to fusion reactor systems. It has been
recognized that some consideration must be given as to how the radiocactive
wastes from fusion reactors will be handled [BOTTS 1978A, BOTTS 197€B,
GORE, WILLENBERG].

An earlier study [STEINER-1972] contains a discussion of the
quantities of radioactivity that would be expected from the operation of
fusion reactors and the role of this radioactivity in the biological
effects of an accident, the radioactive effluents resulting from normal
operation, and the management and disposal of radioactive wastes. The
fusion reactor chosen as a model was a 1000MW(t) tokamak reactor using
D~T fuel in which the released energy is recovered as heat in a lithium
blanket. It was anticimated that tritium would be the major source of
radioactivity in effluents, but it was estimated that leakage can be

controlled to manageable levels, i.e., 7 Ci/day.
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In a discussion of long-lived radioactive wastes, a comparison was
made between vanadium and niobium as structural materials and it was
pointed out that the use of vanadium vielded much less radioactivity and
vanadium could most certainly be processed for reuse. It was also
recognized that the radioactivity induced in vanadium would be due to
impurities in the vanadium. Steiner concluded that the afterheat removal
will be less of a problem in the fusion reactor than in a fission reactor.
This study contained a generalized discussion of the wastes that would
accumulate from an early model of a fusion reactor using either niobium

or vanadium but there was no discussion as to the disposition of these

wastes.

Another early appraisal of fusion reactor wastes was mainly concerned
with comparing those wastes with fission wastes [YOUNG]. It was pointed
out that gasecus and solid radioactive wastes from fusion power plants
are expected to be less than the comparable radioactive wastes from
fission power planta.. The amount of materials required for fusion
reactors was estimated to be more than two times that for an LMFER.

Some of this material will certainly become radicactive and will require

disposal as radioactive materials.

In another study {BOTTS 1978A], severel fusion reactor designs were
examined and the radioactive wastes generated were compared with the
wastes from fission reactors. The fusion reactors compared were UWMAK-I,
UWMAK-III, BNL Minimum Activity Blanket, and the PPPL Fusion Power Plant.
The handling of these radwastes was discussed for on-site storage and
processing, transportation and disposal, and reactor decommissioning.

For the reactors examined, the radioactive waste from fission reactors
has a much higher biological hazard potential than does the waste from a
fusion reactor and this higher biological hazard becomes more obvious
after a decay period of 20U years. It was observed that aluminum is an
attractive material of comnstruction, yielding low levels of radioactivity.
The use of aluminum as a structural material results in the formation of
long-lived 26A1 which yields a 1.8 MeV gamma during the decay process.
The 26A1 can result in a high radiological dose in close proximity to the

material. However Botts expected that in disposal, the radioactive



11

aluminum (26A1) will equilibrate with natural aluminum, thus reducing
the activity of 2651 in groundwater to levels orders of magnitude below
the radiation protection guide values [10 CFR 20].

A conclusion in this study [BOTTS 1978A] was that most materials
considered for fusion reactors could be recycled after a two hundred year
decay. Prior to isolation it would probably be necessary to store the
material on site for about one year to make shipping easier. During that
interval, retrievable isolation by shallow land burial would be acceptable.
If recycle were not chosen, provisions for final disposal would be
necessary. Waste management evaluations included transportation require-
ments from plant site to disposal site, cost of transportation, accident
rate during transportation, decommissioning of the reactor, and isolation

and disposal of the waste macerial. All evaluations included comparisons

with fission reactors.

Recycle of structural materials was considered [BOTTS 1978A] as a
means of conserving scarce or valuable materials. Two options were
considered for recycle: permitting decay until the amount of radio-
activity was trivial or recycling as soon as the radiological dose rate
(a function of residual radioactivity) was low enough to permit handling.
In evaluating the dose effects it was assumed that the wnaterial was in a
one meter sphere and that a worker spent varying times in the proximity
of the sphere; a protocol was set up in which the operator spent no more
than 5-10 percent of his time close (2n) to the 3phere [BOTTS 1978A).
Approximately 50 years of decay 1s adequate to maintain the worker dose
level below 5 rem/year. These comments apply to the UWMAK-I using 316 SS
as the structural material and to the PPPL with PE-16, a high nickel
steel. These standards are much less stringent than the standard postu~-
lated in STARFIRE in which it is assumed that the activity is sufficiently
low (< 2.5 mrem/hr) so that direct contact with the material for 8 hour
work days conforms to the NRC guidelines of less than 1.25 rem/ calendar
quarter (BAKER].

In general, fusion reactors are expected to create larger physical
amounts of radioactive waste with lower levels and shorter-lived activity

than do fission plants.
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One of the conclusions [BOTTS 1978A) was that reuse of materials is
possible at some finite time (two centuries) and that storage in shallow
trenches is acceptable during this decay time. Such trenches were chosen
because of ease of retrieval. There is no assurance that such tecl iiques
will be acceptable based on current proposed rules for waste disposal

[10 CFR 61].

Eight conceptual deuterium-tritium fueled fusion power plant designs,
vintage 1975, were evaluated for the wastes to be expected [GORE].
Wastes included radiation damaged structural, mcderating, and fertile
materials; getter materials for removing corrosion products and other
impurities from coolants, absorbents for removing tritium from venti-
lation air; getter materials for tritium recovery from fertile materials;
vacuum pump 01l and mercury sludge, failed equipment; decontamination and

laundry wastes.

For the designs analyzed, the total annual radwaste volume was esti-
mated to be 150-600 m3/GWe of which 35-295m3 is attributable to blanket
and faliled equipment replacement. The volume of the total wastes may be
compared with the 500-~1300 m3/GWe estimated for the LMFBR fuel cycle.

The major waste sources from fusion reactors are replaced reactor structures

and decontamination wastes.

Another report of materials flow for a fusion reactor discussed
three fusion reactor systems, GA Demo, UWMAK-II and the ORNL Demo [WILLEN-
BERG]. In this discussion, the blanket materials were compared, as were
the activation product inventories for each fusion reactor. For the
GA-Demo (1676 MWt), the isotopes responsible for the activity are detailed
and at shutdown a total of ~2 x 109 Ci are present in the blanket.
During the first year, after shutdown, the cobalt 1isotopes dominate the
residual activity. For the UWMAK-II (4000 MWt) blanket, the activity
builds up to a level of approximately 3.5 x 109 Ci. In this case, the
activity is dominated by 55Fe and the cobalt isotopes. For the ORNL
Demo (1615 MWt), the total activity is 2.1 x 109 c1 at the time of
blanket replacement. Again the 55Fe and cobalt isotopes are prominent.
It is pointed out that remote handling for the blanket materials is
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Table l.l. Radioactivity Content of Fusion Reactor Blanket
Materials at Time of Blanket Removal [WILLENBERG]

GA=-DEMO UWMAK~TI ORNL-DEMO
Thermal Power MW(th) 1676 4000 1615
Primary Structural Material Inconel 718 316 sS 316 SS
Blanket Replacement Period (v) 4 2 6
Activity (at Blanket Repl.) (Ci) | 2.5 x 109 3.6 x 109 2.1 x 109
Radioisotopes Percent of Total Activity
58co 30.2 19.4 15.8
2851 23.7 - -
57¢o 21.6 11.1 7.9
56Mn 8.6 19.4 29.1
S51cy 4e3 13.9 7.9
55Fe 4.3 25.0 29.1
SépMn 2.2 5.6 6.3
60co 0.9 - 1.1
52y 2.2 5.6 -
203py, 2.2 - -
990 - - 2.6

required because of the residual activity. An examination of the radio-
activities of the blankets of the three reactors indicates that they are
similar, differing perhaps by a factor of two to three in most cases

(Table 1.1).

One alternative considered [WILLENBERG)] was disposal of the blanket
material. In the GA-DEMO reactor, the first wall/blanket consists of
approximately 2,000 cylindrical modules (0.7 m diam.) mounted on the
inside of the inner shield. The blanket module contains SiC, Inconel,
Li;Pby, and L1,S104. It is suggested that four modules be placed in a
c¢ylindrical can 0.7 m in diam. by 1 m and four cans are placed in a
reusable shipping cask. This would yield 7.4 Mg of blanket material in
each cask. For the UWMAK-II, processing would require breaking up the
blanket segments and reprocessing some of the metal and all the fertile



14

material. For *he ORNL-DEMO, the first problem is the removal of the
liquid 1lithium before proceasing. There 18 also a discussion of the

handling and disposition of the secondary or operational wastes.

There were three objectives for the waste handling procedures; a) to
recycle blanket materials as much as possible to recover resources,
reduce radicactive waste storage and reduce shipping; b) te convert
radioactive waste effluents into as dense a form as possible to minimize
handling and shipping; and c) to ensure that all steps yield a low

biological hazard.

Also included is a discussion of the relative merits of crushing
(compacting) versus melting for handling steel components. The major
disadvantage to melting i1s that it requires about a megawatt-day/tonne
of stainless steel. One virtue of melting is that the metal ingot will

provide a much better path for decay heat flow than with crushed (com-

pacted) metal.

There is also a discussion of the relative merits of liquid (lithium)
and solid (LiAl07) breeder materials, a subject which has been reviewed
many times [SMITH-1979). When liquid lithium is used as the breeder,
normal lithium may be used. The use of liquid lithium as the breeder is
characterized by in-plant (but external to the fusion reactor) recovery

of tritium and recycle of the lithium.

Willenburg suggested that solid compounds are less limiting in terms
of corrosive interactions with possible structural materials. More
recent information shows that Lij0 is a quite corrosive material [KURA-
SAWA, FINN]. However, for a reaction time of 100 h at about 1000°C,

316 stainless steel in contact with L1720 in vacuum yielded a scale
approximately 100 um thick. Other work at lower temperatures (600°C)
confirmed the appearance of thick reaction scale at the L150/metal
interface for HT-9 and 316 SS (FINN]. In the same type of experiment
with L1Al105, the reaction of LiAl107 with the metal was much less than
that with Li70. There was no apparent scale in contact with the 316 S§

and the LiA107 exhibited lttle change.
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It was reported [WILLENBERG] that the lower tritium solubility in
the solids (compared with liquid lithium), as well as the requirement
that the breeding material be a powder results in a much lower tritium
inventory in the blanket than for a liquid lithium breeder. More recent
information has shown that tritium levels in liquid lithium can be
reduced to less than 1 ppm [WESTON]. Also irradiation experiments with
solide breeders have indicated that the fractional rate of removal of
forwed tritium varies inversely with the fluence [WISWALL). In these
experiments, samples were subjected to a neutron flux at room temperature.
The samples were removed from the radiation source and the tritium
removed was measured under different experimental conditions. The
removal of tritium from solid breeders is still an unresolved issue and

is addresssed in the TRIO experiments.

In summary, the previous work consisted of general discussions Jf
the radioactivities to be expected from the blankets of several typical
fusion reactors, how these blankets might be handled to recover the
valuable materials, and how the wastes might be packaged for ultimate

storage.

These early studies examined fusion wastes after removal from the
reactor, during on-site storage, packaging for disposal, transportation,
and disposal, and final decommissioning of the reactor. Among the

conclusions reached are:

l. Fission wastes are more hazardous than fusion wastes based on
the biological hazard potential, especially after long decay
periods (> 200 years).

2. From the point of view of waste management, aluminum is a
potentially attractive material, disposal being possible after
several years decay-* Molybdenum is the least attractive.
Stainless steel is intermediate but after about 100 years decay

recycling or disposal is possible.

*Houever, the following limitations for aluminum should be noted: tem~
peratures are limited to about 200°C, radiation induced embrittlement
may result in reduced component life, and new alloys need to be developed
to achieve low activation and adequate strength.
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3. Fusion reactor activated material will probably require on-site
decay for at least a short period (1-2 y) to permit reasonable size

shipments to be made using conventional shipping casks.

4., It is indicated that fusion reactors will genmerate a greater
amount of waste from the replaceable blanket components than do
fission reactors as reflected in the amount of spent fuel

elements.

5. Transport costs for wastes from fusion reactors appear to be two
to six times greater than those for LWR’s of comparable elec~
trical output. However, transport costs are small compared to
other costs [BOTTS 1978A].

6. The amount and activity of low level 1liquid and solid waste

seens to be comparable for fusion and fission wastes.

7. Tritium is the most significant effluent associated with fusion

power plants.

8. It was recogni:ed that materials requirements for deployment of

a fusion power economy require recycle of some materials.

These conclusions are generally still vaiid, but it seems that decay
times of 100 years are impractically long.* The present work is aimed
at exploring the factors that could reduce the required decay time to
more realistic values, e.g., 10-30 years. Techniques for achieving this

include reductions in the impurity content of materials of constri.ction

*Long—term materials storage in anticipation of recycle is outside
of current experience and practice. In addition, refurbishing of
equipment stored for long periods encounters problems of traceability,
QA/QC, and impact of design modifications. There are, consequently, a
number of reasons other than cost that result in the need for caution
when analyzing on a realistic basis the recycle of fusion reactor

materials.
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and the use of remote control techniques for processing material too
radioactive to be directly handled. Another technique discussed here is
isotopic tailoring, i.e., removing deleterious isotopes from those
materials composed of several isotopes. In this manner, the physical and
chemical properties are meintained but the activation properties are
favorably altered. Such a technique, if achievable at reasonable cost,
could lead to reductions in activity of the materials of construction.
The costs of geologic disposal waste is compared with the costs of
recycling material to identify some of the economic incentives and hence

allowable coste for recycling operatious.

2. Materials Recycle and Waste Management (ANL)

2.1 Introduction

The use in fusion reactors of materials of construction that
are only slightly subject to activation by neutrons has been considered
advantageous for the reduction of the hazards from and the expense of
handling radioactive wastes [KUMMER]. In order to identiiy the specific
advantages for waste management of such low activation materials, the
waste management activities for handling the structural materials from
two different tokamak reactor concepts are described. The PCA/LiA;Oz
combination of first wall/blanket structural material and breeder material
is from the STARFIRE reactor [BAKER] which is described as a commercial
tokamak fusion reactor in a mature fusion reactor economy. The V/L1i case
is from one of the earlier but similar designs in which liquid lithium 1ia
the coolant and breeding material ([SMITH-1979].

STARFIRE

The STARFIRE 18 a tokamak fusion reactor with a 7.0 m major radius
and operates at an average neutron loading of the first wall of 3.6 MW/m2.
The rea.tor configuration is given in Fig. l.1. The reactor itself is
composed of 24 sectors, so that four sectors will require replacement
every year. The sectors are not all identical, but differ siightly to

permit removal between the TF coils. The larger sectors subtend an angle
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of 16.2° and each weighs approximately 65 Mg; the smaller sectors subtend
an angle of 13.8° and each weighs approximately 60 Mg. Each of the
blanket sectors can be separated into nine separate tritium breeding
modules arranged poloidally around the sector. Primary structural
support for each sector is provided by large frames at the sector sides;

each module is individually connected to the frame.

The water—-cooled blanket sectors are 68-cm thick and consist of a
l-cm thick first wall, a 5-cm thick neutron multiplier ZrsPb3, a l-cm
thick second wall, a 46-cm thick breeding zone of LiAl0s and a 15-cm
thick graphite reflector zone that contains the blanket support structure
and the manifold lines. The modules are 2-3 m wide by v3 m high depen-
ding upon location within the reactor. The module walls and all support
structures in the high-~radiation zone are fabricated from an advanced
low-swelling austenitic stainless steel. A diagram for a typical sector

is shown in Fig. 2.1.

Lithium-Cooled Blanket

The primary incentive for use of lithium as a coolant in a commercial
fusion reactor is the fact that it also is used as the tritium-breeding
medium. With liquid lithium as the coolant and stainless steel as the
structural material, the maximum operating temperature is restricted
to 500°C with a predicted lifetime of 3.1 Mw-yr/m2 {without a divertor).
With vanadium as the structural material the maximum operating temperature
is calculated to be 650°C and the predicted lifetime is 34 MW-yr/m2
(without a diverter and ignoring fatigue effects) [ABDOU]. The data base
for vanadium and its alloys is limited, and the projections given here

are orly rough estimates.

The general design of the reactor using liquid lithium is the same

as for the STARFIRE with 24 removable sectors forming the torus. Each of
the sectors in turn is composed of smaller modules for ease of handling.

The construction of the lithium-cooled fusion reactor can be more easily

appreciated by examination of Fig. 2.2.
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2.2 MNuclear Analysis

2.2.1 Introduction

The present study is devoted to the analysis of the neutron-
induced activation of fusion reactor components. The most serious concern
with regard to the activation of components, as envisioned for commercial
fusion reactors, is the production of radioisotopes with very long half-lives
in relatively large volumes of construction materials. This has an obvious
environmental consequence, i.e., a requirement of long-term storage of radio-
active waste. An important strategy for fusion reactor development, there-
fore, is to minimize the generation of large inventories of high-level, long-
term activation. This can be accomplished by careful choices cf material and
design along with a waste management scheme that includes material recycling
as a key element. It should be particularly emphasized that in a maéure
fusion power economy, the continued use of materials without recycle (due to a
high-level activation) could result in a serious depletion of some resource-
limited materials such as niobium [MCP-10} and chromium [MCP-1]. Selection of
reactor materials that are less resource-limited and/or intrinsically little
activated, complements the potential of material recyling and results in

fusion power reactors that are less constrained by environmental impacts.

In general, fusion reactor activation can be classified into two
distinct categories. Approximately 902 of the total radioactivity is confined
to the first-wall/blanket system which is a small portion of the total system
volume. The remaining 102 radiocactivity is spread out at a low concentration
in a much larger volume of reactor components external to the first-wall blan-
ket. In the case of STARFIRE [BAKER], the volume of these external components
(bulk shield, penetration shield, and superconducting magnets) amounts to
~3600 m3, compared to ~350 m3 in the first—wall and blanket regions. As a
result, from a viewpoint of volumetric activation, these external components
are also of great importance in the management of radioactive wastes. In
fact, this has been one of the motivations for exploring the possibility of
recycling the bulk of shield and magnet materials in the STARFIRE study [JUNG-
1981, JUNG-1980]. On the other hand, the concern about the first-wall/blanket

radwastes is centered on the high-level of radiocactivity due to activation.



22

activation. In addition, the lifetime of these components is shorter, than

the plant lifetime, and hence they require replacement on a regular basis. In -
STARFIRE, which requires a replacement of each first-wall/blanket module every
six years, the total accumulation of regularly discharged materials amounts to
~1850 m3 over the 40-y plant lifetime (at a plant availability of 75%). The

management of these discharged materials also yields radioactive wastes which

must be handled.

Two major components of the first-wall/blanket system must be
considecved. They are structural materials and lithium-bearing tritium
breeders. In many of the earlier works [STEINER-1970, STEINER-1974, DUDZIAK,
VOGELSANG, POWELL-1973, GROUBER, CONN-1974] on the activation of fusion reac-
tor materials, the importance of breeder activation has been less emphasized
than the structural material activation. In most cases the structure activa-
tion dominates the first-wall/blanket radwastes in terms of the radioactivity
level but a careful assessment of breeder activation is also necessary because
of its relatively large volume. In the case of STARFIRE, for instance, of the
~60 m3 wastes discharged annually, approximately one-half the volume is the
L1Al0, breeder [BAKER]. A large portion of the remaining radwaste volume is
the graphite reflector (~17 m3). The total PCA in the first-wall/blanket
waste results in only ~9 m3 on an annual basis. The analysis of breeder acti-
vation is helpful in designing a process for recovering and recycling the
lithium breeder. Analysis of blanket designs could lead to the most effective

lithium utilization for breeding of tritium.

In Section 2.2.2 the scope of the present analysis and the computa-
tional method used for the analysis are described. Section 2.2.3 is devoted to
the analysis of breeder activation in the context of the solid-breeder blanket
concept of STARFIRE. Section 2.2.4 presents a brief overview on potential low-
activation structural materials, which is followed in Section 2.2.5 by a com-
parative analysis of the structural material activation. Appendix A describes
a conversion technique from decay gamma source strength to contact biological
dose using slab and spherical models. Summary tables of the activation analy-
ses for the first-wall/blanket system and toroidal-field superconducting mag-

nets are presented in Appendices B and C respectively.
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2.2.2 Scope of Activation Analysis and Computational Method

Among the purposes of this analysis are to develop quantitative
information on the activation of breeder materials and to evaluate the overall
lithium requirements for a fusion economy compared with the available
resources. The reactor model used for the analysis 1s based on the STARFIRE
design concept (see Tables 2.l and 2.2.) The activation analysis has been con-
ducted using this reactor model for two primary material categories: (1) solid
tritium breeders; and (2) first-wall/blanket structural materials. The solid
breeders studied include alpha-phase LiAl0, and L1,0 as representative cases of
ternary and binary ceramics, respectively. The importance of breeder activa-
tion is examined in terms of: (a) SLi enrichment of the breeder; (b) use of a

neutron multiplier; and (c) impurity contents in primary breeder constituents.

With regard to the structural material activation, three low-
activation candidates, V15Cr5Ti, T16Al4V, and A1-6063 alloys are analyzed. The
results are compared to the reference case that uses modified austenetic stain-
less steel, PCA (prime candidate alloy). 1In this analysis several combinations

of breeder, structure, and coolant materials are selected as follows:

Case Structure Breeder/Coolant
1 PCA a-L1A10,/H,0  (STARFIRE)
2 PCA L1
3 V15Cr5Ti L1
4 T16A14V i
5 A1-6063 Li

Comparisons of Cases 1 and 2 will serve to identify the impact of
design selection regarding the tritium breeder and coolant materials, i.e., the
design impact of solid and 1liquid blanket concepts on the activation. Analyses
of Cases 2 through 5 will provide information on the activation characteristics
of each candidate alloy, leading to an intercomparison among the potential low~
activation candidates. Although a certain class of alloys may not be compati-
ble with the 1liquid lithium breeder/coolant from a materials viewpoint, the
study of these material combinations is expected to afford a consistent com~
parison by singling out the essential effect of the structural material
cholice. The potential of structural material recycling for each blanket



Table 2,1. The Dimensions and Material Compositions of the STARFIRE Outboard
Blanket/Shield Design Used in the One-Dimensional Analysis

Outer
Radius Thickness
Component (m) (m) Composition
1. Plasma 2.53 2.53 Vacuum
2. Scrape-off 2,73 0.20 Vacuum
3. First wall 2.74(a) 0.01 50% PCA + 27% H20
4. Multiplier 2.79 0.05 100% ZrsPbs
5. Second wall 2.80 0.01 35% PCA + 17% H20
6. Blanket 3.26 0.46 6.55%7 PCA + 3.267 H20 + 52.16% L1A10,(P) + 3,267 We
7. Reflector 3.41 0.15 5% PCA + 57 H20 + 90% C
8. Blanket jacket 3.43 0.02 100% PCA
9. Coolant header 3.63 0.20 2.5% PCA + 18% H,0
10. Plenum 4.13 0.50 Vacuum
11. Shield jacket 4.15 0.02 100% Fe-1422¢¢)
12. HFS shield 4,65 0.50 5% Ti6A14V + 65% TiH, + 15% H20 + 15Z B,C
13. MFS shield 5.05 0.40 70% Fe-1422 + 15% B,C + 15% H20
14, LFS shield 5.33 0.28 100% Fe-1422 (anti-torque panel)
15. ¢o, 5.83 0.50 co,
16. Magnet dewar 5.86 0.03 100% Fe-1422
17. Thermal insulator 5.91 0.05 Liquid N,
18. Helium vessel 5.98 0.07 100% 304 sS
19. Magnet 1 6.51 0.53 47 Nb,ySn + 35Z Cu + 307 304 SS + 4% insulator + 277 Re
20. Magnet 2 6.86 0.35 2% NbTi + 32% Cu + 38% 304 SS + 4% insulator + 24% He

(8)Baged on the first wall area of 755.8 m2 and the major radius of 7 m.
(b)60% 614 enrichment.
(e)pe14Mn2N1 2Cx .

9



Table 2,2, The Dimensions and Material Compositions of the STARFIRE Inboard
Blanket/Shield Design Used in the One-Dimensional Analysis

Outer
Radius Thickness
Component (m) (m) Composition

l. Plasma 2.53 2.53 Vacuum

2. Scrape-off 2.73 0.20 Vacuum

3. FPirst wall 2.74(8) 0.01 50% PCA + 27% H20

4, Multiplier 2.79 0.05 100% ZrsPbg

5. Second wall 2.80 0.01 35% PCA + 172 H30

6. Blanket 3.08 0.28 6.55% PCA + 3.26% Hp0 + 52,16% LiAloz(b) + 3,26% He
7. Blanket jacket 3.10 0.02 100% PCA

8. Plenum 3.12 0.02 Vacuum

9. Shield jacket 3,14 0.02 100% Fe-1422(¢)

10. Shield 1 3.29 0.15 Tungsten—base shield, wx(d)

11. Shield 2 3.365 0.075 Bogqp carbide base shield, B,c*(e)

12. Shield 3 3.515 0.15 Wk (e)

13. Shield 3,59 0.075 Bufs)e

14, Shield 5 3.665 0.075 Wk

15. Shield 6 3.74 0.075 B, cx(e)

16. Shield jacket 3.76 0.02 100% Fe-1422

17. Gap 3.78 0.02 Vacuum

18, Magnet dewar 3.80 0.02 100% Fe-1422

19. Thermal insulator 3.85 0.05 Liquid N,
20. Helium vessel 3.92 0.07 100%2 304 SS

21. Magnet 1 4.45 0.53 4% Nbasn + 35% Cu + 307 304 SS + 4% insulator + 27% He
22, Magnet 2 5.15 0.70 2% NbTLi + 322 Cu + 38% 304 SS + 4% insulator + 247 He
23. Helium vessel 5.22 0.07 | 100% 304 SS

(8)Based on the first-wall area of 755.8 m2 and the major radius of 7 m.
(b)602 611 enrichment,

(e)pe14Mn2N12cr.

(d)yx: 80% W (@ 95% TD) + 10% Fe-1422 + 10% H,0.

(e)g,c*: 80% BLC (@ 95% TD) + 10% Fe-1422 + 10% H20.

14
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material combination is deduced based on two measures: (1) evaluation of the
volumetric radioactivity (Ci/m3); and (2) evaluation of the contact biological

dose (rem/h) due to decay gamma emission (see Appendix A).

The neutron transport calculation that is required prior to the
activation analysis has been carried out by one-dimensional discrete~ordinate
code, ANISN, [ANISN-ORNL] with the SgP; approrimation. The assoclated trans-
port cross gections were obtained from the VITAMIN~C [ROUSSIN] library that is
based on the ENDF/B-IV [GARKEN] data files. The original 171 neutron groups
of VITAMIN-C were converted to a 46-neutron—-group structure. The activation
analysis has been performed by making use of the RACC code [JUNG-1979] along
with the associated decay and cross-section data libraries [RACCXLIB]. The
computational technique of RACC 1s baged on Gear's stiff matrix method [GEAR].

2.2.3 Solid-Breeder Performance and Its Impact Upcui Materials Recycling

In this section the tritium breeding performance is evaluated as a
function of lithium enrichment and from these results the lithium requirements
for a fusion economy are calculated and compared with the available lithjium
resources. Finally, the effects of impurities upon breeder activation are

evaluated.

2.2.3,1 Tritium Breeding Potential

In order to assess the impact of tritium breeding perfor-
mance upon the lithium resource requirement; a brecding evaluation has been
made for several blanket systems. As shown below, the STARFIRE LiAl0,

(a-phase) blanket has been selected as the reference case. It is compared

with several alternate designas including Li,0 blankets.

System Breeder Multiplier Comments
AOD LiAlO, None Maximum BR < 1
Al LiAl0, ZrgPb, STARFIRE - reference case
A2 LiA10, Be
BO Li,0 None Sufficient for BR > 1
Bl Li,0 ZrgPbg

B2 14,0 Be
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The breeding performance is investigated in terms of:
(1) intrinsic breeding capability without additional neutron maltiplication;
(2) breeding enhancement by use of a multiplier; and (3) breeding variation
with SLi enrichment.

Figure 2.3 compares the tritium breeding ratios (BR's)*
as a function of ®Li enrichment. Several important observations can be made.
The effect of a multiplier is very substantial and the breeding enhancement
can amount to ~0,5/D-T source. In fact, the LiAl0O2 system results in a BR of
only ~0.88 without multiplier even for the full breeding coverage case.** The
breeding amplification by beryllium is ~0.2/D-T greater than that by ZrgPb,
for the Li;0 systems, and slightly less than 0.2/D-T for the LiAlO; systems.
Although the use of the beryllium multiplier may involve a beryllium resource
problem and an additional design complexity, such a design could lead to an

appreciable reduction in the lithium resource requirement.

The breeding characteristics of Li0 with 6Li enrichment
are quite different from those of LiAl02. The Li20 systems, for instance,
exhibit almost monotonic breeding decreases as 61t is enriched. This trend is
particularly enhanced when no multiplier is used. On the other hand, the
LiA102 BR shows a significant increase with enrichment up to ~30Z, beyond
which the BR becomes quite insensitive to the enrichment. For example, the
STARFIRE design which employs the LiAl02 breeder with a ®Li enrichment of 60%
along with the ZrgPb; multiplier results in a decrease in BR of only ~0.01
when the enrichment is lowered to 30Z. The penalty for such a marginal
breeding gain is not trivial, from the standpoint of resource requirements, as
will be shown shortly. It is important, however, to note that the 6Li
enrichment must be high enough not to allow potential breeding deterioration
and/or stoicheometric breeder compound instability due to possible high 6Li

burnup.

*Breeding ratio (BR) is defined as the number of tritium a .us formed per
fusion reaction.

**The cagse in which all sections of the torus considered contain breeding
material and do not include any major penetrations such as limiters.
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Fig. 2.3. Effect of 6Li enrichment on tritium breeding ratio.
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2.2.3.2 Lithium Resource Requirement and Availability

Figure 2.4 illustrates the impact of the selection of
breeder material and its 611 enrichment on the lithium resource requirement.
Plotted in the figure is the total (natural) lithium requirements for the
1000-GWe fusion economy (corresponding to ~833 STARFIRE plants) over 40 y (at
a plant availability factor of 0.75) without any breeder material recycling.
Note that STARFIRE is designed to generate a thermal power of 4000 MW and an
electric power of 1200 MW, In addition, it is assumed that one-sixth of the
blanket sectors is scheduled to be removed annually from the reactor for
replacement. The lithiuan requirements shown in Fig. 2.4, thus, are for the
lithium supplies necessary for a 30,000~GWe-y power generation (or eguiva-
lently 100,000 GWth-y) based on the STARFIRE model under the assumption of no

breeder recycling.

The availability of natural lithium is somewhat uncertain
at present since there exist significantly large differences in the assess-
ments made by several lithium specialists. Rhinehammer [RHINEHAMMER] notes
that the major differences in resource projections appear to result from
assumption variables and the manner of handling data (e.g., criteria used in
categorization of lithium, optimism in evaluating lithium deposits, etc.).

The values for the U.S. reserves and U.S. resources presented in Fig. 2.4 are
based on the findings by the NRC Lithium Subpanel [EVANS]. The lithium
reserves in the U.S. include two lithium categories: Class A - reserves proved
by systematic exploration; and Class B - reserves indicated by limited expo-
sures and/or exploration. On the other hand, the U,S. lithium resources con-
sist of: Class C - resources inferred on geological evidence; and Class D -
quantities largely known but economic extraction probably dependent upon mar-
keting of co-products. The U.S. reserves and U.S. resources of lithium thus
estimated amount to ~4.2 x 105 Mg and 3.1 x 10® Mg respectively. It is noted
that the projected lithium resources (3.1 x 106 Mg) should be considered con—
servative since the estimates do not take into account undeveloped or unproven
sources of lithium. The demand and pricing for lithium have not encouraged
exploration and development. There is disagreement with resource figures and
one specialist [KUNASZ] insists that the Lithium Subpanel numbers must be
multiplied by a large factor to reach a correct understanding of future
availability of lithium.
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Little is known about lithium resources worldwide (par-
ticularly the eastern hemisphere). However, according to Rhinehammer large
undetermined deposits of lithium are forecasted for Canada anc Chile. For
example, it has been egstimated that one salt basin of the Salar de Atacama in
Chile may equal the known recoverable resources in the U.S. as estimated by the
NRC Lithium Subpanel. 1In the present study, the value of worldwide resources
1s taken from the STARFIRE study, i.e. ~9.2 x 106 Mg. This value compares
favorably with Norton's evaluation [NORTON] of ~1.4 x 10/ Mg and is ~30% higher
than the total western world reserves of ~7.1 x 10® Mg reported by Rhinehammer

{RHINEHAMMER] .

It is reported that the oceans contain 2.5 x 101% kg of
lithium [RHINEHAMMER]. The nominal lithium concentration is 0,2 ppm and econo-
mic recovery from such low concentrations may not be achievable. Preliminary
production cost estimates have indicated a cost of lithium extraction frcm sea

water of at least twice the current 1lithium selling price.

As shown in Fig. 2.4 most of the fusion systems investi-
gated require more lithium than the U.S. reserves and depend uprn the avalla-
bility of the U.S. resources, provided that none of the breeder materiais used
are recycled. For example, using the reference STARFIRE system in a 1000-GWe
economy (corresponding to ~833 STARFIRE reactors) will require ~807 of the
total U.S. resources or about six times the total U.S. reserves. Even the Li20
breeder blanket design without multiplier (which employs natural lithium)
requires a lithium supply of ~8.1 x 105 Mg which is a factor of approximately

two greater than the U.S. reserves.

The use of a neutron multiplier can substantially

decrease the lithium resource requirement for both Li20 and LiAlQO2 systems.
The natural lithium Li70 system with the beryllium multiplier, for instance,
requires an amount of lithium which is only 40X of that without a multiplier
and 50% of that with the Zr Pb; multipiier. From the lithium resource
requirement, therefore, there appears to be an incentive to employ a neutron
multiplier (most preferably beryllium) along with the Li20 breeder, even if
the Li20 system can yield cnough tritium without multiplier aid. It is worth-
while to note that the Li20 systems contain more lithium than the LiAl02
systems in spite of the higher breeding capability in the Lij0 systems. This
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is simply because of the substantially higher lithium density in Lio0 (°Li -
0.94 g/cc) than in L1A102 (pp; = 0.36 g/cc).

The burnup rate of lithium atoms that is required to sus-
taln a given fusion power production is, in general, insensitive to the blan~
ket performance, and hence to the blanket design concept. Many fusion blanket
design studies [JUNG-1980B], show a total energy yleld of ~21 MeV (including
the 3.5 MeV alpha energy) per D-T fusion event. Therefore, the energy produc-
tion of 105 GWth-y (or 3 x 10" GWe-y) studied in Fig. 2.4 requires a total
lithium burnup of ~1033 atoms. When all of the tritium production is assumed
to be undertaken by the 6Li(n,a)t reaction, the above lithium burnup corres-
ponds to a natural-lithium requirement of ~l.6 x 105 Mg. This value is shown
in Fig. 2.4 under the "Net Consumption” label. The result of Fig. 2.4 clearly
indicates that a large quantity of lithium resources is wasted compared to
what 1s actually required if the breeder material recycling is not under-
taken. Such a penalty appears to rapidly increase with 6Li enrichment which
1s likely to be an absolute necessity for the viability of any ternary ceramic

breeder concept using a neutron multiplier.

It should be noted that cumulative lithium demands of
both conventional and battery uses are estimated to amount to ~30% of the U.S.
domestic resources by 2010 and ~70% by the year 2040 [RHINEHAMMER]. 1In conse-
quence, 1t 1s expected that by 2050 the lithium requirements for fusion reac-
tors may become strongly competitive with these other energy uses for
lithium. Although the 7Li tails from isotopic enrichment plants for some
fusion reactors can be utilized for the conventional and battery euergy uses,
the continual construction of such fusion reactors will eventually use up all
611 resources available in the U.S. (which is only ~2.0 x 105 Mg) and will
strongly impact the competitive lithium market,

The previous discussion only emphasizes the need for
recovering and reusing the lithium from the fusion reactor blankets. The net
consumption of 611 in the 1000 GWe fusion power economy is approximately 12 Mg
per reactor over the reactor lifetime of 40 y at 75% availability or ~IG" Mg
of ®Li for the 833 reactors, only about 5% of the currently idewtified lithium

resources in the United States.
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2,2,3.3 Breeder Activation

As shown in Fig. 2.4, the demand for the lithium inven-
tory requirement might be unacceptably high if the breeder material could not
be recycled. The ease of recycling or reprocessing depends largely on the
level of residual activation in the breeder material. Figure 2.5 compares the
breeder activations with and without inclusion of the respective trace ele-
ments shown in Table 2.3. The result clearly indicates the importance of
impurity activation in considerations of post-irradiation breeder handling.

In fact, the Li20 activation shown in Fig. 2-5 is due solely to trace ele-
ments, since the activation associated with Li20 itself decays completely
within a few minutes after discharge from the reactor. Even for LiAlO2, in
which the primary constituent, aluminum, becomes a major activation source,
inclusion of the trace elements increases the radioactivity level by two to
three orders of magnitude relative to the pure LiAl02 radioactivity, over the
entire time span relevant for the waste management. It is noted that the
activation levels indicated in Fig. 2.5 are not as high as those of structural
material activation (as will be shown later), but are sufficiently high to

require care during any reprocessing.

As shown in Figs. Z.6 and 2.7 three trace elements,
potassium, iron, and nickel, are the most important in such reprocessing con-
siderations. 1In addition, copper in Li30, and molybdenum and aluminum itself
in LiAl10s are the important elements to be taken into consideration.

Tables 2.4 and 2.5 show the isotopic breakdown of radio-
activity concentration for Lis0 and o-LiAlO2, respectively. The isotopes
listed are limited to those which have a radioactivity concentration greater
than 10~10 Ci/cc at 1 y after shutdown. For the sake of comparison, the maxi-
mum permissible concentration (MPC) value is also listed for each isotope.

The MPC values that are taken from Column 1, Table II of Appendix B in
NRC-10CFR20 [10CFR20], indicate the highest MPC values among those shown in

the Appendix and correspond to the maximum allowable concentration in air.

It is noticed that there exist several activation trends
common to the two breeder materials examined. The highest activation (other

than those of the primary constituents) is contributed by 3%r (Tyy9 = 269 y,
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Table 2.3. Trace Element Composition of Breeder Materials

L1,0(8) a-L1A10,(P)

Trace

Element wt % atom/b—cm(c) wt % atom/b—cm(c)
Be 0.001 2.27(~6)
B 0.001 1.89(-6)
Na 0.066 3.48(-5) 0.005 4.46(-6)
Al 0.002 8.99(-7)
Si 0.001 4.32(~7)
P 0.05 3.31(-5)
K 0.111 3.44(=5) 0.05 2.62(-5)
Ca 0.029 8.76(-6) 0.003 1.53(~6)
Ti 0.003 1.28(~6)
v 0.003 1.21(-6)
Cr 0.003 1.18(~6)
Mn 0.002 4.,42(-7) 0.001 3.73(-7)
Fe 0.006 1.30(-6) 0.003 1.10(~-6)
Co 0.003 1.04(-6)
Ni 0.002 4,13(~7) 0.002 6.98(~7)
Cu 0.0006 1.15¢(-7)
Zn 0.05 1.57(=5)
As 0.05 1.37(-5)
Sr 0.10 2.34(-5)
Zr 0.01 2.25(-6)
Mo 0.003 6.41(-7)
Ag 0.001 1.90(-7)
Ccd 0.01 1.82(-6)
Sn 0.003 5.18(-7)
Sb 0.01 1.68(-6)
Ba 0.01 1.49(-6)
Pb 0.008 4.68(-7) 0.001 9.89(-8)
Bi 0.001 9,.80(-8)

Density 2.01 3.40

(g/cc)

(a)gef. 37 [TARAHASHI].
(b)gef, 38 [CLEMMER].

(c)atom/b-cm = 102% x atom/cc.
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Table 2-4. TIsotopic Contribution of Li,0 Breeder Activation
Radioactivity Concentration (Ci/cc)

Time After Shutdown (y)
Primary
Isotope Parent 0 1 10 100 1000 mpc(a)
36¢1 K 8.6(-8)(P) | 8.6(-8) 8.6(-8) 8.6(-8) 8.6(-8) 8.0(~16)
39r - K 1.9(-4) 1.9(-4) 1.8(-4) 1.4(~4) 1.4(-5) (¢)
Slmn Mn/Fe 2.2(-4) 9.5(-5) 4.8(-8) (€)) - 1.0(-15)
S5re Fe 2.7(-4) 2.1(-4) 1.9(-5) -— — 3.0(-14)
57¢o M 3.0(-5) 1.2(-5) 2.5(-9) -_— - 6.0(-15)
58¢o Ni 1.2(-4) 3.4(-6) -— _— —_— 2.0(~15)
60¢, Ni 1.4(-5) 1.2(-5) 3.7(-6) 2.5(-11) -— 3.0(-16)
S9N Ni 1.2(-10) 1.2(-10) 1.2(-10) 1.2(-10) 1.2(-10) 2.0(-14)
63§ Ni/Cu 7.0(-7) 7.0(-7) 6.5(~7) 3.3(=7) 3.7(~10) 2.0(-8)
203yy Pb 8.4(-8) 3.7(~10) -— e -— 2.0(-15)
2047y Pb 4,4(-9) 3.7(-9) 8.1(-10) —_— S 9.0(-16)

(a)The lower of the soluble or unsoluble values.,
(P)Read as 8.6 x 10-%,

(e)) x 10-16 Ci/cc.

(d)Less than MPC.

8¢



Table 2.5.

Radioactivity Concentration (Ci/ce)

Isotopic Contribution of «-LiAl0, Breeder Activation

Primary

Time After Shutdown (y)

Isotope Parent 0 1 10 100 1000 mec(a)
2651 Al 1.5(-6)? |  1.5(-6) 1.5(~6) 1.5(-6) 1.5(-6) (c)
36c1 X 6.0(-8) 6.0(-8) 6.0(~8) 6.0(-8) 6.0(-8) 8.0(-16)
39%r K 1.2(-4) 1.2(-4) 1.2(=4) 9,5(~5) 9.4(-6) (c)
4Sca Ca/Ti 1.5(-5) 3.2(-6) 3.4(~12) (d) -_— 1.0(-15)
4650 T4 2.6(-5) 1.3(-6) _— _— — 8.0(~16)

49y v/Cr 5.0(=6) 2.3(-6) 2.3(~9) -_— —_— (c)
Slmy Mn/Fe 1.6(-4) 7.1(-5) 3.6(~8) —— -— 1.0(~15)
55pe Fe 2.2(-4) 1.7(-4) 1.6(~5) -— -— 3,0(~14)
60co Co/Ni 4.0(-5) 3.5(=5) 1.1(-~5) 7.3(-11) —_— 3.0(~16)
59N1 N 2.0(~10) 2.0(~10) 2.0(~10) 2.0(-10) 2.0(-10) 2.0(~14)
63y M 2.0(-7) 1.9(-7) 1.8(=7) 9.2 (-8) 1.0(~10) 2.0(~15)
6Szn Zn 1.9(=4) 6.6(=5) 6.1(~9) -— -— 2,0(~15)
89gr Zr 2.4(—6) 2.0(-8) - -— -— 3.0(~16)
90gr Zr 7.9(-9) 7.7(=9) 6.2(~9) 6.6(-10) -— 3.0(~17)

90y Zr 2.4(=5) 7.7(-9) 6.2(-9) 6.6(—~10) -— 3.0(-15)
88z, Mo 4.0(-8) 2.0(-9) — —~— -— (c)
93z Zr /Mo 8.3(-10) 8.3(-10) 8.3(-10) 8.3(-10) 8.3(-10) 4,0(~15)

93myp Mo 7.2(-8) 9.9(-8) 2.9(~7) 5.8(~7) 3.1(-7) 4.0(~15)
M Nb Mo/Nb 3.1(~-10) 3.1(-10) 3.1(-10) 3.1(-10) 3.0(-10) (c)
930 Mo 7.2(-7) 7.2(=7) 7.1(=7) 6.7(-7) 3.6(-7) (c)
997 Mo 3.1(-9) 3.2(-9) 3.2(~9) 3.2(-9) 3.1(-9) 2.0(~15)
113gy Sn 2.7(-6) 3.0(-7) _— -~ -_— 2.0(~-15)
123g, Sn 3.8(-5) 5.0(~6) 6.1(~14) — _— (c)
125gp Sn 1.0(~5) 8.0(-6) 8.0(-6) — - 9,0(~16)
204 Pb 8.7(-10) 7.4(-10) 1.6(-10) -— -— 9,0(~16)

(a)The lower of the soluble or insoluble values.

(b)pead as 1.5 x 10-5,

(€)1 x10-16 ci/ce.
(1088 than MPC.

6t
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f-decay with no y emission) induced from the potassium impurity. The radio-
activity of this isotope is extremely high when compared to its MPC values and
shows an insignificant decay even at 1000 y after reactor shutdown. Two
nickel radioisotopes, 63Ni (100 y, 8~/no y) and 59Ni (7.5 x 10% y, EC, £*/no
y) are also commonly induced from the nickel impurity. Note that the ©3NMi
activation is to some extent contributed by the copper impurity in the case of

Li20.

One of the more serious breeder activations is observed
in LiAl102 due to the presence of the zirconium and molybdenum impurities.

These twc elements yield the following nuclides:

895r (51 4, 87/y [0.91 MeV))

90sr (29 y, 8 /no vy)

90Y (64 h, B7/v[2.2 MeV])

93zr (1.5 x 10% y, 87 /no y)

93NL (17 y, IT/y [30 keV])

MNb (2.0 x 10% y, B /y [0.70 MeV, 0.87 MeV])
93%M0 (3.5 x 103 y, EC/no Y)

99Tc (2.1 x 105 y, B~/y [90 keV])

The total radioactivity of these isotopes amounts to ~4.9
kCi at reactor shutdown or a specific radioactivity of ~2.7 x 10~5 Ci/cm3
(~1.2 pCi/wth). The radioactivity at shutdown due to these mid-Z number
isotopes is dominated by the 90Y contributing ~90% (~l.1 pCi/Wth) of the total
activation of these isotopes. The high 90Y concentration is a result of the
direct formation of %0Y. 1In about one month the 90Y activity has diminished
by a factor of ~1000 so that 90Y is no longer a major activity. At longer
decay times, 93®Nb and %93Mo become most important among these mid-Z isotopes.
The subsequent slow reduction of the 90y radioactivity despite its short half-
life (64 h) stems from the presence of 90Sr (T;;y = 29 y) decaying to 90y.
Strontium-90 is one of the most toxic radioisotopes (as reflected by its very
low MPC value listed in Table 2-5) and the radioactivity level amounts to
~1.7 x 108 ci/cm3 (~7.0 x 10~* uCi/Wth) at shutdown. It is desirable that

special caution is exercised for the elimination or significant reduction of
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the two trace elements, zirconium and molybdenum, upon fabrication of the
LiAl02 breeder in order to minimize the radioactivity content at shutdown.
Particular emphasis should be placed on the fact that many of these mid-Z
number radioisotopes emit gamma rays with energies ranging from ~30 keV to
~2,2 MeV, In fact, these gamma rays are the primary source contributing to
the biological dose, other than the main gamma ray of ~1.8 MeV which is
emitted from the primary constituent radioisotope, 26A1 in LiAlO3.

Table 2.6 shows the importance of four key impurity ele-
ments, potassium, nickel, zirconium, and molybdenum, to the long-~term radio-
igsotope generation in terms of a unit content (atomic parts per million, appm)
of each element. It is observed that the importance of potassium and nickel is
more or less identical in the two breeder materjals. Although the Li20 breeder
examined in the present study does not include zirconium nor molybdenum, it is
conceivable that these elements could be introduced in Li20 during its manu-
facture. Table 2.6 provides useful information related to the allowed levels

of impurity in order for the breeder activation to remain tolerable.

Table 2.6. Radioactive Content® of Important Long-Term
Radioisotopes in Solid Breeders,
(Ci/cc)/appm of Impurity

Primary
Parent
Radioisotope Impurity 11,0 o«-L1A10, MPC
36c1 K 3.0(-10)P 2.9(-10) 8.0(-16)
39y K 5.0(~8) 4.5(-8) (¢)
S9N Ni 3.5(-11) 3.6(-11) 2.0(-14)
63N1 Ni(Cu) 8.5(-11) 1.8(-11) 2.0(~15)
93zp Zr,Mo - 3.6(-11) 4.0(-15)
93mNp Mo — 6.0(-8) 4,0(~15)
SuNp Mo, Zr _— 1.3(-11) (c)
997¢ Mo -— 6.0(-10) 2.0(-15)

(2)padiocactivity concentration at 1000 y after shutdown.
(b)pead as 3.0 x 10-10,
(©)) x 1016 ci/ce.
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The elemental contribution in terms of different activa~
tion measures, such as biological dose and biological hazard potential, still
remains to be studied. Such a study will be essential for the development of
optimum waste management because the activation shown in Figs. 2.6 and 2.7
consists of quite different decay modes. In fact, some of the high activa-

tion, such as that induced by potassium, possesses only beta-decay activation,

2.2.4 Potential Low~Actication Structural Materials
2.2.4.1 General Remarks

The austenitic stainless steels, which have been one of
the most widely studied structural materials for fusion reactor applications
[BAKER], possess several salient advantages in comparison with other candidate
structural materials. The austenitic stainless steels have been used exten—
sively in fission reactor application and therefore a substantial technology
base has been generated. Fabrication procedures have been well developed and
the ease of fabrication and welding should lead to increased reliability of
structural components. One of the unfavorable characteristics of austenitic
stainless steels, however, relates to their high neutron-induced activation.
The fact that primary structural materials represent the major radioactive
source of fusion reactors provides the incentive for exploring reactor designs
based on the use of inherently low-activation structural materials other than
austenitic stainless steels. It should be noted, however, that the selection
of structural materials depends upon many other design considerations and can-
not be derived solely from the activation standpoint. The selection of struc-
tural materials as well as the remaining blanket/shield materials must evolve
from an overall design tradeoff involving various considerations for reactor
performance, engineering feasibility, material development, material compati-
bility, plasma—-wall interaction, etc. In particular, the requirement of self-
sufficient tritium fuel production in fusion reactor blankets strongly influ-
ences the choice of reactor materials depending upon the chemical and physical
properties of breeder materials selected. -Use of a liquid metal or liquid
compound breeder, for instance, limits the selection of structural materials
to a class of alloys such as austenitic stainless steels, niobium~base alloys,
and vanadium-base alloys because of the need for corrosion resistance against

the breeder under the anticipated operating conditions., 1In addition, the
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choice of coolant materials, which is algso affected to a large extent, by the
breeder selection, further narrows the choice of candidate structural mate-

rials to those that are compatible with the coolant. The situation observed
here clearly indicates that the selection of low—activation structural mate-
rials must be coordinated with the complex matrix of possible combinations of

first-wall/blanket materials,

Another important design consideration in connection with
the choice of low—activation primary structural materials is the nuclear per-
formance of the radiation shielding design [JUNG-1981]. The importance of the
shielding design is two-fold, in that (1) the reactor power depends substan-
tially on the inboard shield design for toroidal reactors; and (2) the reactor
accessibility (at short post-shutdown times) depends on the outboard shield
design, The importance of the outboard shielding design is further emphasized
by the fact that more than 90% of the radioactive material inventory is pres-
ent in the outboard shield and reactor components external to the shield, such
as TF magnets and penetration shields [JUNG-1980A]. An important strategy for
the low—activation fusion reactor development is, therefore, to select the
strictural material that assures the overall design credibility and conforms

with various design aspects of the relevant technical areas.

2,2,4,2 Proposed Low—Activation Structural Materials

An in-depth study [SMITH-1979] has been carried out for a
blanket/shield design in which a vanadium-base alloy is employed along with a
liquid lithium breeder/coolant. The results indicate that there is substan-
tial potential for minimization of long—~term activation induced in a fusion
power reactor. Vanadium—base alloys are among the most radiation—damage
resistant alloys known. They maintain good strength properties to relatively
high reactor operating temperatures. The major concerns regarding the use of
vanadium alloys are the lack of information on fabricability, particularly
welding, and on the effects of atmospheric environment during fabrication and
operation. A second-generation research alloy, V15Cr5Ti, is expected to alle-
viate the swelling and fabricability problems and to improve the elevated
temperature creep properties because of the increased chromium and titanium

contents.
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The NUWMAK [BADGER] design explores the possible use
titanium-base alloy structural material along with the lithfum-lead eutectic
(62% Li + 38% Pb) as the tritium breeding and heat transfer material,
Titanium-base alloys, which have been used extensively in the aircraft indus-
try because of their relatively light weight and high strength at moderate
temperatures have several favorable properties for fusion reactor applica-
tions, such as good fabricability, high strength, long fatigue life, good
corrosion resistance against water coolant, etc. The major concerns regarding
the use of titanium alloys for fusion reactor applications are the lack of
data on radiation effects with respect to swelling and mechanical properties,
the potential for hydrogen embrittlement, and the strength deterioration at
elevated operating temperatures. Althcugh the titanium alloys can be regarded
as intrinsically low-activation structural materials, it is worthwhile to note
that most of the high-strength commercial alloys contain molybdenum or other
alloying elements that have been shown in previous discussions to produce

long-1l1ived radioactive products.

Another class of possible low-activation structural mate-
rials 1s represented by low atomic number materials such as silicon carbide,
carbon materials, and aluminum-base alloys. A first-wall/blanket design con-
cept based on silicon carbide has been proposed [HOPKINS-1974] and is cur-
rently being investigated by GA Technologies [HOPKINS-1981). The use of sili-
con carbide as the first-wall/blanket material is clearly motivated by the
assoclated low long-lived activaticn, and potentially small temperature rise
caused by the decay heat. Although silicon carbide possesses some other
favorable properties such as the excellent thermal shock resistance, good
thermal fatigue resistance, and inherently low X-ray attenuation coefficient,
it must be recognized, as Hopkins states, that the primary problem associated
with the application of low-Z ceramic materials for structural purposes is
their almost complete lack of ductility. The design and fabrication of rela-
tively large-size components, that can withstand tensile loads, requires rela-
tively detailed stress analysis, careful control of fabrication processes, and

extensive quality tests under conditions closely approximating expected

operating conditions.

Powell and his colleagues [POWELL-1974] proposed the use

of aluminum structures in fusion reactor blankets. The tritium breeding

i
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materials are restricted to solid lithium compounds such as LiAl and LiAl0,
from the material compatibility standpoint. A detailed analysis of the poten-
tial problems for the aluminum structures has been conducted in a recent
U.S.~INTOR design study [STACEY] in the context of a comparison with stainless
steel first-wall design. The study shows that the primary concern regarding
the use of aluminum structures, in particular in their first-wall application,
is associated with the limited temperature capabilities of these alloys due to
the strength limitations at elevated temperatures. The study also reveals
that there is almost no data base for aluminum alloys irradiated at tempera-

tures above -60°C.

2.2.4.3 Comparative Study of Potential Low-Activation

Structural Materials

This section presents a comparison of neutron—-induced
activation for several proposed low-activation structural materials for use in
fusion reactor designs. The primary objective is to identify the generic
characteristics of each candidate and thereby provide a comparison of low-
activation reactor designs. Three first-wall/blanket structural materials, a
vanadium-base alloy (V15Cr5Ti), a titanium-base alloy (Ti6Al4V) and an aluminum-
base alloy (Al-6063) are analyzed and compared with a PCA stainless steel case,
based on a geometrical model of the STARFIRE design. All of these four designs
use liquid lithium as the coolant as well as the tritium breeding medium. The
reference STARFIRE design in which the a—LiAlOz breeder, light-water coolant and
PCA structure are employed is also added to the comparative study. The material
compositions of the four alloys used for the analysis are presented in Table

2.7,

It is noted that certain class of alloys may oot be com—
patible with the liquid-lithium breeder/coolant concept from a materials point
of view. It is expected, however, that those material combinations described
above afford a consistent intercomparison of the low activation characteristics
by identifying the essential effect of the structural material choice. It is
also noted that in the liquid-lithium systems studied, the material composi-
tions of some of the STARFIRE components have been replaced as follows:



Table 2.7.

Structural Material Compositions

PCA Stainless Steel V15Cr5T1 T16A14V Al-6063
Element wt % atom/b-cm wt % atom/b-cm wt % atom/b-cm wt=% | atom/b-cm
B 0.005 2.188(-5)
C 0.05 1.971(-4) 0.02 6.118(~5) 0.01 2.267(~5)
N 0.01 3.380(~5) 0.05 1.311(-4) 0.008 1.555(=5)
0 0.05 1.148(-4) 0.065 1.106(~-4)
Mg 0.68 4.548(~4)
Al 0.03 5.264(~5) 0.004 5.447(-6) 6.0 6.056(-3) 98.07 5.913(~2)
Si 0.5 8.427(~4) 0.03 3.924(-5) 03.01 9.695(-6) 0.40 2.316(-4)
P 0.01 1.528(-5) 0.01 1.186(-5)
S 0.005 7.382(-6)
Ti 0.30 2.965(-4) 5.00 2.835(-3) 89.84 5.108(-2) 0.10 3.396(~-5)
v 0.10 9.292(~5) 79.794 5.754(~2) 4.0 2.138(-3)
Cr 14.0 1.274(-2) 15.00 1.060(-2) 0.01 5.236(-6) 0.10 3.128(-5)
Mn 2.0 1.723(-3) 0.0025 1.239(-6) 0.10 2.961(-5)
Fe 64.88 5.499(~2) 0.01 6.578(-6) 0.02 9.752(-6) 0.35 1.019(~=4)
Co 0.03 2.410(-5)
Ni 16.0 1.290(-2) 0.001 6.258(-7) 0.005 2.319(-6)
Cu 0.02 1.490(-5) 0.01 4.286(-6) 0.10 2.560(~5)
Zn 0.10 2.488(-5)
Ga 0.01 5.270(-6)
As 0.02 1.264(-5)
Nb 0.03 1.529(~5) 0.002> 4.996(~7)
Mo 2.0 9.868(~-10) 0.008 3.164(-6) 0.005 1.419(-6)
Sn 0.01 2.294(-6)
Ta 0.01 5.453(~10) 0.003 1.149(~6)
W 0.0075 1.523(-7)
Density 7.86 6.10 4,52 2.70
(g/ce)

9%




First wall:
Multiplier
Second wall ;:
Blanket
Reflector

Coolant header:

The geometrical dimensions have been kept unchanged.
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27% 14 + 50% structure

93.45% 11 + 6.55% structure

5% 11 + 5% structure + 90% C

18% 11 + 2.5% structure

In

consequence, the tritium breeding performance exhibits a significant variation

from one system to another as shown in Table 2.8, indicating that the liquid-

lithium designs studied here are not necessarily optimized in terms of tritium

production. In general, the tritium breeding capability of the liquid-lithium

systems is appreciably larger than that of the solid breeder system (i.e., the

STARFIRE design).

Therefore, the actual requirement of breeding blanket zone

thicknesses for the liquid-lithium systems is expected to be much smaller than

that used in the present analysis (52 cm).
alloy design and the following activation analysis for the optimized cystem

remain to be further’investigated.

Table 2.8. A Comparison of Tritium Breeding Ratios(a)

T

Case Structure Breeder Coolant ? TBR
1 PCA a-L1A10, H20 | 1.17
(Ref.)
2 PCA i i 1.45
3 V15Cr5T1 Li Li 1.55
4 Ti6A14V Li Li 1.56
5 Al1-6063 Li Li 1,50

(a)Based on 100% breeding coverage by the outboard

blanket.

The discussion presented in this section is limited to

The blanket optimization for each

the ouboard breeding blanket region where most of the activation is expected

to exist in terms of the blanket volume and the level of activation.
(1) volu-

activation is examined with regard to two radioactivity measures:

metric radioactivity (Ci/cc); and (2) contact biological dose (rem/h) due to

decay gamma emission (see Appendix A).
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2.2.4.4 Comparison Based on Radioactivity Concentration

Figure 2-8 shows a comparison of the candidate structural
materials in terms of radioactivity concentration (Ci/cc) as a function of
time after reactor shutdown following a six-year reactor operation at a plant
availability of 75% (i.e., equivalent to an integral neutron wall load of 18
MW-y/m2). This integral wall load corresponds to the maximum neutron fluence
expected before the regular replacement of each first-wall/blanket module.

Due to the large amount of 55Fe isotope (TI/Z = 2.7 y, EC decay/no gamma emis-
sion), the PCA systems (STARFIRE and Li/PCA) exhibit much higher radioactiv-
ity levels than the other cases. The activation decay rates in these PCA sys-
tems become lower beyond ~50 y after shutdown, reflecting the contribution
from 63N (100 y, 8 /no y) induced by the 62Ni(n,y) and 6YNi(n,2n) reactions.
The difference between the STARFIRE and Li/PCA systems 1s due largely to the
fact that the average blanket radioactivity of the latter system includes con-
tributions from the second-wall and multiplier zones in STARFIRE, which are
exposed to much higher neutron fluxes., Normally, the soft neutron spectrum
system characteristic of STARFIRE strongly enhances the neutron capture reac-
tions such as 5%Fe(n,y) and 92Ni(n,Y) in comparison with the hard neutron-
spectrum system represented by the Li/PCA design. In fact, as shown in Table
2.9, the first-wall radioactivity of Li/PCA is not higher but instead lower
than that of STARFIRE. The difference is magnified particularly at long post-

shutdown times when the ®3Ni activation becomes dominant.

Table 2.9. A Comparison of First-Wall Radioactivity (Ci/ce)

Time After Shutdown (y)
Case System 0 1 10 100 500 1000
1 STARFIRE 3.82(2)2 1.39(2) 1.24(1) 1.37(-1) 1.72(-2) 8.16(-3)
2 Li/PCA 3.52(2) 1.38(2) 1.20(1) 2,85(-2) | 8.87(-3) | 5.69(-3)
3 Li/v15Cr5Ti | 1.03(2) 4.29(0) 5.59(-3) | 8.16(=5) | 7.37(-=5) | 6.71(~5)
4 Li/T1i6Al4V 8.51(1) 2.93(0) 2.67(-3) 1.14(-4) | 2.84(-5) | 2.05(~5)
5 Li/A1-6063 1.25(2) 3.03(-1) | 2.06(-2) | 5.34(~4) | 7.35(~5) | 5.03(-5)

3pead as 3.82 x 102,
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The V15C15STi system activation exhibits a continually
sharp decrease as short-lived isotopes such as “5ca (165 d, 8~ /v), 49V (330 d,
EC/no y), and SlCr (27.7 d, EC/y) decay until the 93myp (13.6 y, IT/y) isotope
becomes significant at ~10 y after shutdown. At times greater than ~10 vy, l%C
(5700 y, B /no y) is the most dominant radioactive isotope and its concentra-
tion is only on the order of 10Ci/m3. The primary gamma emission from the
VI5Cr5Ti system after ~100 y, is mostly associated with the 93@Nb igotope pro-
duced from an impurity activation of 93Mo (3500 y, EC/no y). It is noted,
however, that as will be shown later, the associated biological dose in

V15Cr5Ti is controlled by the 94Nb content at times greater than 100 y.

The T16A14V activation steeply decreases 10 y after shut~
down due primarily to the fast decay of 24Na (15 h, g7/y), “Sca, “6sc (84 d,
8~/y), and 48Sc (44 h, B~/Y). After 10 y, the radioactivity in this alloy is
dictated by the impurity activation products such as 63Ni, 93mNb, 93Mo, and
14c, Because of the similarity of the isotope contents in Ti6A14V and
V15Cr5T1i alloys, the general trend of activation variation in both systems is
almost identical, keeping about a factor of 2-3 difference at most in their

absolute magnitudes over the entire time span under consideration.

The high purity aluminum alloy A1-6063 [ALUMINUM
ASSOCIATION] contailns alloying elements, magnesium (~0.7 wt %) and silicon
(~0.4 wt %), and impurities iron (3-4 wppm), copper (~0.1 wppm), manganese
(~0.1 wppm), and zinc (~0.l1 wppm). This aluminum alloy shows a rapid activity
decrease as the primary short-lived isotopes 24Na, 2/Mg (9.5 m, B8 /y), and
2841 (2.2 m, B /Y) decay. The major contribution up to ~30 y after shutdown
comes from S%Mn (312 d, EC/Yy), and 55Fe. Beyond ~30 y the dominant isotopes
are 53Ni, which in this case is produced mainly by the 63Cu(n,p) reaction, and
the constituent-element activation of 26A1 (7.2 x 105y, B+/Ec/y). Note that
the aluminum activation level in the neighborhood of 10-100 y after reactor
shutdown is somewhat dependent upon the specific alloy chosen. Many of the
wrought aluminum alloys ranging from 2000 to 7000 [SONDERS] series, for in-
stance, include manganese by 0.2-1.2 wt %, compared to ~0.1 wppm used in
A1-6063. Copper also is a typical constituent element found in most of the
aluminum alloys except for the 5000 series. For example, the activation level
of a 2000-series aluminum alloy, A1-2024, is within only an order of magnitude
of the PCA activation level in the neighborhood of the time interval under

question.
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The result of Fig. 2.8 indicates a substantial advantage
inkerent in fusion reactor designs based on low-activation alloys such as
V15Cr5Ti, T16Al4V, and Al-6063 from the standpoint of the radioactivity con-
centration measure (Ci/cc). The difference in the radioactivity between such
an alloy system and an austenitic stainless steel system is anticipated to
amount to a factor of 1000 or more during the post-shutdown interval relevant

for radwaste management (5-20 y after shutdown).

2.2.4.5 Comparison Based on Contact Biological Dose
and Material Recycling Considerations

In general, radioactive waste can be defined by different
waste categorles, and various categories have been proposed. For radwaste
management a suitable waste classification would be: (1) materials adequate
for shallow land burial as specified in 10CFR61; and (2) materials requiring a
more stringent confinement (e.g., deep geologic medium). On the other hand,
for recycling considerations, the biological dose that reflects the human

interaction with radiation would be a more pertinent measure.

The contact biological dose as calculated here appears to
be a convenient basis for comparing the relative radiation doses that might be

expected from these materials.

This section presents an assessment of the contact bio~-
logical dose for the five first-wall/blanket designs studied in the previous
section. The assessment method is, as described in Appendix A, based on a
spherical model of l-m diameter. The contact biological dose is defined as
the maximum dose equivalent for normally incident gamma rays on a slab of tis-
sue 30 cm thick [PROF10], which contacts to the l-m diameter sphere. This
gamma flux to dose-equivalent conversion is based on the Clairborne and Truby
method [CLAIRBORNE] for dose evaluation in a slab phantom. In the present
analysis, it is assumed that the decay gamma source is uniformly distributed

in the test piece of the l-m diameter sphere.

Figure 2.9 compares the biological dose as a function of
post-shutdown time. It 1s noticed that all of the systems studied show dose
rates substantially higher than 2.5 mrem/h and, in fact, level off in the
vicinity of 100 y after shutdown. Up to 100 y, the PCA systems (Li/PCA and
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STARFIRE) exhibit again the highest bilological dose, maintaining a substantial
difference from the other structure doses. This result is more or less iden-
tical with what was shown in Fig. 2.8 regarding the radioactivity concentra-
tion. Beyond ~100 y after shutdown the result of Fig. 2.9 shows a vivid con-
trast to that of Fig. 2.8. As shown in Fig. 2.10 approximately 90% of the PCA
dose (in Li/PCA) after 100~y decay is contributed by the two major gamma rays,
~0,703 MeV and ~0.871 MeV of 9%Nb., Another major gamma emitter at the post—
shutdown times under question is 93@Nb which undergoes the internal tranmsition
to the ground-state 93Nb, emitting a gamma ray of ~30 keV. Elimination of
9%Nb and 93@Nb from the PCA activation leads to a dose reduction by almost
three orders of magnitude, resulting in a dose rate of only ~4 mrem/h. The
PCA activation in terms of curies can be drastically decreased by eliminating
only 93Nb or the molybdenum impurity which induces 93UNb through the
9%Mo(n,2n)93Mo and 92Mo(n,y)93Mo reactions leading in turn, to 23™Nb via the
beta decay. However, from the dose standpoint, the importance of 93MNb is
less appreciable because of its relatively soft gamma-ray emission associated
with 93mNb, The 9%Nb dose is almost equally contributed by the niobium [e.g.,
via 93Nb(n,y)] and molybdenum {e.g., via 3*Mo(n,p) and 25(n,d)] impurities.
Thus, from the dose standpoint the elimination (or drastic reduction) of these
elements is crucial to the minimization of the long-term PCA activation, In
fact, the PCA dose becomes completely negligible at long post-shutdown times,
after these elements are removed because the residual dose (shown by the curve
labeled "No 94Nb+ 93mNb in Fig. 2.10 consists solely of 92Nb (~0.560 MeV and
0.934 MeV gamma emission) that is also generated by niobium and molybdenum.

As shown in Figs. 2.1l and 2.12 the activations of the
Ti6A14V and Al1-6063 alloys are both dominated by the primary constituent acti-
vation, 26A1 itself. The most dominant gamma-ray energy of ~l1.81 MeV emitted
from 26A1 renders these alloy doses very high. The 26A1 dose in T16A14V is
~0.9 rem/h after 100-y decay whereas the 26A1 dose in A1-6063 amounts to as
much as ~14 rem/h., The relatively high dose in Al-6063 reflects the larger
aluminum content in Al1-6063 and the less—effective self-shielding of this
"light" alloy. It should be noted that the Al-6063 activation observed here

is more or less representative of all series of wrought aluminum alloys.

Figure 2.13 shows the importance of 9%Nb activation to
the long-term dose of the V15Cr5Ti alloy. The long-term activation trend in
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this alloy is very similar to that already described for the PCA alloy. In
order to reduce the V15Cr5Ti dose to less than 2.5 mrem/h within ~100 y after
shutdown, the elimination (or drastic curtailment) of both niobium (25 wppm in
the present analysis) and molybdenum (80 wppm) is essential.

In summary, the V15Cr5Ti alloy and the PCA stainless
steel are the only alloys for which one could realize a significant dose
reduction possibly by some alloy purification. Elimination of the molybdenum
and niobium impurities from these alloys before irradiation will render them
very promising and attractive for fusion reactor applications from the stand-
point of the minimization of long—-term structural-material activation. On the
other hand, the Al-6063 alloy (and all wrought aluminum alloys, in general)
and T16Al14V alloy exhibit a very high dose rate even beyond ~100 y after shut-

down, and are less attractive in terms of long-term radwaste management.
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2.3 Comparison of Materials Handling for PCA and Vanadium Structural
Materials

In making this comparison the STARFIRE reactor is the model for
water-cooled reactors using stainless steel as a structural material.
The handling of the PCA is compared with vanadium, a representative of
the class of low activation alloys. In order to exploit the properties
of vanadium, liquid lithium metal is used as the breeder and coolant for
the fusion reactor. A brief description of these fusion reactors is

given in Section 2.1.

In this discussion the activation of the PCA and vanadium structural
materials and the disposal of these materials will be compared. For the
low activation material vanadium, recycle of the material is also con-

sidered.

2.3.1 Assumptions

The basis for the discussion is the routine maintenance or
periodic replacement of the torus sectors for both fusion reactors.
First the disposition of the metallic structural materials including the
first wall is ccunsidered and then a brief discussion is given of tech-
niques for reprocessing the L1Al0; from the STARFIRE blanket.

Three options for handling the blanket structural materials

are immediately apparent.

1. Recycle or reuse of the material,
2. Digposal and burial in shallow land burial, and

3. Disposal and burial under greater confinement.

Disposal of any radicactive material should take into con-
slderation existing and proposed regulations. Regulationp applied to
shallow land burial are broadly applicable and are outliﬁed in the
10 CFR 61, "Licensing Requirements for Land Disposal of Radioactive
Wastes™ [10 CFR 61]. Thke proposed 10 CFR 61 has been reviewed and
comments have led to revision in the proposed table of limits. The most
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recent values for limits applicable to shallow land burial are listed in
Tables 2.10 and 2.11. It is emphasized that reference to regulations
concerning the disposal of radioactive material serves only as a guide.
While it is likely that these or similar regulations will be in force and
applicable when the need to dispose of fusion reactor wastes arises,
neither the magnitudes nor the scope implicit in these current regula-
tions can be ensured to be applicable. It will be assumed as a working
rule that procedures that are in accord with current regulations would
probably be satisfactory at some future time, and waste streams not now

in accord with current regulations will also be outside this domain at a

future time.

There are three classes of wastes that are defined in
10 CFR 61, section 61.55. They are labeled Class A, B, and C and in
general the packaging requirements are more stringent for the B and C
wastes than for class A wastes. The radioactive content of the wastes
from a fusion reactor plant will determine their subsequent disposition.
If the radionuclide content is below the limits shown in Tables 2.10 and
2.11, the waste can be placed in shallow land burial. Material with a
radioactive content that exceeds those limits is not generally acceptable

for near-surface diaposal.*

These are the only specified nuclides. If the radioactive
wastes do not contain any of the radionuclides listed in Table 2.10,
classification 1s determined based on the radionuclides in Table 2.11.
If a nuclide 1is not listed in Table 2.11, it does not need to be consi-
dered in determining the waste class. If radioactive waste does not

contain any nuclides listed in either Table 2.10 and 2.11, the waste is

Class A.**

*NRC apparently has no plans to establish a "de minimis" category for
radioactive wastes. Rather, it is the policy to grant exemptions from
10 CFR 61 on a specific waste stream basis [NUREG].

**There is one caution. In preparing these tables, the NRC reviewed
the wastes that are currently available, primarily the fission products,
activation products and transuranic elements derived from fission
reactors. Some fusion activation products are undoubtedly covered im this
1ist. But there may be one or two radionuclides that were not consi-

dered, in particular 265y,



61

Table 2.10. Concentrations of Long-Lived Radionuclides
for Establishing Waste Classification®

Concentration
Radionuclide Curies/cubic meter
C-14 8
C-14 in activated metal 80
Ni-59 in activated metal 220
Nb-94 in activated metal 0.2

*If the waste contains less than 0.1 the indicated concentra-
tion, the material is Class A. If the concentration exceeds
0.1 the indicated concentration, the material is Class C.

Table 2.11. Concentrations of Short-Lived Radionuclides
for Establishing Waste Classification

Concentration Curies/cubic meter
Radionuclide Column 1% Column 2* Column 3*

Total of all nuclides with

less than 5 year half-life 700 *k &k
H-3 40 ok *k
Co-60 700 hx &
Ni-63 3.5 70 700
Ni-63 in activated metal 35 700 7000
Sr-90 0.04 150 7000

*Class A waste, if nuclide concentration in Column 1 is not exceeded.
Class B waste, if nuclide concentration is greater than value in
Column 1, but less than that in Column 2.
Class C waste, if nuclide concentration is greater than value in
Column 2, but less than that in Column 3.

**There are no limits established for these radionuclides in Class B or C
wastes. Practical considerations such as the effects of external
radiation and internal heat generation on transportation, handling, and
disposal will limit the concentrations for these wastes. These wastes
shall be Class B unless the concentrations of other nuclides in Table
III-2 determine the waste to the Class C independent of these nuclides.
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The classification of waste that contains a mixture of
nuclides from both Table 2.10 and 2.11 is determined as follows. If the
concentration of a nuclide listed in Table 2.10 is less than 0.l times
the value listed, the class shall be determined by the concentration of
nuclides listed in Table 2.11. If the concentration of a nuclide listed
in Table 2.10 exceeds 0.1 times the value listed, the waste shall be
class C provided the concentrations of nuclides listed in Table 2.11 do

not exceed the values shown in column 3 of Table 2.11l.

For determining classification for waste that contains a
mixture of radionuclides from ome table, it is necessary to determine the
sum of fractions by dividing each nuclide's concentration by the appro-
priate limit and adding the resulting values. The appropriate limits
must all be taken from the same column of the same table. The sum of the
fractions for the column must be less than 1.0 if the waste class is to
be determined by that column. Example: A metallic waste contains 90sr
in a concentration of 50 Ci/m3 and 63Ni in a concentration of 100
Ci/m3. Since the concentrations both exceed the values in Column 1,
Table 2.11, they must be compared to Column 2 values. The 90sr fraction
is 50/150 = 0.33; the 63Ni fraction is 100/700 = 0.14; the sum of the

fractions 0.47. Since the sum is less than 1.0, the waste is Class B.

It has been suggested [BAKER]) that material is suited for
reuse if the contact radiological dose rate is less than 2.5 mrem/hr in
conformity with the applicable Federal Standards [10 CFR 20]. It should
be clear, however, that reuse (or recycle) of materials is not limited to
materials with radloactivity levels satisfactory for direct contact.
There exists a large body of technology applicable to the handling and
application of radioactive components where surface dose rates are

significantly in excess of 2.5 mrem/h.

In evaluating the radioactive dose of a material, one measure
used in the fusion reactor community has been the dose rate from a one
meter sphere of metal containing the radioactivity [BOTTS-1978A].

The choice of a one-meter sphere for calculating dose rates appeared to

be a matter of calculational convenlence. Later calculations showed that
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for PCA the surface dose rate for 1.5-2.0 MeV gamma radiation quickly
saturated as a function of specimen diameter (Appendix A). 1In this case
greater than 90% saturation was observed with a 0.5 m diameter specimen.
The use of a one-meter sphere for calculating dose rates permits the
calculation of an upper bound estimate without reference to the many
geometries of the pieces to be recycled. Other calculations on geometry
effects showed that for an infinite slab, saturation occurred at a slab
thickness of 10 cm. For a 2 cm slab, the dose was approximately half the
saturation value. The slab saturation dose rate was esentially the same
as that for a one-meter sphere. The consequences of these results are
that a) 1 m dia. sphere calculations yield saturated dose rates applicable
to smaller spheres, b) substantial slab thickness geometries are also
approximated by the 1 m dia. sphere data, and c¢) thin slab geometries
that may be closest to practical fabrication and handling situations will
probably show surface dcse rates lower by modest factors (e.g., two)

compared to the 1 m sphere data.

2.3.2 Source Terms

2.3.2.1 PCA/LiAl0y

At yearly intervals, four sectors of the STARFIRE
torus are removed and replaced with fresh sectors. The amount of material
removed is given in Table 2.12. 1In the present evaluation only the
disposition of the metals PCA and vanadium is comsidered. The elemental
compositions of the metals PCA and the vanadium alloy are shown in Table
2.3. The elemental compositions of these materials control their radio-

activity content after irradiation.

At the time of the annual routine maintenance, it
is planned to remove the four sectors remotely, transfer them to a hot
processing cell, and replace them with four new sectors. In the hot
processing cell the sectors will be disassembled and various materials
sorted and combined for storage, reprocessing or disposal. In this context
it is useful to examine the radiocactivity level of the PCA used in the
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Table 2.12. Amounts of Material Removed from a STARFIRE Reactor Annually

Material Amount Mg Volume (m3)
PCA (first wall) 4.8 0.6
PCA (second wall) 2.4 0.43
PCA (remainder) 66.9 8.53
ZrgPby 54.7 6.1
L1A10, 101.1 29.7
Graphite 27.3 17.0

structure of the sectors shown in Table 2.13. It is apparent that approxi-
mately 70% of the radicactivity is contained in the first and second

walls with 11% of the mass of material. The specific nuclides responsible
for the radioactivity are given as a function of time in Table 2.14.

Also of importance is the radioactive decay heat of
the structural materials at time of removal from the reactor and as a
function of time thereafter. These are important values because they
help determine the handling that is required, i.e., whether active heat
removal is required and how densely the material may be packed. The

decay heat values for PCA are given in Table 2.15.

2.3.2.2 V15Cr5Ti

The design for the reactor using liquid metal as the
coolant and breeder is similar to that of the STARFIRE with 24 removable
sectors (Fig. 2.2). The basic system components consist of integral
first-wall/breeder modules and shield segments. The reactor blanket/
shield 15 divided into 24 wedge-shaped sectors that form the torus. Each
sector is composed of 32 blanket modules (Fig. 2.2), a limiter and an
RF grille section. Tritium is bred in the blanket modules filled and
cooled with 1iquid lithium. The bred tritium is removed on-line by a
low~capacity process operating on the circulating lithium. The reactor
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Radioactivity of PCA as a Function of Position in the Sector

Total Radio-
activity (Ci)| X of
Radioactivity Discharged Total
Amount (Ci/cm3) Annually Ci
Position Mg m3 0 ly at time O
1st wall 4.8 0.6 380 140 2.3 x 108 56
2nd wall 3.4 0.43 140 50 6.2 x 107 15
Inner blanket 3.3 0.42 41 14 1.7 x 107 4.2
Outer blanket 25.8 3.3 26 9 8.6 x 107 21
Reflector 7.5 0.95 3.4 0.6 3.2 x 106 0.8
Inner blk jacket 4.6 0.58 7.3 2.2 4.2 x 106 1.0
Outer blk jacket 20.3 2.6 2.1 0.4 5.5 x 106 1.3
Header 5.4 0.68 2.2 0.4 1.5 x 10° 0.4
TOTAL 75.1 9.5 4.1 x 108




Table 2.14.

Radioactivity of First Wall for a Fusion Reactor Blanket Design with PCA/L1iAl109

Activity in PCA (Ci/cm3)
Time (y) 1 5 10 20 30 50 100
Total Activity (Ci/cm3) 140 i 12 1.4 0.37 0.20 0.14
14¢ 5400 y (no v) 7.5x10~3 | 7.5x10"5 | 7.5x107% | 7.5x10~3 | 7.5x1073 7.4x10°3 | 7.4x1073
2651 8x105 y (1.83 MeV y) | 4.4x10°8 | 4.4x10"8 | 4.4x10"8 | 4.4x1078 | 4.4x1078 4.6x1078 | 4.4x10~8
454 150 d (no v) 0.01 2.4x10"5 | 1.1x10"8 - - - -~
49y 330 d (no v) 0.3 0.01 2.6x10~4 - - - -—
S4un 209 d (860 keV v) 9.8 0.34 0.006 | 1.1x1076 | 2.4x10"10 - -
35pe 2.6 ¥y (no v) 120 41 11 0.75 | 0.05 2.5x10~% | 4.1x10-10
57¢o 270 4 4.7 0.11 0.001 - : - - --
(136, 122 keV Y)
58¢o 71 d (800 keV y) 0.9 6x10~7 - - -— - -
60co 5.2 y 4.6 2.7 1.4 0.37 0.099 0.007 | 9.4x1075
(1.17, 1.33 MeV v) !
63§1 100 y (no ) 0.26 0.25 0.24 g 0.22 0.21 0.17 0.12
%Np 1.8x104 y 1.3x1075 | 1.3x1073 | 1.3x1073 | 1.3x1073 { 1.3x1073 1.3x1075 | 1.3x1073
(875, 650 keV Y) i
93uNb 12 y (30 keV Y) 2.1x10"3 | 3.0x10"3 | 3.9x10~3 : 5.2x103 | 5.9x10°3 6.5x10"3 | 6.7x1073
93M0 3500 y (no Y) 8.3x10"3 | 8.2x10"3 | 8.2x10~3 : 8.2x10°3 | 8.1x1073 8.0x10~3 | 7.8x10~3

99



Table 2.15.

Decay Heat as a Functiou of Time for the PCA from the STARFIRE (kW/m3)

Time After Reactor Shutdown (y)

5 10 20 30 50 100

First wall 811 73 24 10 2.4 0.63 5.3x1072 | 2.0x10~3
Second wall 320 27 8.8 3.8 0.9 0.23 1.9x1072 | 8.6x10~%
Inner blaunket 90 8 2.6 1.1 0.26 6.7x1072 | 5.0x10~3 | 1.5x10%
Outer blanket 57 5 1.6 0.7 0.16 4.2x1072 | 3.1x10"3 | 9.6x10"3
Reflector 10 0.2 6.7x10"2 | 2.6x10"2 6x10~3 2.1x10"3 | 7.8x10™% | 1.2x107%
Inner blk jacket 19 1.3 0.4 0.17 3.9x10"2 1.0x10"2 7.9x204 | 4.6x105
Outer blk jacket 6 0.1 3.4x10°2 | 1.3x1072 | 2.8x10"3 1.1x1073 | 5.3x10~4 | 8.5x10°5
Header 6 9.6x10"2 |3.1x102 | 1.1x10~2 | 2.4x10"3 1.1x10~3 | 6.3x10~4% | 1.0x10"%

L9
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contains 563 tonnes of vanadium in the first wall, blanket and reflector
and 260 tonnes of a graphite reflector. The 332 tonnes of lithium are
removed before sector disassembly. A significant difference between the
use of PCA and V15Cr5Ti is that first wall lifetime is increased with the
use of vanadium [ABDOU]. At present the most efficient way of capitali-
zing on the longer life time for vanadium is not clear, i.e., removing
two sectors every year or removing four sectors at a time but at two year
intervals. 1In the alternate years, only the cryogeunic pumps would
require maintenance. Aside from the mechanics of maintenance, an average
of two sectors would require replacement annually. Since a multiplier is
not required with a liquid lithium breeder and because the molten breeder
can be removed before the sectors are removed, fewer materials are
handled together. The amount of material handled annually is given in
Table 2.16. A typical impurity content of the V15Cr5Ti alloy is given in
Table 2.3.

At the time of removal for maintenance, the radio-
activity of the structural material is given in Table 2.17. The decay of
radioactivity in V15Cr5Ti is compared with that in PCA in Fig. 2.14. A
more detalled description of the radioactivities is given in Table 2.18
which 1lists the specific radionuclides contributing to the radioactivity.

Table 2.16. Annual Amounts of Material Removed from a
Lithium-Cooled Tokamak Reactor [STEVENS]

Material Amount Mg Volume (m3)
Vanadium (first wall) 1.9 0.32
Vanadium (blanket) ' 35.0 5.83
Graphite (reflector) 22 13.7
Vanadium (reflector) 10 1.67
Vanadium (total) 46.9 7.82
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Specific Radioactivity of Structural Materials
from Lithium-Cooled Tokamak Reactor

Activity (Ci/cm3)
Time (y) 0 1 5 10 50 100
First wall 1.0x102 4.3 2x10-1 5.6x10™3 9.3x10™3 8.2x1075
Blanket 3.6x101 3.4x1071 1.5x10~2 6.5x10™% 4.0x10™3 3.4x1075
Reflector 3.6x101 2.6x10"2 6.7x10~% 6.0x10™5 1.8x10"3 1.7x10™3

For the vanadium alloy, the radioactive decay heat is
much less than that of the PCA.
the first wall is tabulated.

In this instance only the decay heat from
The decay heat from material farther removed
from the plasma will be less. These results are listed in Table 2.19.

2.3.3 Disposal Processes for PCA

2.3.3.1 Procedure

When the blanket sectors are removed from the torus
during routine maintenance there is sufficient radioactive decay heat
At 12 hours
after shutdown 2 MW of afterheat is being produced in each blanket sector.

remaining (Table 2.15) so that forced cooling is required.

Thus, before any disassembly is undertaken the blanket sectors are cooled
for 30 days until the afterheat can be readily handled by the hot cell

system. After the cooling period, the sectors are separated into the seg-
ments. It may be advantageous to delay processing for about one year

while hcat and radioactivity releases decay.
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Fig. 2.14. Decay of radioactivity in the first wall
as a function of time.




Table 2.18.

Radioactivity of First Wall for a Fusion Reactor Blanket Design with V15Cr5Ti/Li

Activity in V (Ci/cm3)

Time (Y) 1 5 10 20 30 50 100
Total Activity (Ci/cm3) 4.3 0.20 5.6x1073 | 2.3x10% | 1.2x107% | 9.3x10"53 | 8.2x10°5
14¢ 5300 y (no v) 6.7x10"3 | 6.7x10™> | 6.7x10~5 6.7x107° | 6.7x105 | 6.7x1075 | 6.7x10™5
26A1 8x105 y (1.83 MeV v) 4.6x1079 | 4.6x10°9 | 4.5x10°9 | 4.5x109 | 4.5x1079 | 4.5x10°9 | 4.5x10™9
45ca 150 d (no v) 0.11 2.5x107% | 1.2x10"7 | 2.2x10"14 - - -

4% 330 d (no v) 4.11 0.19 4.1x0173 | 1.9x1076 | 9.0x10"10 - -
63N1 100 y (no Y) 1.8x1076 | 1.8x1076 | 1.7x10"6 | 1.6x10"® | 1.5x1076 | 1.3x10°6 | 8.7x10~7
35Fe 2.6 y (no Y) 0.014 | 4.7x1073 | 1.2x10"3 | 8.5x1075 | 5.9x106 | 2.9x10~8 | 4.6x10"14
60co 5.2 y 2.3x1074 | 1.4x107% | 7.0x10"5 | 1.9x10"5 | 5.0x1076 | 3.5x10"7 | 4.8x10"10

(1.17, 1.33 MeV Y)
94Nb 1.8x10%4 y 6.8x10~7 | 6.8x10~7 | 6.8x10"7 | 6.8x107 | 6.8x107 | 6.8x10~7 | 6.8x10~7
(875, 650 keV Y)
93mNb 13.6 y (30 keV Y) 1.4x1074 1.1x10"4 8.6x1073 5.4x10~3 3.5x1073 1.7x1073 6.7x10~6
93Mo 3500 y (mo Y) 7.3x1076 | 7.3x1076 | 7.3x1076 7.2x1076 | 7.2x1076 7.1x1076 | 6.8x1076

1L
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Table 2.19. Radiocactive Decay Heat of the First Wall
for Vi5Cr5Ti as a Function of Decay Time

Time Radioactive Decay
(years) Heat (kW/m3)
0 840
5
5 0.21
10 6x10~3
20 3.6x1074
30 1.1x1074
50 3.6x10™3
100 2.8x1075
500 2.6x10™5
1000 2.5x1073

Even after one year cooling, the first and second
wall PCA are extremely radloactive (Table 2.13). The radioactivity of
the other materials are listed below (Table 2.20). The economic values
of Zr5Pb3 and graphite are low enough that these materials might be
discarded as radioactive waste. The L1Al0, containing enriched L1
will be valuable, both economically and as a unique resource because the
lithium is the sole material for breeding tritium and thus will be

recovered.

The segments will be disassembled and the different
materials segregated. The PCA will be cut, compacted and placed in
canigters 0.61 m dila. x 3.05 m tall (2 ft diam by 10 feet tall).* With
9.5 m3 of PCA available annually and assuming that compaction to 25% of
thecretical density is attainable, approximately 44 canisters would be
required annually. Examination of the decay heat values (Table 2.15)

*This geometry was arbitrarily selected to duplicate the containers of
high level waste from the fission reactor fuel cycle. A systems analysis
is desirable to define optimum geometries applicable to the fusion waste
disposal process.
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Table 2.20. Radicactivity of Blanket Materials as Function
of Cooling Time

Activity, Ci/camd
Time ly Sy 10 y 30y
ZrgPby 3.5 x 1071 1.6 x 1073 1.2 x 1073 6.4 x 1074
Graphite 2.3 x 10-8 2.3 x 10~8 2.3 x 1078 2.3 x 1078
L1A10y 2.4 x 1076 2.4 x 1076 2.4 x 1076 2.4 x 10-6

suggests that the first wall itself has sufficient decay heat after one
year that it might offer problems if packaged by itself. However by
blending all the PCA and thereby diluting the most active first wall, the
lower average decay heat can be accommodated since under these conditions
each canister would emit about 1.8 kW of decay heat at one year after
removal from the reactor. Such a canister could be sent off-site for
disposal without encountering significant heat-removal problems. If
further reductions in the heat load were desired before transporting the
waste to disposal sites, the canister could be stored on-site for another
four years, thereby reducing the decay heat to 0.6 kW per canister. Thus
processing of the blanket sectors could start some time after one year

following removal from the reactor.

2.3.2.2 Disposition of PCA

The PCA would have a radioactivity content as shown
in Tables 2.13 and 2.14. Thus after 50 years decay the first wall
PCA would contain the radionuclides shown in Table 2.21. In the last
column are the maximum permitted concentrations for shallow land burial
[amended 10 CFR 6l1]. Comparison of the two columns shows that the
PCA first wall material exceeds the allowed concentrations for 93Ni and
9%Nb. The 94Nb requirement is too high by a factor of 65. The
63Ni concentration in the PCA is greater than 20 times the allowable

limit.
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Table 2.21. Radioactivity in PCA Firat Wall
After 50 Years Decay, Compared to
Current Regulations for Shallow
Land Burial.

Amended 10 CFR 61

Nuclide uci/em3 uci/cm3*
Total 2 x 10°

Léc 74 80
2651 0.04 ok
35Fe 2.5 x 102 t
60¢o 7.0 x 103 T
63y 1.7 x 10° 7000
ELS 13 0.2
93myy, 6.5 x 103 t
930 8.0 x 103 1

*Allowable concentrations for shallow land
burial.

*%*26A1 was not considered in the preparation
of 10 CFR 6l. Considerations of 20A1 must
be handled cautiously.

tNot listed in 10 CFR 61.

tTThere are no concentration limits for this
radionuclide in Class B or C wastes. Prac—~
tical considerations such as effects of
radiation, the does rates upon employees
handling the material will limit the concen-
trations for these nuclides.

Since the first and second walls (11% of the PCA)
contain 70%Z of the radioactivity, one plan for waste management considers
placement of the first and second wall PCA into, for example, geologic
storage and the remainder of the PCA in shaliow land burial. However
since even the least radioactive PCA would contain %1 x 109Ci per
canister at 1 year after discharge decreasing by a factor of ten after
ten years, such high levels might pose a handling problem for the burial
site based on license restrictions [CRASE]. Consequently, it is probable
that all PCA removed from a STARFIRE reactor will require disposal by a
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greater confinement method than shallow land burial, e.g., in a geologic
medium. The 9.5 m3 of PCA removed annually when packaged at a density

of 0.22 m3 PCA/canister will require approximately 44 conisters per

year but any increase in the packing density of the PCA will be reflected

in a decrease in the number of canisters requiring disposal.

2.3.3.3 Hazard Index

The total Curie level, i.e., disintegration rate, of
a radioactive source is an inadequate measure of the impact of that
source upon man. Efforts have been made to devise a measure that will
more closely reflect the impact of a given isotope. Some of these
measures are discussed in Appendix D. The biological consequences of the
individual nuclides are recognized by utilizing the maximum permissible
concentration in water or air (MPC) which takes into account the radiation
energy level, the decay rate of the nuclide, and its biological impact
and lifetime. These values are established by the NRC and are published
in 10 CFR 20.

Combining the Curie content with the MPC can yield a
hazards index termed the biological hazard potential (BHP) [STEINER-1972].
This measure is defined as the total Curies of a radionuclide divided by
the MPC in Ci/m3 for that radionuclide. Such an index gives the
volume of air or water needed to dilute the contained nuclide to the MPC
concentration for ambient air or water. This index does not reflect
release rates to the environment nor the movement of radionuclides
through the environment. It is clear that hazards indices have to be
used with great caution, that the proper hazards index must be used for
each situation, and that the indexes are at best only useful in comparing

materials.

One of the important deficiencies in the use of the
BHP is the absence of dispersion mechanisms or potential for dispersion
in the "index."” The tramnsition of radioactivity, even if "normalized”™ by
the MPC listed in 10 CFR 20, from a metallic form to a solution to be
ingested or an aerosol to be inhaled clearly involves processes that are

a) scenario—-dependent, b) materials-dependent, and c) probably selective
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for the various radioelements in the activated components. Hence in the
important step of conveying the radioactive material to man, the BHP
falls to address any parts of the process and the BHP cannot recognize
differences among materials. This deficiency makes use of the index

highly questionable.

Application to waste disposal is also difficult to
envision. The criteria for shallow burial are specific for isotopes and
already include consideration of some of the factors that are included in
the MPC. Similarly, disposal as high level waste involves material
(waste) attributes that are specific to the waste form, an issue that

causes BHP to be inapplicable.

In summary, the use of BHP is not meaningful in any

context that can be used in a realistic and technically rational analysis.
Comparisons using the BHP, even in the context of time needed to decay to

levels comparable with natural products can be responsibly done only with

great caution and many debilitating assumptions.

2.3.3.4 Comparison with Fission Reactor Wastes

The amount of radioactivity from the PCA of a
STARFIRE reactor is compared with the amount of radioactivity generated
by fission reactors in Table 2.22. The fission reactors are 1250 MW(e)
reactors compared with the 1200 MWe output of the STARFIRE [CROFF].
These data show that the fusion reactor yields about three times the
radioactivity of fission reactors. However, because the volume < f fusion
waste is somewhat greater than the fission wastes, the concentration in
each of the wastes is approximately the same. It is recognized that this
comparison involves structural materials for the fusion system and fuel
(i.e., fission products) from the fission reactor. Nevertheless, this
comparison is useful since it involves the largest part of the radio-~
actlvity from each power system. For the fission reactors it is assumed
that reprocessing occurs and that the waste solution is calcined and

formed into a glass.
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Table 2.22. Comparison of the STARFIRE PCA Radioactivity with that
of Fiesion Reactors at One Year After Removal from
the Reactor

Vol HLW* | ci in HLW
(m3) per MTIHM**| MTIHM/y | Total Ci ci/m3
STARFIRE 9.5 — _— 1.5 x 108 1.6 x 107
PWR 2.4 1.7 x 106 33.7 5.7 x 107 2.4 x 107
BWR 2.8 1.3 x 106 40.4 5.3 x 107 1.9 x 107
LMFBR 1.2 2.7 x 106 16.9 4.6 x 107 3.8 x 107

*High Level Waste.
**Metric tonnes initial heavy metals.

A comparison of fusion and fission wastes involves
a comparison of relative short-lived activation products with higher MPC
values with much longer-lived actinides and fission products with lower
MPC values. The fission wastes will contain radionuclides with longer
half-lives and lower MPC values than will fusion wastes and thus the

fission wastes are potentially more hazardous.

2.3.3.5 Cost of Disposal of PCA

It was estimated that 44 canisters would be required
annually to remove the PCA from the reactor &**- for disposal. The cost
of such disposal is composed of three eleme- , the cost of packaging,
transportation costs to the disposal site, the cost of emplacing the

waste.

a. Cost of packaging

The canisters selected for packaging the highly
radiocactive waste are 0.61 m x 3.05 m. Such a size for waste containers
has been selected for the high level waste (HLW) package for defense
waste 80 as to yield a tolerable center-line heat load for glass. Currently
some fuel element destined for movement are packaged im 0.35 m diameter

(1' x 10') canisters that are placed in shielded shipping casks. The use



78

of a canister 0.35 m in diameter would require comminution of metallic
waste pleces to that size. Increasing the canister diameter to 0.6 m

would accommodate larger pleces and make disassembly of the fusion reactor
sectors easier. The use of the larger diameter canister results in a
volume increase in the payload for the shipping cask containing the cani-
sters. Currently, shipping casks are being designed that will accommo-
date such canisters [ALLEN, RHOADS]). These canisters are of a relatively
simple design and should be fabricable for approximately $7500 [SMITH-1978],
corrected for inflation. The cost of comminuting the PCA and packaging

it into the canisters is difficult to estimate, but should not signifi-

cantly affect the total waste disposal costs.

b. Transportation

Transportation of the material destined for
geologic storage is assumed to be by rail. The cost for a round-trip for
a total distance of 4828 km (3000 miles) is about $25,000 for a rail car
carrying a GE IF-300 cask [SMITH4-1978]}. These are data for 1978 and
should be multiplied by a factor of 1.5 to yield a cost of $37,500, to
make the data current (1982) assuming an inflation factor of 10% per year.

C. Storage

Estimates for the costs for deep geologic
storage have been obtained from a recent study (1981) of mined geologic
repositories for the disposal of nuclear waste [CLARK}. The geologic
repository was designed to accommodate approximately 300,000 spent fuel
assemblies. Several techniques for storing the wastes were considered
and evaluated including the simplest, namely a single PWR element in its
own canister. The emplacement cost for each such element was calculated
to be $43,000 using the average of the calculated costs for each of the
media studies, i.e., salt, granite, basalt, and tuff. The canisters
containing fusion wastes are approximately twice the volume of the fuel
element canisters and assuming that the unit costs are directly related
to volume occupled yields a cost of approximately $90,000 corrected for

current dollars.
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The annual costs for geologic disposal are

summarized in Table 2.23 and are also normalized to 1 GWe-y.

2.3.3.6 Modifications to Materials to Reduce the Induced
Radioactivity

For PCA there is little that needs to be done about
improving the impurity content of the metal since the bulk of activity
after 30-50 years decay is due primarily to the activation of molybdenum
and nickel which are basic constituents of the alloy. Analysis of the
radioactivity of the waste indicates the responsible nuclides are 63Ni
and 93mNpb. However, the 93mNb, while present at lower levels, yields
a significant radiological dose rate (see Section 2.2.4.5). Thus, 1if
these isotopes could be eliminated, the radioactivity after a 50-year
decay would be reduced by > 90%. It has been suggested that molybdenum
be tailored to 100% 97Mo (9.6% in the natural abundance) since this
isotope 1s least likely to be a source of radioactivity among the
stable molybdenum isotopes [CONN-1978]. In a similar vein, Conn also
suggests that nickel be tailored to 100% 61Ni (1.25% in the natural

abundance).

Thus, if the PCA were fabricated of these specific
isotopes, 97Mo and 61Ni the macroproperties of the PCA would be
maintained while yielding a reduction in the radionuclides 93mNb and

Table 2.23. Estimate of Annual Disposal Costs for PCA (44 Canisters)®

Total Cost Cost/GWe-y
Containers, 44 @ $7500 = $330,000 $275,000
Shipment, 15 RT @ $37,500/RT = $563,000 469,000

Emplacement 44 canisters @ $90,000/canister = $3,960,000 3,300,000
TOTAL = $4.9 million $4.0 million

*1t should be noted that for geologic disposal, costs associated with
final emplacement are about BOX of the total.
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63Ni. Such a technique might be particularly useful for Mo since the
content is only 2Z.

Preliminary experiments on laser isotope separation
with MoFg [FREUND] had demonstrated the proof-of-principle even though
the selectivity was small. These were small scale laboratory experiments
and larger scale experiments with improved selectivity are necessary.
Still to be examined carefully is whether the isotopic separation by any

process can be accomplished on a large-scale and at bearable costs.

2.3.4 Disposal Process for V1SCrS5Ti

2.3.4.1 1Introduction

Removal and disassembly of the blanket sectors of
the vanadium alloy should be carried out in an analogous manner to that
for the PCA. Examination of Figures 2.1 and 2.2 shows the similarity of
the sectors derived from the PCA/LiAl02 and V/Li systems. The PCA/LiAl0p
sector contains a so0lid neutron multiplier and a solid breeder; both
contain a solid graphite reflector. The liquid lithium is removed before
a sector from the V/Li system is removed. The activity of the metallic
structural material is given in Table 2.17. The comparison of activities
of the metallic first walls are summarized in Table 2.24. The data show
that the vanadium alloy has much less residual activity than does the
PCA, by a factor of 35 at one year and a factor of 2000 at 50 years. It
also s~pears that the radioactivity content in the vanadium alloy is

approaching an asymptote attributable to five nuclides that are listed
in Table 2.25.

These data indicate that the asymtote being approached

is that of the sum of 140, 63N1, 93Mo, 93mNb, and 94Nb activities. Since

140, 63Ni, and 93Mo emit only beta radiation, they have little effect upon
the dose rate from the vanadium alloy. A plot of the con:tant biological.
dose from a 1 m diameter sphere of vanadium alloy as a function of time

is given in Fig. 2.14. It is apparent that with the removal of the

94Np radiocactivity, the residual contact dose rate after about 90 years
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Table 2.24. Comparison of First Wall Activities
for PCA and V15Cr5Tt

5 Activity (Ci/cm?)

Time (y) ; ‘iEK"'""f"TﬁSEEEiT‘

0 L 380 100

0.083 ¢304d) | 233 : 21

1 L 140 4.3

5 44 : 0.2
10 | 12 5.6 x 1073
30 L 0.37 1.2 x 1074
50 0.20 9.3 x 103
100 0.14 8.2 x 1079

Table 2.25. Major Activities Present in Vanadium
Alloy After 50 Years Cooling

Ci/cwd in V alley at 50 years
Total 9.3 x 1073
lag (5730 y) 6.7 x 10~3 (72%)
6351 (100 y) 1.3 x 106 (1.4)
Mo (3500 y) 7.1 x 1076 (7.6)
uNp (13.6 ¥) 1.7 x 1073 (18.0)
94Np (1.8x10% y) 6.8 x 107 €0.7)
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decay becomes sufficiently low that handling of a 1 m diameter sphere
will not result in a dose in excess of the limits in 10 CFR 20. Another
way of looking at dose rates is that when dose rates are in the order of
1-10 rem/quarter equivalent (2-20 mrem/hr) hands-on manipulat 1 becomes
a reasonable possibility for extended work. As the dose rate increases,
the time for contact decreases until at perhaps 50-100 mrem/hr, contact
times get to be too short for (unshielded) productive work. Such an
analysia of contact dose rates needs to be refined by taking into account

the dose rates encountered in realistic operating geometries.

The 94Nb 1s formed by an (n,y) reaction on 93Nb, the sole
stable isotope of niobium and by the 94M0 {n,p) and the 95Mo (n,d) reac-~
tions (Section 2.2.4.5). The niobium content of the vanadium alloy
studied was 0.0025 wt. % or 25 ppm and molybdenum content was 80 ppm.
Thus, any reductions in these impurities will result in a reduction of

the 94Nb radionuclide.

2.3.4.2 Recycle of Vanadium Alloys

The data in the previous section show that if the
9Nb content of the vanadium can be reduced, then after approximately
90 years, the material could be directly handled for recycle without a
worker exceeding the dose limits established in 10 CFR 20.

However, a 90 year hold-up time is probably unrealistic.
Examination of the radionuclide content of the vanadium alloy (Table 2.18)
indicates that after 20 years the bulk of the dose is attributable
to the hard gammas from 60Co., The 60Co concentration in the first wall
is 1.9 x 1073 Ci/cm3, the blanket contains approximately 1/10 that
concentration. The bulk of the 60Co is a result of the (n,p) reaction
on 60ni. Thus, any reduction of the nickel impurity of the vanadium
will yield a corresponding reduction in the 60¢o yleld.

Based on the information now available, the dose from a
sphere one meter in diameter would be approximately one rem/hr after
30 years decay. Thus to process after 30 year decay would require remote

techniques. Such techniques are probably available for recevering the
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vanadium. Remote techniques would also be necessary for refabricating
the blanket sectors and an analysis of refabrication is needed to
define the extent to which remote techniques for such a process are

avallable.

Another alternative involves processing the vanadium
structures using pyrochemical techniques and remote operations to isolate
the vanadium from the bulk of the radioactive impurities. The vanadium
alloy could then be cast into ingots and stored for an additional period
of time until hands-on operation for subsequent refabrication becomes

attractive.

These data show that hands—-on manipulation of the
vanadium becomes a possibility at 90 years after removal from the reactor
when the molybdenum and niobium impurity content are reduced by a factor
of ten. If the nickel impurity in the vanadium alloy (the source of
60Co) is also reduced, then hands-on manipulation of the vanadium alloy
becomes possible at even shorter time periods, and recycling of vanadium

alloys becomes attractive.

2.3.4.3 Disposal of Vanadium Alloys

If disposal were the fate of the vanadium alloy, it
could be packaged into 55 gal drums for placement in shallow land burial.
Storage for about one year would be required to permit the radioactive
decay heat to decrease to a manageable level, 5 kW/m3.* Each 55 gal
drum has a volume of 0.2 m3. If the same packing fraction (25%) is
chosen as for the PCA, then each drum will contain 0.05 m3 of metallic
waste emitting a maximum of 0.25 kW/drum. The amount of vanadium requiring
handling annually is 7.82 m3 which will require 160 drums annually for
disposal.

*Subsequent discusgsions under disposal costs suggest that an additional
decay period beyond one year may be desirable to reduce the disposal
costs dramatically; cooling as long as ten years may be desirable.
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a. Packaging

The material will be packaged at the plant
site into 55 gal drums. By blending all the vanadium, each of the 55 gal
drums will contain 2.2 x 10% Ci/drum after 1 year cooling. After a
five year cooling period, each drum will contain 103 ci. For shipment
of such wastes a shielded container would be necessary, i.e., CNS~195-H,

which can contain 14~55 gal drums.

b. Transportation

Approximately 12 shipments per year would be
necessary to handle the 160 drums. Assuming a 1600 km (1000 mi)* trip
from reactor to disposal site, an oversized load and with two drivers,
the cost per shipment would be $2600 and for 12 shipments $31,200 (1978),
or $47,000 corrected for inflation (assuming a 10% annual inflation

factor) [SMITH-1978].

c. Disposal Costs

The costs of disposal in shallow land burial
are based on the volume of waste to be buried and the activity level
[BARNWELL). Thus for 1 year decay with 2.2 x 10% Ci/drum, the cost
would be approximately $5830 per drum or $932,000 per year. 1If disposal
were delayed until five years after removal, the cost would be $622 per
drum or $99,600 per year. However, 1f cooling were continued for 10
years, the activity level would be 35 Ci/drum and all Curie surcharges
would be removed. The basic rate would apply; $90 per drum or $14,400

per year.

*It 1s assumed that there will be more shallow land burial sites than
geologic disposal sites and so the distance to a shallow land burial

site 1s somevhat less than to a geologic site.
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d. Summary of Disposal Costs

Assuming that it would be advantageous to
cool the vanadium on-site for 10 years, the annual disposal costs may be
summarized.

Packaging - The cost of 55 gal drums is insig-
nificant compared to other costs

Transportation - $47,000/yr.
$14,400/yr.
$60,000/yr.

Disposal
Total

2.4 Processing and Recovery of Spent LiAlO,

2.4.1 Background

The blanket of a STARFI"E fusion reactor contains 6 x 103 kg
of LiAlOj containing 6 x 104 kg lithium enriched to 60% 611 [BAKER]. The
torus is made up of 24 sectors containing the blanket, four of which are
removed and replaced annually. For calculational purposes it is assumed
that each sector has been in the reactor for six years. Calculations
indicate that under design conditions 306.6 kg of 6Li are burned per
year, or 51.1 kg p- + 4 sectors and after 6 years the four sectors are
depleted by 306.6 kg of SLi. As the lithium in LiAl0s is consumed,
the compound LiAlgOg is formed [BAKER]. The equation below is a

stoichiometric representation c¢f the formation.
5LiA10 <+ Li5Alg0g + 4Li (burned) + 03.

After six years exposure, 3440 kg of LiAlgOg is calculated to be present
in the four sectors removed. The four sectors contain 9.88 x 103 kg
lithium less the amount of lithium burned, 0.31 x 103 kg of 1ithium.

The lithium content of the four sectors is summarized below.
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Lithium Balance in Four Sectors After Six
Years Exposure in a STARFIRE Reactor

As LiAl0p As Lithium
Content at start (kg) 101 x 103 9.88 x 103
Lithium reacted to form tritium (kg) 3.2 x 103 0.31 x 103 (3.14%)
Lithium required for LiAlsOg (kg)* 0.79 x 103 | 0.077 x 103
LiA109 remaining (kg) 96.98 x 103 9.49 x 103
Total oxide 100.73 x 103

*Yielding 3.44 x 103 kg of LiAls0g.

The earlier discussion (Section 2.3.3.2) had indicated that
disposal of the breeder materials without recovery of the lithium would
put a severe strain on the world lithium resources. The information in
the previous paragraph indicates that the bulk of the original 1lithium

remains unreacted and could be recovered.

2.4.2 Evaluation of Lithium Processing

2.4.2.1 Need for Reprocessing

There are several factors that affect the decision

as to whether to reprocess the blanket. These are the possibility of
resource depletion, the cost or reprocessing compared with the cost of

replacement of material, and disposal costs of the assoclated wastes.

a. Resource Depletion

The problems of resource depletion were discussed
in Section 2.2.3.2 from which it can concluded that recycle of lithium

may be required.
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b. Cost of Lithium

Lithium in some forms 1is rather inexpensive,
e.g., about 1¢/g for lithium carbonate [LITHCOA]). The cost of lithium
for the reactor will be doaminated by the cost of enrichment. The classic
method for enriching lithium by equilibration between an aqueous solution
of LiOH and lithium amalgam yields a product of up to 95% 6Li at a cost
of approximately $1.25/g according to the recent price quoted by the Oak
Ridge isotopes sales office. More recently, Eagle-Picher has completed
the design of a plant to enrich 7Li, but is awaiting for approval and
funding to proceed with building a plant. They estimate that it would
cost $5-6/g to isolate /Li [EAGLE-PICHER]. Since L1 1s only 7.5% of
the lithium content, the cost for high purity 6Li is not expected to be
any cheaper. On the other hand, Wilkes at Mound Laboratory [WILKES] has
estimated that OLi can be isolated at a cost of approximately 50¢ a
gram with a plant capacity of 100 Mg using solvent extraction techniques
with new solvents called "Crown Ethers” [JEPSON}. These are new extrac-
tants and only laboratory tests are available. At present these materials
are being studied for calcium isotope separation since certain calcium
isotopes after irradiation have a medical application. Other methods
have been considered for isotope separation such as laser techniques but

no candidates are currently being developed.

Under the most optimistic situations, the LiAlOp
removed will be worth approximately $5 million assuming a lithium content
of 9.5 x 103 kg in the removed sectors and a lithium cost of 50¢/g
(due to isotope enrichment). This cost does not include fabrication
costs since it 1s assumed fabrication will be necessary in any case. As
indicated in Fig. 2.4, a fusion economy based on the STARFIRE reactor
will require 80Z of the lithium resources (3.1 x 106 Mg) assuming no
lithium recovery. When blanket sectors are removed from the reactor at
the end-of-1life, only about 3% of the lithium will have reacted to form
tritium. As long as processing can be achieved at a cost of less than
the value of the LiAlO7, procegsing would be economically justifiable

and the resource conservation would be an added benefit.
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2.4.3 Reprocessing of the LiAl0s Blanket

When reprocessing of the lithium aluminate becomes necessary,
there are at least two procedures that appear useful. One i3 a solid-
state reaction that may maintain the compound integrity, but carries
along the induced 2657 radioactivity into the new breeder assembly.

The second is an aqueous technique in which the breeder is dissolved, and
the aluminum precipitated as Alp03°3H30 and discarded as a waste. In
this procedure, the LiAl07 is destroyed, but the lithium is separated
from the radioactive 26A1 and 1if the separation is adequate, the lithium
may be refabricated without shielding. A solid, e.g., LipCO3, must be
derived from the lithium in solution and reacted with Alz03 to form
fresh Li1Al107.

2.4.3.1 Solid State Reaction

When LiAlOg is used as the breeder material, reaction
of the lithium to form tritium leads to a decrease in the 1lithium-aluminum
ratio in the solid with the formation of LiAlgOg. It is probable that
LiA102 can be regenerated by reaction with LisCO3 (enriched in 6Li) in
a manner analogous to the original preparation of LiAl0j.

LiAlSO8 + 2 L12003 + 5 L1A102 + 2 CO2

In the preparation of LiAl09 [ARONS] very fine alumina

(< 10 nm) was ballmilled with Li»CO3. Sintering in air at 923 K yielded
phase-pure «LiAlOs with a grain size of “100 mm. Agglomerates were
crushed, sized, cold pressed at 345 MPa and fired in air for one hour at
1223-1473 K. At the highest temperature, 951 dense pellets of y-LiAlOp
were obtained, with minor LiAls50g impurity.

Neutron activation of the aluminum proceeds by the
reaction 27A1(n,2n)26A1. After one month of cooling, the residual activity
due to the 26A1 1g 1.46 Ci/m3 (1.46 pCi/cm3). When the solid state
reaction is used to regenerate the LiAlQ;, the radioactive 2651 ig carried
along and becomes an integral part of the breeder, requiring an awareness

of radiation dose levels when handling the material.
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The solid state reaction mentioned above will need
to be carried out using remote techniques so as to minimize personnel
exposure. Then, having the reformed lithium aluminate, it will be
necessary to evaluate the capability of loading a blanket sector using
remote operations. Laboratory-scale experiments to demonstrate this
reaction should be straight forward and, hence, should be carried out as
part of the near-term program. An evaluation should also be made of the
personnel dose rate from bare residual 26A1 and of the shielding
requirements for reducing the dose to acceptable limits.

2.4.3.2 Aqueous Flowsheet

Another method for recovering the breeder material
is by the use of aqueous reprocessing techniques. It has been reported
[LEJUS] that y-LiAlOs reacts with water in a few hours via a two-step
process. a-~LiAl02 does not react with water under the same conditions
as the y-LiA10y [LEJUS]. However a-LiAlO2 can be converted to y-L1AlOg
by heating in air to about 1200 K [ACKERMAN]. The first step is the
rapid formation of an intermediate "H" phase; the second step is much
slower and produces Al303:3H20. If such reactions do occur it should be
possible to separate the Alj03-3H30 and discard it to waste. The lithium
can then be recovered from the aqueous solution. If the aluminum separa-
tion factor is sufficiently high, then the recovered lithium should
not require shielding for handling.

A flowsheet for this separation technique should be
devigsed and tested both for LiAlO2 and LiAl50g. Preliminary studies
would involve the reuctions of LiAl02 and LiAls50g with water.

2.4.3.3 Disposal Costs of the Associated Wastes

Formation of 26A1 yields a radioactive content of
the breeder solid of 1.46 uCi/c-3. thus yielding a material that could
be placed in shallow land burial. If no lithium recovery were under-
taken, then 36.5 n3 of LiAl03 would require disposal annually, or a
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total volume of 1348 m3 over the 30 year lifetime of the reactor. If
reproceasing of LiAl0; were carried out, the use of the aqueous technique
would yield 120.5 Mg (250 m3) of Al203°3H20 annually. This material also
would be suitable for shallow land burial. If the solid state technique
of reforming LiAl0j is selected, no waste will be directly formed.
Instead, the radioactive 26A1 will remain with the regenerated L1A105.
The cost of burial of low level radioactive wastes is $12/ft3 [ BARNWELL]
and a 55 gal drum is considered to contain 7.5 ft3, for a total of
$90/drum. The radioactivity content due to the presence of 2651 1s

1.46 Ci/m3, so that there are no radioactivity surcharges. Assuming
processing, the disposal rate is 50 n3/yt. Based on a fill rate of

90%2, approximately 265 drums would be required at a total cost of $23,850.
This is the burial cost; the cost of shipment from the plant site to
burial site would have to be included.
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3. Assessment of the Digposition Options for Irradiated Magnet Materials

(GA Technologies)

3:1 Introduction and Evaluation Criteria

3.1.1 General

An important aspect of fusion waste management is the recovery

of valuable and scarce material resources. The superconducting magnets

of fusion reactors are large and expensive and may, therefore, have an

important impact on resource considerations of waste management issues.
The options for the disposition of irradiated materials from the STARFIRE

superconducting toroidal field magnets have been examined and the relative

costs of each option have been assessed. The three options considered are:

1.

Disposal. The irradiated magnet material is prepared
for burial, packaged, and shipped to a disposal site; and

a new magnet is fabricated from new material.

Material Recovery and Purification (Reprocessing). The

irradiated magnet material is prepared for a purification
process, chemically reprocessed to remove or reduce
radioactivity, and a new magnet is fabricated from the
reprocessed material. The radioactive wastes are packaged

and shipped to a disposal site.

Material Recovery for Refabrication. The irradiated

magnet material is prepared for fabrication and a new
magnet is refabricated from the radioactive material.
Unused radioactive materials are packaged and shipped to
a disposal site.

3.1.2 Description of STARFIRE Toroidal Field (TF) Magnets

The STARFIRE TF coil/helium vessel assembly consists of 12

large magnets which project radially outward from the reactor centerpost
to form a D-shaped torus. The placement of the magnets and some of the
related reactor elements are shown in Fig. 1l.1. The total weight of the
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magnet materials is 6.3 x 106 kg of which 1.8 x 106 kg represents the
superconducting alloys and copper. A more detailed description of the TF

magnet structure is given in Appendix G.

3.1.3 Radioactivity, Biological Hazard Potential (BHP), Contact
Dose, and Afterheat Rates

The nucleonics data required to perform this assessment is
given as a function of position and time for all locations within the
magnets (Appendix C). The TF coil/helium vessel assembly was divided
into the 16 sections shown in Fig. 3.1. This figure also presents the
nomenclature used in subsequent discussions. This division permits
accounting for the spatial gradients across the magnet components,
especlally the superconductor regions. The top, bottom, and outboard
magnet portions are all categorized into the "OUTBOARD" designation and
distinguished from the "INBOARD" magnet section.

' The nucleonics data provided includes the radioactivity, BHP
in water and in air, contact dose rate, and decay afterheat rate through-
out the magnet. The tantalum barrier contribution to the data was not
included as it is expected to be small. The decay afterheat calculation
assumes that both beta and gamma energies are locally deposited at the

source point.

The nucleonics data were analyzed to determine the recommended
waiting period before initiating dismantling, refabrication, reprocessing,
and disposal operations. The results indicate that the major decrease in
the contact dose occurs during the first month after shutdown. The rate
of decrease after one month is very low and does not merit delaying the
dismantling procedures. In actuality, it is expected that disassembly of
related reactor compoments to provide access to the magnets will not
proceed in less than one year's time. However, this report assumes that

dismantling of the TF magnets begins one month after shutdown.
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Section Computer Thickness
Number Abbreviation Section Name (em)
1 I-DEWARL inner vacuum vessel one 8.0 (5 cm Ny insulationm)
2 I-HEVSL1 inner helium vessel one 7.0 :
3 " I-HF1AG) inner high field magnet one 26.5
4 I-HMFAG2 inner high field magnet two 26.5
5 I-LFMAGIL inner low field magnet one 35.0
6 I-LFMAG2 inner low field magnet two 35.0
7 I-HEVSL2 inner helium vessel two 7.0
8 I-DEWAR2 inner vacuum vessel two 8.0 (5 cm tN2 insulation)
9 O-DEWAR? outer vacuum vessel two 8.0 (5 cm £N2 insulation)
10 O-HEVSL1 outer helium vessel one 7.0 ’
11 O-HFMAGI outer high field magnet one 26,5
12 0-HFMAG2 outer high field magnet two 26.5
13 0-LFMAG1 outer low field magnet cne 35,0
14 O-LFMAG2 outer low field magnet two 35.0
15 O-HEVSL2 outer helium vessel two 7.0 .
16 O-DEWAR2 outer vacuum vessel two 8.0 (5 cm Ny insulation).

Fig. 3.1 TF coil/helium assembly division and numenclature.
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3.1.4 Evaluation Criteria and Results

From the information obtained during this investigation, it
was determined thﬁt cost was the most practical basis for comparing the
three alternative options. Other factors, such as radiation exposure to
occupational workers, materials recycling (resource recovery), and

elimination of wastes, would be reflected in costs.

The processes evaluated include all costs associated with
dismantling of the irradiated coils, packaging, shipping and disposal of
all unused material, and delivery of a set of 12 TF magnets to the
original reactor site. A summary of the costs incurred by the three
alternatives is presented in Table 3.1, which shows the refabrication
option as having a significant economic advantage. This is a result of
the high cost of purchasing a new set of TF coils. Since the refabri-
cation and reprocessing options both initially remove the high activity
portions of the magnets, they result in no significant increase in
occupational radiation exposure over the disposal option. These two
options also result in the conservation of valuable resources, and thus
are also preferred on this basis. As the value of these resources
increases (due to depletion or increased demand), the economic advantage
will also increase. These two options result in increased volumes of
waste requiring burial due to dismantling operations, whereas the dis-
posal option maintains the magnet in its most compact form. The impact
of this is relatively minor as the cost of burial is modest in comparison

with the other costs shown in Table 3.1.

3.2 Superconducting Magnet Refabrication

3.2.1 Introduction

This section presents the refabrication option which outlines
the preparation for and refabrication of a STARFIRE toroidal field (TF)
coil/helium vessel assembly [BAKER] which has reached the end of its
design life. A fabrication plan is presented which provides for the
replacement of the electrically or mechanically degraded materials while
attempting to minimize the number of tasks that must be performed remotely.
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Table 3.1. Summary of Costs of Alternative Magnet Disposition Options
(All costs in millions of 1982 dollars)

Disposal of All Materials

Dismantling $ 0.90
Packaging (including containers) 0.84
Shipping 0.36
Burial at Disposal Site 1.33
Subtotal $ 3.43
New TF Magnets 176.04

(escalated from [BAKER] at 102 for 2 years)

Total $§179.47

Reprocessing and Materials Recovery®

Dismantling : $ 0.90
Packaging of High—~Activity Waste 0.03
Shipping of High—-Activity Waste 0.01
Burial of High-Activity Waste 0.04
Packaging and Shipping to Reprocessing Site 0.45
Reprocessing Plant Cost 2.64
Reprocessing Plant Revenue (5.20)
Packagirg, Shipping, and Burial of 0.78
Reprocessing Plant Watte
Subtotal (overall reprocessing profit) $ (0.35)
New TF Magnets 176.04
Total $175.69

(Cont'd)
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Table 3.1 (Cont'd)

Magnet Refabrication

Dismantling

Packaging of High—-Activity Waste
Shipping of High-Activity Waste
Burial of High Activity Waste
RefabricationP

Packaging, Shipping and Burial of
Unused Materials

Total

$ 0.90
0.03
0.01
0.04
19.00
0.77

§ 20.75

8Normalized to one reactor.

bIncludes cost of purchasing new material as required.
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The life~limiting properties of each material and component are presented,
thus prescribing the suitability of each item for reuse. The strategy is
then mapped out for refabrication of the magnet using the acceptable
materials. The approach adopted attempts to reuse as much of the super-
conductor and conductor stabilizer as possible. As discussed below,
although certain portions of these materials such as the centerpost's
irradiated Nb3Sn superconductor could be reused if after refabrication
they were positioned in the outboard (low neutron fluence) portion of the
assembly, the increased cost which would be incurred owing to the totally
remote refabrication that would be required justified the disposal of the
high activity portions of these materials. However, the stainless steel
from the helium vessel and vacuum vessel can be reused to refabricate
these components. Unused radiocactive materials are packaged and shipped

to a disposal site.

Section 3.2.2 discusses the effect of 40 years of STARFIRE
operation on the TF coil materials, and presents the basis for deter-
mining the acceptability of each material for reuse in a refabricated
magnet. It is followed by the cooling, storage and packaging require-
ments before transportation to the magnet refabrication area or disposal
site, as appropriate. Section 3.2.4 discusses the dismantling operations,
and the refabrication plan is presented in Section 3.2.5. An estimate of
the total cost of the superconducting magnet refabrication option is

presented in Section 3.2.6.

3.2.2 Materials Selection

The harsh enviromment presented by fusion reactors will have
a degenerative effect on gsome of the materials used in the TF coil/helium
vesgsel assembly. The primary cause of the material degradation is
neutron irradiation; other causes such as exposure to cryogenic tempera-
tures play only a minor role. The materials which will be adversely
affected by irradiation include the superconductor {especially the
high-field Nb3Sn superconductor), the copper stabilizer, the epoxy
fiberglass laminate electrical insulation and support material, and
aluminized Mylar thermal insulation. The stainless steel conductor
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support strips, 316 LN and 14Mn2Ni2Cr austenitic stainless steel helium
vessel and dewar, and aluminum thermal radiation shield will not be

significantly structurally degraded by irradiation. However, to allow
hands-on refabrication, these materials will be replaced in areas where

they have accumulated unacceptably high levels of radiation.

3.2.2.1 Superconductor

The STARFIRE high-field superconductor is Nb3Sn
and the low—field superconductor is NbTi. Figure 3.2 [INTOR] presents
the effect of neutron irradiation on the critical current—carrying
capacity of NbTi and Nb3Sn. It shows that the NbTi is relatively unaf-
fected by irradiation and should, therefore, be usable for refabrication.
However, the critical current density of the Nb3Sn is severely degraded
above a fluence of 3 x 1018 n/cm2 (E > 1.0 MeV) owing to radiation induced

disorder [INTOR].

The total fluence to the STARFIRE TF coil/helium
vessel assembly centerpost was calculated to be 1 x 1018 n/cm?. If the
centerpost superconductor were reused in the refabrication of a new
assembly, the total fluence would double to 2 x 1018 n/cm2. Although
this is still below the level at which Nb3Sn experiences severe degrada-
tion, Fig. 3.2 shows that some degradation will have occurred. But more
importantly, reuse of the Nb3Sn from the centerpost might result in coil
failure owing to localized areas of higher fluences, slight impurities,
and structural defects caused by being exposed to large loads over a long
time. As a result, the Nb3Sn will not be reused for refabrication.

3.2.2.2 Stabilizer

The copper conductor stabilizer used in STARFIRE
will exhibit an increase in resistivity owing to fast neutron irradiation.
Although the resistivity can be decreased significantly during the
periodic 10-year, room—-temperature anneal cycles (including decommis-
sioning), reuse of copper stabilizer from the centerpost regiom will
result in a neutron fluence degradation factor greater than 3.8. The
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Fig. 3.2. Effect of neutron irradiation on the critical current
in Nb-Ti and Nbj3Sn.

conductor was designed using this as the maximum degradation factor,
therefore, reuse of the centerpost region copper will not allow the
copper to achieve its required current density. Therefore, only the
copper from the centerpost region, which ie exposed to the highest

neutron flr..uces, will not be reused for refabrication.

3.2.2.3 Electricsl Insulation and Support Material

Epoxy fiberglass laminate (G-10CR) is used for

the TF coil/helium vessel assembly ground, interturn, and interlayer
insulation material as well as the tiebar structures supporting the
helium vessel with the vacuum vessel. The mechanical properties of
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G-10CR are significantly degraded when exposed to the levels of radiation
that will be produced ever&where in the STARFIRE TF magnets. Experiments
have shown this degradation in both flexure and compressive strength
tests [KERNOHAN]. Therefore, all G-10CR electrical insulation and
support material will be replaced for the refabrication of the assembly.

3.2.2.4 Thermal Insulation

Multilayer aluminized Mylar insulation 1s wrapped
around the helium vessel and thermal radiation shield. Experiments have
shown aluminized Mylar to be severely embrittled when irradiated [KER-
NOHAN]). Therefore, the Mylar will all be replaced during refabrication.
Either Mylar or Dexter paper (glass paper layered with aluminum foil)
would be suitable thermal insulation.

3.2.3 Cooling, Storage, and Trangportation Requirements

To minimize the radiation exposure to workers during disman-
tling operations, the blological contact dose of the materials within the
TF magnet was examined to evaluate the required cooling period. The
nucleonics data (Table C-3) show that the contact radiation dose decreases
with time, with decreases still significant at one year. Iu order to
avoid delaying magnet dismantling procedures, a sne-month cooling time
was selected. This section thus assumes one monih as the in-situ cooling
and storage time before dismantling operations begin, and uses the
radioactivity data at one month for all analyses. In fact, if the
integrity of the TF magnets is to be preserved to the fullest practical
extent in order to facilitate refabrication, many related reactor ele-
ments must first be removed to provide access to the magrets. The
activity in these other components may determine the time before the
overall reactor dismantling operations can proceed. Even if this time is
greater than one month after shutdown, the entire dismantling procedure

described here is still applicable.

This report assumes that all dismantling and refabrication
tasks will be performed at the reactor site by an outside contractor who
will supply the speclalized equipment required for many of the tasks.
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Although the standardized design of STARFIRE would allow for economy of
scale savings if the magnets from many STARFIRE reactors were shipped to
a separate facility for dismantling and refabrication, the extreme
difficulty and expense associated with overland movement of such large
and massive magnets makes thia approach undesirable [MOORE]. Some of the
added expenses associated with overland movement include reinforcing
bridges or providing barge bridges, repairing or building new roads, and
enlarging bridges and tunnels. Tramnsportation would be greatly simplified
if the reactor were located next to water. Since it cannot be assumed
that all STARFIRE reactors will be located near water, considerable
overland movement may be required. The specialized equipment that will
have to be shipped to the reactor site does not present a transportation
problem because it can be designed to be modular and, therefore, will not

be very large or massive.

It is further assumed that the refabricated izagnets will be

used to reconstruct another STARFIRE reactor at the original reactor

site. If, however, the magnets are to be used for a reactor at a new
site, dismantling and refabricating the magnets at the original site will
still eliminate shipping to a dismantling and refabricating facility
(although the refabricated magnets will still have to shipped to new
sites). In any case, it is expected that there will be considerable
improvements in overland movement by the time of STARFIRE decommissioning.

In transporting the high-activity portion of the assembly to
a waste storage site, the high-activity pieces will have to be packaged
properly to provide radiatiom protection, and comply with existing
regulations governing the transport of radioactive materials. Typical
wastes expected from the remote fabrication option are summarized in
Table 3.2. As indicated below, the components to be disposed of as waste
are the more highly radioactive sections, i.e., parts of the vacuum

vessel, the helium vessel, and the high-field conductors.

To meet the cargo requirement (discussed in more detail in
Section 3.4.4) of less than 22,680 kg (50,000 1b) per carrier, there will
be seven truck shipments, as indicated below:



Table 3.2. Radioactive Waste From Remote Fabrication Option

Discarded
Weight
(Tonnes) Fer Coil Data—Cut Pleces Total Magnet
Total/ Dimensions Weight Dimension Radiocactivity Weight Millicuries
Component Rach Coil (m) (kg) (m) (Curies) (Tonnes ) Per gm
Vacuum Vessel 23.3/1.94 0.03x2.16x3.04 485 0.03x2.16x2.01 3.54x102 69.9 5.06x1073
Load 24 pes/box = 11,648 kg (25,680 1b); box ~1.22 m x 2.47 m x 2.32 m
Requires 2 boxes @ 7.0 m3/box
Helium Vessel 48.8/4.07 0.07x1.76x8.04 I 1016 0.07x1.76x2.01 2.1x102 119.0 1.77x1073
Load 10 pes/box = 10,160 kg (22,410 1b); box v1.22 m x 2.06 m x 2.32 m
Requires 4 boxes @ 5.8 m”/box and 1 box (8 pes) + 5.0 »3 box
High Field 58.6/4.88 0.53x1.60x8.04 1221 0.53x1.60x2.01 12.55 110.0 1.14x1074
Conductors
Load 4 pcs/box = 4884 kg (10,768 1b); box “2.56 m x 1.91 m x 2.32 m
Requires 12 boxes € 11.3 n3/box
Other

2720 kg (6000 1bs) of waste metal shavings
Requiring “nine 0.2 n3 (55 gal) drums

201
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1. Two shipments each containing a dewer package.

2. One shipment containing two crates of helium vessel
components.

3. One shipment containing a lighter box of helium vessel
components and two of the high-field conductor packages.

4. Twe carriers, each with four boxes of the high-field
conductor parts.

5. A lightly loaded shipment containing only two boxes with
9,800 kg (22,000 1b) of the high-field conductor pieces.

The nine, 0.2 nd (55 gal) drums, containing about 2720 kg
(6000 1b) of waste metal shavings can easily be accommodated by some of

the lighter-loaded vehicles.

Most of this material (vacuum and helium vessel sections)
will require light shielding in the boxes due to their radioactivity
levels. This can easily be accomplished by the use of thin metal sheets
attached to the inside of the boxes (see Section 3.4.4.2).

The dewar and metal shavings will qualify for shallow land
burial as Class A waste. The Nb3Sn conductor will be categorized as
Class B waste. Reference is made to Section 3.4.4.3 for additional
discussion of the shallow land disposal of radioactive waste.

3.2.4 Dismantling and Preparation for Refabricatiomn

STARFIRE was designed as a totally remote facility with
the flexibility to allow access to properly suited personnel within 24 h
after reactor shutdown. Because dismantling of the magnets will not
begin until one month after reactor shutdown, remote operations si!iould be
simplified. The remote handling equipment described in the STARFIRE
report was assumed available for dismantling of the magnets. Only
current state—of-the-art technology and procedures are assumed herein,
though, as the STARFIRE report points out, in the STARFIRE timeframe,
remote industrial robot technology will likely allow visual recognition
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of objects, grasping, feeling, hearing, and connecting basic operations
and movements to perform complex operations with a minimum of human

supervision. The details of the remote dismantling are given in Appen~
dix G.

3.2.5 Refabrication

The most important difference between the procedure to
refabricate the TF coil/helium vessel magnets and the original fabrica-
tion is that during refabrication, many of the components will be welded
in areas dictated by the required dismantling tasks, vhereas originally
these components will have been fabricated as monolith!c structures or
welded in areas which enable the compcaent to be fabricated with minimal
difficulty. The refabrication task will be more difficult because some
of the components will undoubtedly be bent or dented during dismantling.

To start the refabrication, a new three-level, uninsulated,
unsoldered high-field conductor is fabricated using new Nb3Sn and
copper. The low-field NbT1i and copper conductor is refabricated by
simply replacing the G-10CR Mylar strip. The new conductors are soldered
to the old using a lap-jointed configuration. The refabrication steps
are sequentially pictured in Fig. 3.3 which shows an outboard region

cross—-section of the magnet.

While the conductor is being fabricated, a new section
of 316 LN austenitic stainiess steel is welded to the inmer section of
the helium vessel to replace the high—activity centerpost section that
was removed. Then the central radial spine is lifted with a crane and
welded completely around the inner helium vessel forming a T-shaped
structure. This new structure forms the helium vessel inner weldment or
bobbin [Fig. 3.3(A)]. The lower and upper sets of conductors, which are
sandwiched between two pretensioned stainless steel strips and flanked by
two 6ear1ng load support strips, are then simultaneously pancake wound
around the bobbin using new G-10CR epoxy fiberglass laminate as ground,
interturn, and interlayer insulation [Fig. 3.3(B}}. The outer sections
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of the helium veasel are then lifted with a crane and positioned against
the bobbin. The two outer sections are welded shut at both ends and at
the central radial spine. This completes the refabrication of the

conductor and helium vessel [Fig. 3.3(C)].

Next, the locally-stiffened sheet aluminum thermal radiation
shield is welded together and then wrapped, along with the helium vessel,
with aluminized Mylar thermal insulation. The thermal radiation shield
is positioned outside the helium vessel in both the centerpost and
outboard regions and the G-10 tiebars are bolted to the vacuum vessel and

raadied to support the helium vessel [Fig. 3.3(D)].

Before placing the helium vessel ingide the vacuum vessel,
new circular pieces of l4Mn-2N¥i-2Cr austenitic stainless steel are fitted
and welded into the holes that were previously drilled into the lower
portion of the vacuum vessel. The helium vessel and conductor are lifted
with a crane, inverted, and placed inside the lower section of the vacuum
vessel [Fig. 3.3(E)]. Next, the upper section of the vacuum vessel is
placed on top of the lower section (using a crane) and welded shut and a
new section of 316 LN austenitic stainless steel is positioned and welded
to the centerpost portion of the vacuum vessel where the high-activity

section was removed earlier [Fig. 3.3(F)].

Because the common inner dewar, section I-DEWAR2, 1is attached
to the reactor's centerpost, the TF coil/helium vessel assembly is not
complete until the individual magnets are attached. They will be attached
as described in the STARFIRE Reactor Construction plan [BAKER].

Before attaching each magnet, a number of verification tests
will be performed to ensure that the assembly meets all of its performance
requirements. These include mapping the field in both the axial and
radial directions, measuring the boil off from the helium vessel with the
colls energized and de-energized, verifying the vacuum integrity of the
system, and quenching the magnet to ensure that the coil will withstand

quench conditions [ALCORN].
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In order to perform these tests, a temporary vacuum barrier
will be bolted to the dewar to replace the missing centerpost section.
In addition to this, a strongback support plate will be bolted to the

vacuum barrier to protect against hoop stresses during charging.

3.2.6 Cost Estimate

Table 3.3 presents a rough order-of-magnitude (ROM) estimate
of the cost to perform the remote refabrication option. The STARFIRE TF
coil/helium vesgsel assembly refabrication option is estimated to cost
$20.7 million. All costs are in 1982 dollars. The basis for this ROM
estimate is consistent with the conceptual nature of the STARFIRE design
and refabrication plan. A better estimate will be possible as the
STARFIRE design and refabrication plan become more well-defined.

The refabrication cost includes a 1002 contingency for
indeterminates in all labor costs. This large contingency is reasonable
owing to the high uncertainty attributed to succesefully completing each
refabrication task. For example, it 1s assumed that all sections to be
welded will fit smoothly together and that no major difficulties in the
welding process will occur. However, in actuality, the large components
to be welded will be bent, dented, and missing fragments lost during the
cutting tasks. As a result, welding operationes will be quite difficult.
As another example, vwhen removing the high—activity portions of the
magnets and preparing the low—activity portions for dismantling, the
degraded G~10CR tiebars may not be strong enough to support the helium
vegssel. Therefore, the helium vessel may collapse, deforming all the
components within the magnet. The detailed estimates of the man-hours
required for the refabrication tasks are given in Appendix H.

3.3 Material Recovery Via Chemical Reprocessing

3.3.1 Introduction and Reprocessing Philosophy

The large amount of materials involved in building a fusion
economy of 1.2 x 105 Mw(e) presents potential resource problems for the
U.S. should these materials continue to be withdrawn from the economy.
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Table 3.3. ROM Costs of Refabrication Option

Cost Categqry Cost ($K)
Labor 4,450
Materials 12,780
Refabrication Equipment 2,700
Shipping® 400
Disposal* 400

$20,720

*The ROM estiamte of the cost for shipping
and disposal of the high~activity portion
and degraded materials is $800,000, based
upon the analysis described in Section 3.4.

Previous reports [BAKER, CONN-i976] have identified this as a key problem

in the development of a fusion economy.

This section discusses the processing of the materials from
the STARFIRE toroidal field (TF) magnets and returning as much of the
materials as possible to the fusion system. Based on reasonable projec-
tions of construction capability/load demand, the buildup of a fusion
economy was assumed to take place over a period of approximately forty
years and as the plant lifetimes come to an end, it was assumed that four
reactors per year would have to be decommissioned. These assumptions are
used only to size the typical reprocessing equipment and plant require-
ments. 7Though the present results are not highly sensitive to the
assumptions, the assumptions are important from a plant utilization/
capital cost recovery perspective. Table 3.4 presents the amounts of
major materials involved in the processing of the TF coils from four
fusion reactors per year and how these quantities relate to the United
States' annual production of these materials. Table 3.5 presents the
total quantities involved in relation to the U.S. resource base. It must
be pointed out that the quantities presented in Tables 3.4 and 3.5 are
probably low by at least a factor of two if the total plant inventory of

materials were considered, i.e., including the nonfusion portion of the

plant.



Table 3.4. Comparison of Annual Metals Recovery from the TF Magnets of
Four STARFIRE Reactors with U.S. Production and Consumption.
(Unics of 1000 tonnes per year.)
STARFIRE
U.S. Annual Economy as
U.S. Production a Percent
STARFIRE Annual from U.S. Total of Total
Economy Consumption Ore and Scrap Production Production
Cu 6.389 2,250 1,780 1,785 0.36
Fe 6.38 79,800 52,000 79,000 -
Mo 0.013 30 60 60 0.02
Cr 0.886 834 43 54 2.1
Ti 0.078 17 N/A 15 0.52
Mn 0.60 1,280 A0 110 0.55
Ni 0.48 210 47 79 0.61
Sn 0.06 247 0 23 0.27
Nb 0.3 3 0 3 10




Table 3.5. Materials Requirements and Estimates of Reserves(a)

(Reproduced from [BAKER])

(Unite of 1000 Toones)

STARFIRE World
n.-x:-u- » u.s. u.s. Production Regerves at Regerves at 3 'l’l:u
Elwwast Resatlvemcat, Production Consumption 1978) Present Prices Present Prices Principal Present Sources
100 Fros Dosestic Total
Zgactors Ores & Scrap Production u.s. Horld us. Yorld
Al 46 9£0 4,350 $,380 13,860 4,500 5,450,000 45,000,000 Very Lesrgs Australis, Gyimes, Jamaics
3 6 207 207 118 390 ~28,500 124,000 Very Large U.8.A., Turkey
¢ 167
cr 1% 43* 43* ~534 3,180 None 11,000,000 7,30 20,000,000 3, Africs, U.5.3.R., Albsais
» 10 ] 3 3 11 None 10,000‘ ~40 20,000 Brazil, Csmada, Mslaysis
[ 219 1,780 1,785 2,250 7,620 107,000 ~500,000 Bo Gars o dsta  U,5.A, Chile, 2ambis, Zairs
re 1,590 52,000 79,000 79,800 485,600 10,000,000 100,000,000 >20,000,000 Very Large (Iron Oro.) U.8,A., Consds,
Venezuels
[ {J 38 1,026 1,090 1,440 3,506 26,000 157,000 >40,000 »500,000 Csnads, Mexico, Peru
1 X 187 6 +6 3.9 HA 450-600 2,000 2,500 10,000 U,S.A, -
T4 185 WA 15 17 1] 127,700 235,000 Large Very Large Australis
Ma 150 Small 10 1,280 . 10,190 Nome >14,000,000 >30,000 >20,000,000 Cabom, Brazil, $. Africs,
Australis, U.5,5.R, o
8 2 Small 23 a0t %7 740 10,000 Mo dats 720,000 5. E, Asis, Malaysia, V.5.A. "o"
Mg 0 ~100 2100 2100 140 Isexhauatible
v 1 5.3 5.3 7.2 k14 113 10,000 €00 20,000 U.5.A., . Africa, U.5.5.%.
L] 127 & 79 210 588 180 54,000 12,700 136,000 Cansd » Bev Caledonian, V.5.3K.
1z i} WA WA <3 <6 3,550 18,000 Mo data Very Lerge U.S5.A,, Australis
v &% 4.1 10,2 9.3 43.0 125 1,990 Bo dats ¥o dats Chins, U.S.A,, Solivis, Thailend
Mo L] 60 60.0 30.0 98.0 4,300 9,300 27,00 Fo dats Y.8.,A.4 Canada, Chile
Co 0 0.3 0,3 8,5 30.8 MNone 72,600 No dats ¥o data  Zaire, New Caledoais, Australla
Be 1 <0,1 <0,2 <0,1 <0,3 28 30 53 No dats U.S$.A., Brsail, §, Africs

intormation em ¥,5, snd Vorld productiom and concusption sre from the U.S. Buresu of Minse.
Informstion em raserves ie pertly from tha U.S. Buresu of Mines, partly from Brobst aad Pratt,
snd parvly from other miacellaneous sources.

Reacter anly,

Includes Teservas st present prices.
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From the activity levels of the toroidal field (TF) magnet
materials, it was determined that the majority of the materials present
in STARFIRE could be recycled for reuse if they were blended with normal
(nonradioactive) scrap and virgin material. Based on the biological
hazard potential (BHP) infor..ation given in Table C-2, it was assumed
that if the BHP were less than about 10, that it would be possible to
blend this material with normal material to produce an acceptable product.*
At the present time there is no mechanism for returning radioactive
materials to normal commerce forcing all recycling activities to be
carried out in controlled facilities. These calculations are detailed in
Appendix I and indicate that over 90X of the magnet materials can be
recovered except for the Nb3Sn. For the NbjSn, recovery of 89X of
the material can be accomplished either by accepting a high dilution or

relaxing the BHP requirements.

With the stricture against returning radioactive materials
into normal commerce currently in place, dilution of the radioactive
material with non-radioactive material increases the amount of material
to be processec and in inventory. As the fusion economy matures there is
a potential place for this material in additional reactors. But in a
mature fusion economy, such an increase in the amount of uagﬁet material
will yield a surplus of magnet materials. What is necessary then is to
establish techniques for reprocessing and recycling magret materials

without dilution.

3.3.2 Digmantling and Preparation for Chemical Processing

3.3.2.1 Disassembly at Reactor Site

As was the case for the Remote Refabrication option,
the dismantling and preparation for chemical processing task attempts to
minimize the number of ateps that must be performed remotely, thereby
reducing the amount of labor and associated cost. Because it is extremely
difficult and expensive to transport the intact TF coil/helium vessel
magnets owing to their large size and mass [MOORE], each will be partially
dismantled inside the reactor building before being shipped to the
processing facility.

*This acceptable product is defined as one whose radioactivity concen-
tration (Ci/cm3) is below the standards established in 10 CFR 20.
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The TF coil/helium vessel assembly is separated
from the reactor and the high-activity inboard portion of each magnet is
removed following the same procedures outlined previously under Section
3.2.4. Though the materials are potentially recyclable, this separation
is performed to minimize dose levels to personnel. While inside the
reactor building, each magnet is placed by a crane onto a large, specially-
designed lay-down fixture. This fixture, shown in Fig. 3.4, has 46*
thin discontinuities through which the magnet can be cut into smaller

pieces with a traveling band saw.

The traveling band saw moves from discontinuity to
discontinuity on tracks that are just outside of the lay-down fixture.
The saw features automated, numerical controls to specify the depth and
speed of the cut. It is not possible to use oxygen cutting for this
application owing to the large air gaps in the magnet which would cause

torch pop-out [GRAHAM].

The traveling band saw cuts the magnets into 46
pleces that are approximately 0.89 m x 2.16 m x 1.6 m and have a mass of
10,910 kg each. Because the strength of the G-lOCR conductor interturn and
interlayer insultion will be reduced from radiation exposure, the con-
ductor support modules and individual windings will not be strongly
constrained. Furthermore, there is no mechanical attachment between the
conductcr, support strips, and side strips. Therefore, to prevent the
internal magnet components from falling out during shipping, temporary
end caps will be tack welded onto the ends of each magnet plece and onto

the sides of the low-activity pieces.

The pieces will be shipped to the processing facility
in the same containers and using the same methods described in Section

3.4.4, Packaging, Transportation, and Disposal.

*The number of magnet sections is determined from packaging and shipping
considerations as discussed in Section 3.4.4.
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Fig. 3.4. Lay-down fixture with thin discontinuities.

3.3.2.2 Disassembly at Reprocesssing Site

Upon receipt of the container at the processing
facility, the magnet pieces will be removed from the container using
handling lugs permanently attached to the end caps. The magnet pieces
are placed by a crane onto a handling jig and secured. The end caps are
removed with a plasma torch and returned to a new reactor plant for

reuse.
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The handling jig is hydraulically angled toward a
moving conveyor belt. By restraining the dewar and helium tank, the
internal magnet components can be pushed onto a conveyor belt where they
are arranged in a linear manner and sorted by width. As can be seen from
Figs. 9-5 through 9-7 in [BAKER], each of the four types of conductor
used is unique in its dimensions, making sorting of the four conductor
types and the atainless stesl a relatively simple task to automate.

4
v

Following ejection of the internal components from
the helium tank, the Fe 1422 dewar will bte separated from the stainless
steel helium tank by cutting through the dewar and the tisbar tensioning
rods on both sides with a plasma cutting torch. At this point the vacuum
tank and the helium vegsel are sepscated with a crane, the G-1l0CR tiebars
are unbolted from the dewar, and the G-~10CR insulation is sgeparated from
the dewar and the helium vessel. All the G-10CR is sent to a waste
disposal site.

After separatlon, the Fe 1422 vacuum tank is crushed
and bundled with other Fe 1422 portions and placed in a container for
shipping. The helium tank portion is also crushed and bundled with the
conductor interlayer support strips and side supports of stainless steel

and placed in a container for shipping.

It is expected that there will be at least 82
lead-tin soldered joints in each of the 12 magnets. These joint zones
will be approximately twice the height of the normal cable, making them
easy to identify. It may be necessary to do this sorting by eye because
the exact location of the joints will not be known. Furthermore, thick-
ness change will not be abrupt, but change slowly over about 300 mm and

in addition, the solder may run into areas where the conductor hae the

normal thickness.
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3.3.3 Cooling and Storage Requirements

Ag described in Section 3.1, it is anticipated that the
deconmissioning of the fusion reactor will not commence earlier than one
month following shutdown. An inspection of Table C-3 indicates that
having removed the high contact dose sections of the TF magnets shown in
Fig. G-1, there is little change in the contact dose of the remaining
sections for times even up to 10 years. There is, therefore, no reason
to delay shipping and processing while waiting for radioactive decay to
lower the contact dose. From a practical standpoint, it is not expected
that the processing will occur before one year after shutdown. Therefore,

the BHF at one year shown in Table C-2 was used to compute dilution

factors.

The decay afterheat of the various zones of the TF magnets
are shown in Table C-4. Even the highest afterheat source, the inner
dewar (which is removed prior to processing), is lecs than 0.1 w/m3 (at
times longer than one month). Therefore, no special storage or heat
removal is necessary as normal room ventilation will easily accoamplish

the necessary cooling.

3.3.4 Chemical Processing

3.3.4.1 General

It is assumed that the NbTi-containing wire in the
conductor contains the NbTi in filaments approximately 10 um in diameter
in a copper matrix. The Nb3Sn~containing wire is assumed to have been
formed in place after the winding of the subcables by diffusion of Sn
from a bronze matrix to yield the brittle Nb3Sn. The Nb3Sn is thus in a
tin depleted brorze matrix. The bronze matrix is coated with tantalum
and the entire tantalum—coated multifilamentary Nb3Sn is in a copper
matrix [GREGORY]. This inclusion of tantalum significantly complicates
the reprocessing scheme. The tantalum serves as a barrier to prevent the
continuous diffusion of tin from the bronze matrix into the surrounding
copper, as this would eventually deplete the Nb of its Sn. Thus, a
manufacturing or design technique which would remove the Ta barrier
requirement would result in simplifications of the reprocessing.
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3.3.4.2 Chemical Processing

The conductor cables will be divided into three
groups by mechanical sorting, (1) conductor cables containing NbTi,

(2) conductor cables containing Nb3Sn, and (3) soft lead-tin soldered
joints. The processing of each of these groups is discussed separately.

For reference, the elemental compositions of the NbTi and Nb3Sn conductors

are shown in Tables 3.6 and 3.7.

Table 3.6. NbTi Cable Composition

Composite

Tesla Region (wt. Z) All Regions

Element /7 to 9 5 to / 0Oto5 wt. Mg
Cu 88.5 92.5 96.5 93.5 1023.8
Nb 6.2 4.0 1.8 3.4 37.2
Ti 5.3 3.5 1.7 3.1 214.0
Total 100.0 100.0 100.0 100.0 1275.0

Table 3.7. Composition of Super-
conducting Nb3Sn

Wire Cable

Element (wt. 2) (wt. %)
Cu 73-3 80-4
Ta 7.3 5.4
Sn 4.4 3.2
Nb 15.0 11.0
Total 100.0 100.0
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Processing NbTi Conductor. The processing of the

NbTi conductor follows the basic practice used currently in electro-
refining of copper. The conductor will be placed in a titanium anode
basket [JACOBI]} and then placed in an electrolytic cell.* The copper

in the anode basket is dissolved in acidic copper sulfate electrolyte and
the copper is plated onto a pure copper cathode sheet.

The cells normally operate between 175 to 230 A/w?
at 0.2 to as high as 0.39 volts dc, with copper concentrations of 30 to
50 g/L at 55° to 65°C [KIRK-OTHMER-1979]. The electrolyte is circulated
and purified to control the concentration of copper and impurities by
electrowinning in cells similar to normal electrorefining cells. 1In
electrowinning operations, the copper is deposited at the cathode and
sulfuric acid is produced at a lead anode.

The NbTi filaments will thus remain behind in the

anode basket or in the slimes in the electrolytic cells and it will
simply be flushed from the cells, filtered, washed, and dried. At this
point, the NbTi alloy should be suitable for recycling.

Processing of Nb3Sn Conductor. The Nb3Sn cable

will undergo the same initial step as the NbTi cable, that is the electro-
lysis of the copper material. This step will continue until the tantalum

coating on the bronze matrix containing the Nb3Sn has been exposed.

At this point, the remaining material must be treated
to remove the inert tantalum coating. Following a standard step in the
preparation of pure tantalum [KIRK-OTHMER-1965}, the tantalum will be
hydrided in a hydriding furnace to convert the tantalum into the very
brittle tantalum hydride. The material on leaving the furnace will be
cooled, then tumbled to ensure that all the tantalum is cracked off the
bronze substrate and washed to remove the hydride. The tantalum hydride
may be used to obtain metallic tantalum. The washing water will be
filtered and recycled. ‘

*Alternatively, the copper containing NbTi could be vacuum melted and
cast into anodes. This would increase the efficiency of the cells and

could allow for some preliminary refining.
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The Nb3Sn in the bronze matrix will then proceed
to another electrolysis cell to have the remaining copper removed. The
electrolysis cell will remove the tin from the bronze, but not from the
NbySn, depositing the tin in the cell slimes in the bottom of the cell.
The Nb3Sn and any pure Nb will then be sent for removai of Nb as in
standard metallurgical practice [KIRK-OTHMER-1979].

Processing of Soldered Joints. The soldered joints

will be sorted into three types, those hetween NbTi cabling, those
between Nb3Sn cabling, and those between NbTi and Nb3Sn cabling. Joints
whose type 18 not clearly identifiable, such as jeints which have been )
partially destroyed during the magnet cutting operation, will be combined

with the Nb3Sn joints.

Joints in NbTi cabling will be placed in a container
and sent to a desoldering furnace which is held above the melting point
of the lead-tin solder, about 260°C. The solder will flow from the
container containing the cabling and into a recovery vessel within the
furnace. The solder will be withdrawn as required and cast into ingots
to be recycled for fabricating other magnets. After this step, the NbLT1

cabling can be processed in the same manner as the other NbTi cable.

Joints between NbT1i and Nb3Sn cable, unidentified
joints, and Nb3Sn joints, will be desoldered as above. The cable from
this step will then be batch-processed in an electrolysis bath in the
same manner as the Nb3Sn cable. The resulting scrap can be sent to a

nioblum refining step operating in a controlled environment along with

the material from the recovery of Nb3Sm cable.

3.3.5 Cost Estimates

3.3.5.1 General

The processing plant, as envisaged, operates as a
scrap-sorting plant and as a plant directly electrorefining copper from
scrap. Because of the need to dilute the scrap iron-based product and

the copper with scrap from normal sources, it may be desirable to locate
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the plant close to facilities that normally process materials such as
stainless steel and Fe 1422 scrap. The processing plant would be operated
by and could also be located adjacent to a producer of copper wirebar
produced from scrap and electrolytic copper. The preliminary indications
from this work are that the product produced by the plant processing
STARFIRE magnet material could be equal or better than conventional
electrolytic copper. The proposed plant would produce about 6400 T/yr of
copper, or about one-tenth the amount of a primary copper-producing

plant. This amount would represent about 0.4Z of the copper produced
currently in the United States and about 3Z of the scrap processed.

Therefore, this plant would not have a large effect on the copper market.

3.3.5.2 Capital Cost Estimate

An overall cost estimate was developed for processing
the TF magnet material from four STARFIRE reactors per year using a 902
stream factor for the plant. The development of the building area for

the plant facilities is shown in Table 3.8.

As can be seen from Table 3.8, approximately 51X of
the plant area, less warehouse, is devoted to shipping, receiving, and
container handling. Approximately 13 trucks per shift, containing two
magnet gsections per truck, are unloaded. The containers are opened,

unloaded, refurbished if necessary, and returned to the reactor on the

trucks.

The other major plant area, electrolysis and electro-
lyte control, was based upon 40 cells operating, 44 cells installed and
producing 160 x 103 kg/yr each. Each cell occupies a floor area 4.16 =
x 1.09 m and is approximately 1.2 m deep; an additional 11X of the cell
area was added for bus bars. The overall cell area for electrolysis was
then doubled to allow for anode and cathode handling. It was assumed
that the area for electrolyte control would be approximately equal to
that for electrolysis.

The process equipment costs are presented in Table
3.9 and are about 28X greater than the building cost.
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Table 3.8. Space Requirements and Cost

Operation (Dimensions) Area (nz)
Truck Receiving Bays (16 at 6.11 x 12.2 m) 1,200
Truck Wash Down (2 at 6.11 x 12.2 m) 150
Container Opening Area (7.64 x 97.9 m) 750
Container Repair Area (7.64 x 18.3 m) 140
Magnet Cutting Area (10 x 10 m) 100
Sorting Area (6.11 x 18.3 m) 110

Electrolysis Cells and Electrode Stamping

(44 cells x 5.05 m?/cell x 2)8 450
Electrolyte Control 450
Desoldering Furnace 60
Crushing and Bundling 280
Shipping 600
Alr Conditioning and Filtering 400
Change Rooms 400
Administrative 400
Warehouse 1,600
TOTAL AREA 7,090P

Cost at $1065/m? 7.55 x 106

8K TRK-OTHMER-1965.
b(75,800 £t2).
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Table 3.9. Processing Equipmsent Costs®

Equipment Cost (§ x 106, 1982)
Electrolysis Cells (44 at $100,000/cell) 4.4
Electrolyte Control 1.5
Desoldering Furnace 0.4
Crushing and Fydriding 0.5
Container Handling (16 x $100,000/station) 1.6
Cutting and Sorting 1
Power Supply (162 kW at 0.2 V de¢) 0.3

TOTAL COST 9.7

2Includes installation.

3.3.5.3 Operating Costs

It was estimated that approximately 25 people
per shift would be required to operate the plant on a three shift per
day, seven day per week basis. This labor cost is almost 50X of the
plant operating cost presented in Table 3.10. A factor of 0.2 was used
to recover capital costs and pay for taxes and insurance. An adminis-

trative cost of 10X of labor cost was used.

Other costs such as dismantling and disposal costs
are presented in Table 3.10. Thase are costs which should be considered
in performing an overall economic evaluation. The assignment of thesge
costs to various operating centers is open to question. In evaluating
the economics of material processing, the only one debited to the pro-
cessing plant however, and this possibly shou.d be debited to reactor
operation, is the shipping of processing plant waste to disposal and its
disposal. The majority of this waste, as shown in Table 3.11, is asso-
ciated with material from the magnet which has no recycling value, such
as the aylar insulation, G-10 cable insulation, and G-10 tie bars. The
majority of this cost could be debited to the reactor. However, in
evaluating the overall economics of the processing option, this cost, as
well as that of reactor dismantling and shipping, must be included, as
shown in Table 3.10.
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Table 3.10. Production Cost for Processing Four STARFIRE Reactor
Magnets Per Year (in 1982 Dollars)

106 §/yr
Facility Cost (0.2 x Capital Cost) 1.51
Equipment Cost (0.2 x Capital Cost) 1.94
Labor (25 people/shift, $30/tour) 6.00
Administration 0.60
Utilities, Chemicals and Supplies 0.50
Weste Shipment to Disposal Site and Disposal@ 3.10
TOTAL 13.65
Reactor Dismantling and Shipping to Processing
(Not Charged to Production)
Dismantling Cost 3.60
Shipping and Disposal of High—Activity Material 0.32
Shipping (Reactor to Reprocessing) 1.44
ContainersP (Reactor to Reprocessing) 0.37
TOTAL 5.73

8Facility is assumed to be near users of product; therefore, no
shipping costs to their respective sites are included.

bpssumes containers last for 12 round trips.
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Table 3.11. Waste Shipping from Repro-
cessing Facility
(Four Reactors Per Year)

Mylar Insulation $ 247,500
G-10 Insulation 250,500
G-10 Tie Bars 1,092,000
Process Plant Waste 25,000
Truck Trips 128,600
Burial Cost 1,358,000

TOTAL $3,101,600

3.3.5.4 Operating Revenue

Table 3.12 presents the expected revenue compared to
the annual cost given in Table 3.10. The expected net profit from this
operation is $7.2 million per year. A conservative approach has been
taken in estimating the annuai revenue. The annual revenue from the
copper sold could be $2.74 million higher arnnually, if the copper product
can be sold at cathode plate price. The prices quoted for NbTi and
Nb3Sn are only approximations at this time. The net profit for the
dismantling option is $1.4 million for the four reactors. Thus, repro-
cessing of the STARFIRE TF coil materials can essentially be used to

cover the decommissioning costs associated with the magnets.

3.4 Disposal

3.4.1 Introduction and Disposal Philosophy

This section presents the issues and requirements associated
with the disposal of the irradiated, superconducting TF coil magnets
from a STARFIRE fusion plant [BAKER]. The aim is to carry out the
disposal in the most practical and economical manner, while complying
with all existing or anticipated regulations relating to radioactive
waste packaging, shipping, and land burial. In evaluating the disposal
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Table 3.12. Summary Cost and Revenue Sheet Processing Four STARFIRE
Reactor Magnets Annually

Annual Cost (Table 3.10, § x 106, 1982) -13.65

Potential Annual Revenue ($106/yr)

Annual Selling
Product Rate Recovery Price Revenue
(k8) Factor ($/%g) ($106/y)
Copper 6,386,400 0.982 1.155% 7,243
304 sS 13,713,600 0.976 0.594b 7.960
Fe 1422 4,175,600 0.930 0.154¢ 0.597
NbTL 228,160 1.000 12.214 2.786
Nb3Sn 204,040 0.890 12.21d 2,217
TOTAL 20.803
NET PROFIT from Reprocessing Operatioms Only 7.15
Additional costs assoclated with magnet
dismantling and shipping to reprocessing site 5.73
NET PROFIT of Reprocessing Option 1.42

8price for refiners' copper scrap could be as high as cathode full
plate price, $1.584/kg.

bConsumer buying price for 18-8 bundles, solids.
CConsumer buying price for 410 bundles, solids.

dEstimated to be equal to Ti sponge.

NOTE: Price source is American Metal Market/Metalworking
News, issue of August 2, 1982.
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option, it is assumed that all the materials from the TF coils are to be
digscarded. The desirability of selectively recycling some of the
materials is described in Section 3.3.

The approach adopted achieves the goals of simplicity, ease
of operation, and cost minimization. The magnet coils are first cut
across their trapezoidal cross-section into nominally 46 pieces, each
with dimensions of 0.89 x 1.6 x 2.16 meters, and weighing about 10,900 kg
(v12 tons). Details of the dismantling operations are provided in
Section 3.4.2. Each of the cut sections, containing the inner and outer
helium vessels, and the inner and outer high and low field magnets, is
then packaged as one unit in a structurally—adequate wooden container,
suitable for gshipment. Two packaged units are shipped on one truck., in a
sole-use carrier. The items classify as low specific activity (LSA)
materials for shipping purposes [49 CFR 173]. The waste packages, in
their wooden shipping containers, are categorized as Class A waste and
are buried in accordance with proposed 10 CFR 61 regulations. Further
details of the packaging, transportation and waste disposal operations

are provided in Section 3.4.4.

3.4.2 Diemantling and Preparation for Disposal

To simplify and thus reduce the cost of the task of disman-
tling and preparation for disposal, the high—activity and low-activity
portions of the TF coil/helium vessel magnets will not be separated as in
the previous two options. Instead, the magnets will be cut into pieces
across their trapezoidal cross—sectional width. This approach is possible

owing to the overall low activity level of the magnets.

The TF coil/helium vessel assembly is separated from the
rest of the reactor by the same procedure outlined in Subsection 3.2.4.1,
Remote Dismantling. Once the magnets are removed from the centerpost,
they are placed by crane onto a large, specially-deaigned lay-down
fixture with 46 thin discontinuities. This fixture is described in more
detail in Section 3.3.2, Dismantling and Preparation for Chemical Repro-
cessing, and shown in Fig. 3.3.
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As in the dismantling step for the reprocessing option, each
magnet is cut with a traveling band saw into 46 pieces of approximately
0.89 m (2.9 ft) x 2.16 m (7.1 ft) x 1.6 m (5.3 £t)* and having a mass
of 10,900 kg (12 tons). The band saw moves from discontinuity to
discontinuity on tracks that are just outside of the lay~down fixture.
This tagk is wore difficult than in the reprocessing option because it

must be done entirely remotely.

After cutting up the main magnet, the common inner dewar that
wag initially removed from the centerpost is cut into 0.89 m long pieces
with a plasma torch attached to the Reactor Overhead Electro-Mechanical
Manipulator. The pleces cut by the band saw and plasma torch are then
moved using the 60-Tonne Reactor Building Bridge Crane.

3.4.3 Cooling and Storage Requirements

A minimum cooling/decay time of one year is adequate prior
to packaging, shipping, and waste burial. As discussed in Section 3.1,
most of the short, half-life radioactivity will have decayed in this
time, with further activity reductions not being very time effective. In
addition, considering the approvals, authorizations, etc., which are
required, the removal of external hardware to gain access to the magnets,
and the setup of special equipment for their dismantling, cooling times

much less than one year after plant shutdown are not foreseen.

From a practical standpoint, decay cooling of the TF coils
during decommissioning will occur in~gsitu for most of the time and in a
storage area, after dismantling from the reactor, for a relatively
shorter period of time. Storage of the large magnet sections will be

carried out in the maintenance area of the building.

Assuming 12 x 46 = 552 TF coil sections and an estimated

eight comparable packages from miscellaneous magnet metal portions

*Approxinately mid-coil, cut section length, as scaled from the coil/
helium vessel dimensions of Fig. 9-2 [BAKER]. Height of plece deter—
mined from weight limitations on packaging and shipping as discussed
in Section 3.4.4. This results in 46 sections per TF coil.

.
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(e.g., bottom vacuum tank section, as indicated in Figs. 2-3 and 9-1 in
[BAKER]), it is estimated that two areas totaling about 262 wm? (.2820
£t2), could satisfy the storage requirements. These sreas could
accommodate about one week's storage for each of the packaged and un~
packaged TF coil sections. No consideration was given toward crushing
the sections for volume reduction purposes, though this could lead to

furtiier economics (e.g., for waste burial).

Assuming a conservative 0.86 m (2.5 ft) space between the
nominally 1.62 o (5.3 ft) x 0.89 m (2.9 ft) magnet pieces, about 126 n
(1358 ft2) are needed for ome week's shipping supply of 28 TF coil
sections waiting to be packaged.

The second storage area, also accommodating about one week's
shipping supply (28 magnet sections), is available for the packaged TF
coil sections. This arca, about 136 m? (1463 ft2), is somewhat larger
than that needed for the items which have not yet been packaged, due to
the sddition of the wooden box portions. In addition to the large bulk
magnet pileces there will be a relatively large quantity of metal shavings
generated during the dismantling operation. This material will be packaged
in 0.2 w3 (55 gal) drums and can be stored on a pallet within an area
of about 6 m? (64 ftz). The storage area for the packaged crates and
the 0.2 m3 (55 gal) drums should preferably be located close to the
loading dock of the building.

The extremely low decay afterheats will present no cooling
problems during either storage or shippiing, and therefore no special
insulation or cooling will be necessary. Normal room ventilation will
easily accommodate the removal of this very low afterheat (i.e., about
0.6 m¥W, or 0.002 BTU/h, per 12 ton magnet piece).

3.4.4 Packaging, Transportation, and Disposal

3.4.4.1 Packaging

The packaging operation begins in the maintenance
area vhere up to two weeks' supply of magnet sections (up to 56 "pieces”)
are stored, following dismantling and transfer from the reactor location.
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There is no need for crushing operations, no disassembly operations, no
segregation process, etc. Thus, a large compact piece would be available
for packaging. This will minimize the amount of hand-contact or expensive

remote-operating equipment which might be necessary to handle the magnet
sections of low activity. The general philosophy is to package the
uagnet sections in containers suitable for both shipping and waste burial.

Table 3.13 presents the radioactivity concentrations,
the contact biological doses and the decay afterheats of the magnet
components. These data provide the bases for categorizing these iteus as
low specific activity (LSA) materials [49 CFR 173] for shipping purposes
and Class A materials [10 CFR 61] for waste burial purposes. In other
words, the magnet components are of low enough radioactivity to be
classified in the least restrictive category for shipping and for waste
burial. This is discussed in more detail in Subsections 3.4.4.2 and
3.4.4.3. It should be noted that data in the table are associated with a
full magnet; since the magnet is cut into 560 pieces, the data for each
shipping/burial package is scaled accordingly.

It is likely that the services of an outside con-
tractor can be used for the packaging task. This company would have
special expertise in rigging, strapping, boxing, etc., and would provide
all needed (box) materials. Personnel would be familiar with all labeling,
packaging, shipping and waste burial regulations. A significant portion
of the crate could be prefabricated. Packaging operations, for a single
magnet section, could be accomplished in a floor area of about 14 w2
(150 ftz). An estimate of $1500 (1982 dollars) has been assumed to
package one magnet section, including the cost for raw materials and
labor for box-prefabrication, labeling, final crating and loading,

radioactivity monitoring, and securing on the truck for shipment.

The radioactivity levels per magnet section are
low and no remote handling operations are deemed necessary. However,
close hands-on operations over extended periods of time will be avoided

to minimize dose levels to operating personnel.



heats of
Table 3.13. Radioactivity, Contact Biological Doses, and After
e TF Magnet Com;onenta, One Year After Reactor Shutdown(a

Data are for entire magnet, 12 TF coils, of STARFIRE reactor.

Contact
Radioactivity Biologicsl o Afterhe
Volume Weight curiles ci/nd Dose ecay srheats

_Reactor Component (n3) (tonne) (x 106) (x 106) (rem/hr) | (MW/n3) (M%) (Btu/hr)
IMAC-DWR PFe 1422 | 8.80E+00| 6.99E+01 |3.54E-04 | 4,02E-05 | 1.59+00 | 2.708-08! 2,38E~07 | 8.12E-01
OMAG-DMR~-Fe 1422 | 1.238+02| 9.74E+02 | 1.62E-07| 1.326-09 | 3,18E~05 | 6.25E-13| 7,69E~11 | 2,632-04
IMAG-HET 304 SS 1,51E+01| 1.19E+02 | 2,108-04] 1,39E-05 | 3,72E-01 | 6,89E~09| 1,04E-07 | 3,55E-01
OMAG-1IET 304 SS 1,288+021 1.008+03 | 1,228-07{ 9,57E-10 | 1,23E-05 |} 3,06E-13{ 3,92E~-11 | 1,34E-04
IMAGNET] Copper 6.55E+00) 5,86E+01 | 1,23E-06| 1.888-07 | 4.398-02 |6,18E-10]'4,05E-09 | 1,38E-02
Nb3Sn 6.838-01| 5.41E+00 | 1.51E-06] 2,21E-06 | 1,88E~03 |3,77E-11] 2,57E-11 | 8,77E-05
G-10 6.26E-01 1.18E+00 | 1.81E-14| 2,898~14 ;, 0,0 3.22E-18| 2.02B-18 | 6.90e-12
IMAGNET2 304 SS 2.54E401 | 2.00E+02 | 2,84E-07} 1,12E-08 | 5.20E-05 |2,46E-12| 6.258-11 | 2,13E-04
Coppear 1,24E4+01§ 1,11E4+02 ;3,358-09) 2,71E-10 | 6,3BE~05 |8,99E-13] 1.11E-11 | 3,79E-05
NbT1 9.37E-01] 6,04E+00 | 2,40E-09] 2.57E-09 | 9.62E-06 |2,52E-13] 2,36E-13 | 8,06E-07
G-10 2.82E+00 | 5,31E+00 | 1.20€-15] 4.27E~-16 | 0,0 4,75E-20| 1,34E~-19 | 4.57E~-13
OMAGNETL 1304 S§S 4,76E+01 | 3,758+02 | 1,.888-081 3,958~10 | 1,19E-06 |7.87e-14| 3,75E-12 | ]1,28E-05
Copper 5.53E+01 | 4,94E4+02 | 2,70E-10| 4,.88E~12 1.095-06 |[1,54E-14 | 8.52E-13 | 2.91E-06
Nb3Sn 5.76E+00 | 4,56E+01 |5.956-09 | 1.03E-09 | 8,958-07 11,70E-14| 9,79B~14 | 3,34E-07
G-10 5.27E+00 | 9.926+00 | 8.86E-17 | 1,68E~17 | 0,0 1.878-21 | 9.85E~21 | 3,36E~14
OMAGNET2 Copper 1.04E+02 | 9,33E+02 | 1.40E~12 | 1,34E~-14 | 3,12E-09 4.39E~-17 ! 4,57B~-15 | 1.56E-08
304 SS 2,14E4+02 | 1,69E+03 | 9.63E~10 | 4.49E-12 | 4,B8BE-09 |7.87E-16| 1.68E~13 | 5.74E-07
NDLT1 7.90E+00 | 5.10£+01 @ 4.99:-12 | 6,31E-13 | 3,72E-09 (9,50E~17 | 1.70E~16 |5.80E~10
G~-10 2.38E+01 4.488+01‘%4.65E-1Bi 1.956~-19 | 0.0 2,18E-23 5,19E-22 | 1,77E-15
Total :9.3OE+03§ 6.24E+03 .5.773-042 - ; 2.04E400 - { 3..508-07! 1. 19E+00

Average radioactivity level = [5.77 x 10~%4)(106)¢103)]/(6.24 x 109)

‘ = 9 x 10-5 millicuries/graa .
(a)

621
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For each magnet section, the shipping crate with
appropriate supports is estimated at 2.5 m (8.1 ft) x 1.9 m (6.3 ft) x
1.2 m (3.9 ft), with a volume of about 5.6 m3 (200 ft2). The metal
shavings generated during the dismantling operations and weighing approxi-
mately 4540 kg (10,000 1b) will require fifteen, 0.2 a3 (55 gal) druams,
assuning a settled material demsity of about 1602 kg/m> ( 100 1b/ft3)
and allowing about 10Z freeboard volume in each drum. These metal

shavings would not present any pyrophoricity problems.

3.4.4.2 Sripping

The following guidelines have been used as obtained
from industry sources [TRUCK-TRAILER] and GA specialists [BURGOYNE]
familiar with radioactive shipments:

1. A practical cargo weight of 22,680 kg (50,000

1b), including the weight of the container.

This 1s based on a maximum gross vehicle weight
of 36,300 kg (80,000 1b)* with a practical

gross vehicle weight of 35,400 kg (78.000 1b).*
In the current study, up to 454 kg (1000 1b) has
been allocated per package for the weight of the
wooden container and accessories needed to

secure the box to the trailer bed.

2. Truck shipments must be no greater than 2.6 m
(8.5 ft) high x 2.4 m (8 ft) wide x 10.7 m
(35 ft) long. Though this provides considerable
flexibility, the two waste packages would be
positioned in such a manner as to obtain a

uniform loading on the truck/trailer bed.

These guldelines and the relatively low radioactivity
levels of the magnet components (see Table 3.13) permit them to be cate-
gorized as low specific activity (LSA) materials and allow them to be

*In Missouri and Illinois the maximum gross vehicle weight is 33,200 kg
(73,000 1b), with a practical gross vehicle weight of 32,300 kg (71,300 1b).
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packaged very modestly, e.g., in relatively inexpensive wooden containers

[49 CFR 173]. Some of the important requirements for the LSA categori-

zation and minimal packaging requirements include the following:

1.

4.

A (8ole) exclusive use, closed vehicle will be

used for tramsport.

There will be no loose, removable surface

contamination.

The average radioactivity concentration must be
less than 0.001 millicuries/g; as indicated in
Table 3.13, the magnet's average radioactivity
is less than 1/10 this value. Also, although
not applicable to the STARFIRE magnets, the
contribution from Group I (actinides) materials
must be less than 1% of the total radioactivity.

The dose levels must be less than:

a. 1000 mrem/hr, at 0.9 m (3 £t) from the
external surface of the package,

b. 200 mrem/hr, at any point on the external
surface of the vehicle,

c. 10 mrem/hr, at any point 2 meters (six feet)
from the vertical planes projected by the
outer lateral surface of the vehicle, and

d. 2 mrem/hr, in any normal occupied position
in the vehicle.

Thus, in theory, packaging is not required for shipping; however, it is
required for land burial [10 CFR 61].

The above criteria established the size of the TF

coil (magnet) sections to be used for shipping and land burial, and
dictate the size of the pieces to be handled during storage. Though half

the number of pieces (i.e., 24 tons each, twice the specified weight)
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might have been handled, this approach was rejected in favor of the
lower, more conventional, weight; this could provide better balance on
the truck, more convenient handling at the reactor and the land burial

site, etc.

Most of the activity present in the STARFIRE magnet
components, i.e., the specific isotopic radioactivity (Ci/cc) for the
various magnet components, are of the soft beta type whose energies can
readily be stopped by thin aluminum sheets (less than 1/8 in.). Such
aluminum sheeting could be incorporated in the packing crates with no
significant increase of the cost estimates; however, such measures will
not be necessary for the direct disposal option. However, for the
disposal of high-activity portions of the magnet required in the previous
two options, thin metal shielding may be necessary. It is pointed out
that no shielding analyses were carried out in this regard, especially to
examine the decay chains for the existence of more penetrating gamma
radiation. Estimates by a shielding specialist [SU] at GA suggest that
the contact dose of the magnet sections should be reduced by a factor of
2 to 5 for distances of 0.9 m (3 ft) from their surfaces. Radiation
attenuation by distance should permit attainment of regulatory dose

limits.

For the nominal 560 packages to be shipped to the
waste burial location, there would be two trucks loaded daily, each
containing two magnet packages. Thus, four packages would be shipped
dajily (28 per 7 day week), so that about 20 weeks would be needed for the
shipment of magnet waste to the burial site. An additional, single truck
shipment would be needed to accommodate transport of the fifteen, 0.2 m3
(55 gal) drums, containing the estimated 4540 kg (10,000 1lb) of waste
metal shavings. Commensurate with studies carried out for land disposal
of radioactive waste [NUREG], it is assumed that the disposal site is
400 miles away and the radioactive waste 1s processed at the site on a
first—come, first—-served basis. It is further assumed that the waste is
removed from the truck in less tham one day, i.e., unloaded directly into
a waste trench after temporarily waiting (hours) or unloaded at a tem-
porary storage area for later trench loading. For 24-hour travel, at an
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average 35 miles/hour, a round trip would take less than 2 days, so that
about 4 trucks would be in use, at any one time. Two drivers are used
per truck, incurring an added shipping cost, to permit vehicle travel for
24 hours/day.

Conceptually, two magnet sections are packaged
each morning and two magnet sections are packaged each afternoon, but any
of the four shipments can be initiated at any time of the day whenever a
truck is available. The one week's storage, operating on a 7 day/week
schedule, is included to accommodate temporary operational problems (up

to several days).

3.4.4.3 Disposal

Waste materials from the STARFIRE magnets will be
buried accordingly to the proposed criteria specified by [10 CFR 61},
under detailed procedures described in [NUREG].

The amcunt of waste to be generated is about 5.6 m3
(200 £t3) per package or about 3,136 m3 (110,750 ft3) from the entire
magnet. Additionally, less than 4 m3 waste volume will be disposed of
as metal shavings from the dismantling operations. Waste packages from
the TF coil, buried over about a 20 week period, represent a little more
than 6% of the annual volumetric capacity of a typical, land waste dis-
posal facility intended to operate for 20 years [NUREG]. The typical
trench size, expected to be about 180 m (591 ft) long, 30 m (100 ft) wide,
and 8 m (26 ft) deep, will easily accommodate the expected waste shipments
from the STARFIRE magnet. The density of the magnet waste packages may
Jjustify special handling procedures by the operator at the waste disposal
facility, e.g., to load them at the bottom of the trenches to preclude

damage to other waste disposal containers.

Radioactivity concentrations of each isotope in
each magnet components, as defined by ANL [BAKER], were examined and
compared with allowable radioactivity concentrations [10 CFR 61] to
determine its waste disposal category. As defined in the proposed
regulation, for a mixture of radionuclides, the sum of the fractions
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obtained by dividing each nuclides concentration by the appropriate limit
must not exceed 1.0, to permit the waste to fall into that specific
clasgification (see Section 2.3.1). The isotope distribution of the
radioactivity concentration in the TF magnet components is given in Table
3.14. The table shows that if the components were buried separately,
they will all qualify for Class A shallow land burial. It is worthwhile
pointing out that the "B" classification imposes no penalties (economic
or otherwise) on its waste burial, other than a reuqirement for greater
stability (than Class A waste), and this criterion is easily met by the

characteristics of the magnet waste.

As mentioned previously, one day has conservatively
been assumed for the waste to be handled at the disposal site. This can
occur either by direct transfer of the magnet waste from the truck to the
trench after a temporary waiting period (hours) or by waste unloading and
storage at the burial site in the event of a large backlog of other

customers, maintenance, or other problems at the site.

The waste, including its container, is buried at
one of the site's trenches with complete location identification, records,

etc., as required by the regulations [10 CFR 61].

3.4.5 Cost Estimate

Table 3.15 summarizes the costs associated with the waste
disposal alternative for the irradiated TF coils from a STARFIRE fusion
reactor after decommissioning. The total cost of this option is $3.43
million, in 1982 dollars. This is equivalent to about $1100/m3 ($31.00/

ft3) of waste.

Shipping container costs are estimated at $1400 ($1800 for a
box with aluminum shielding) for each large magnet section. The cost for
the 0.2 m3 (55 gal) (lined) containers is about $26 [RAPPAPORT] each

and one man-hour (v$50) is assumed to load and secure each drum onto a

shipping carrier.



Table 3.14. Isotopic Distribution of the Radioactivity Concentration in the Magnet Components (Ci/m3)

Proposed 10CFR61
Maximum Radioactivity

Magnet Component Concentrations(2

Vacuum llelium : Copper G-10CR
Nuclide Vessel Vessel Nb4qSn Coil NbTi Coil Stabilizer Insulation CTlass A Class B CIalq_!;
c-14 9.3 x 1074 7.9 x 104 - - -— 4,9 x 1078 g0 80 80
Ca=45 - 6.1 x 1073 - 1.5 x 103 -— - - - -
Sc~46 - 2.3 x 10™3 - 3.0 x 10~6 -— — - - -
v-49 4.3 x 1073 8.4 x 1072 -— - —-— -— - - -
Cc-51 1.1 x 1073 4.1 x 103 — - - -— - - --
Mi=53 1.1 x 1076 2,1 x 1077 -— - - -— - -- -
Hﬂ"sl’ 6 . 5 0 * 46 —— - - L ad - - -
Fe=55 13.5 127.0 -— — ' - — - - -
Fe-59 3.7 x 1073 - - -— - - -- - -
Co-57 9.4 x 1072 - -— - -~ — - - -~
Co-58 4.2 x 1072 - -- - - - - - -
NI=59 9.1 x 10~5 2.6 x 1074 - - - - - 220 220 220
NL-63 | 0.12 0.35 -— - 0.19 -— 35.0 700 7000
2¢-93 — - 3.69 x 107 -— - - -~ - --
Zr-95 - 3.9 x 107 — - - - — - - -
NL=93m — 4.5 x 10™3 0.65 5.0 x 10™3 — - - - -
Nb-94 - 5.4 x 10~8 0.0145 1.8 x 10~% -— - 0.2 0.2 0.2
NL=95 - 8.8 x 10-4 -— — - - - - -
Mo=93 - 0.19 - - - -— - - -
Tc~99 -— 8.8 x 10°3 - e — - 3.0 3.0 3.0
sn-123 -— - 0.11 - - - - - -=
Sb-125 - - 0.32 — - - -- - -

(a)Activities without values do not have to be considered in assigning waste class. Such nuclides are
Class A wastes.
(b)

There are no limits for these nuclides in Class B or C wastes.
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Table 3.15. Costs Associated with Handling the Waste From a
Fusion Reactor's Superconducting Magnets for
Ultimate Burial

Costs per Reactor [$ x 106 (1982)]

Item Direct Waste Disposal
Reactor Dismantling? 0.90
Cooling and Storageb 0.0
Shipping Containers® 0.84
Shippingd 0.36
Buriald 1.33
TOTAL 3.48

Includes costs for cutting and removing magnet sections
from the reactor and transferring them to the storage area.

byo cooling or storage costs; requirements assumed availa-
ble in maintenance building.

CIncludes cost for crate fabrication, waste packaging at
the rezctor or handling facility, and loading and securing
the large magnet waste packages and 55-gal drums containing
metal shavings onto the shipping vehicle.

dFrom [BARNWELL].

The shipping costs [NUREG], based on $1.14/round trip mile,
are suitable for any one way distance between 400 and 1000 miles. There
i an additional cost of $0.15/mile for a second driver as well as a fuel
surcharge of 152 of the basic charge; an average fuel consumption rate of
6 miles/gallon is used in their calculations. It 1s assumed that truck
weights are kept within legal limits so that overweight charges or

overweight permit fees are not required.

Waste burial costs are a one time charge and currently are

$12/£t3 or $424/m3 [BARNWELL;.

The summary in Table 3.15 shows that a large portion (25X) of
the disposal costs is related to the shipping containers. This cost also
includes packaging, loading, and securing the waste onto the vehicle at
the reactor site. This estimate deserves a more detailed analysis; thisg,

in turn, requires a more definitive shipping container design.



APPENDIX A

Conversion of Decay Gamma Source to Dose

Determination of biological dose for each piece of reactor components is
extremely difficult because of the varieties of the component sizes and
shapes. An attempt is, therefore, made to provide a standardized technique of
dose evaluation which is possibly independent of size and shape of test piece

handled during radwaste management.

Figure A.l shows the surface dose dependence of the four candidate alloys
as a function of source size based on a one-dimensional spherical model. The
transport calculation was performed by ANISN using a unit strength of
1 photon/cm3-s for the uniformly distributed source. The dose conversion from
the resulting surface flux is done based on the Clairborne and Trubey method
[CLAIRBORNE] for photons normally incident on a 30-cm thick slab phantom. It
is seen that all of the alloys examined exhibit a more or less identical trend
on the surface dose variation, showing a quick dose saturation with test-piece
volume. In fact, the contact biological dose for soft gamma-ray source does
not show any appreciable variation with test-piece volume as clearly illus-
trated in Fig. A.2. Such a trend toward small variation with volume stems
from the well-known characteristic of the self-shielding of gamma rays by the
source materials themselves. The self-shield effect is particularly strong in

high-Z materials as shown in Fig. A.l.

The results presented in Figs. A.l and A.2 indicate that the biological
surface dose is not overly sensitive to the size of the pilece to be handled.
In addition, the fact that the dose level tends to saturate for a reasonably
large volume suggests a possibility of deriving an upper-~bound dose estimate
without going into details of the geometry of pieces to be handled.

The impact of gamma-ray source volume upon the surface dose is also
examined by using a one-dimensional slab model and the result is shown in Fig.
A.3. It appears that the trend of dose saturation is much more rapid than
that of the spherical model previously studied, due to the presence of an
infinite amount of test-piece materials in the present slab model. Also shown
in Fig. A.3 is the case of 1-m diameter sphere for the sake of comparison. It
is found that there is no appreciable difference in the saturated dose (for a
reasonably large test piece) between the two geometrical models.
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Table A.l lists the factors to be used for converting the gamma-ray
source strength to the surface dose for typical fusion reactor materials. The
factors have been derived based on a 1-m diameter sphere, and correspond to
conversions from 1 photon/cm3-s to rem/h. The upper energy boundaries of the
six groups are (starting from Group 1) 2 MeV, 1.5 MeV, 1 MeV, 0.4 MeV, 0.2
MeV, and 0.1 MeV. The lower bound of Group 6 is 0.0l MeV.
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APPENDIX B

Summary of Activation Analyses for First-Wall/Blanket Designs

(Tables B-1 through



Table B.l.

Radwaste Analysis for the Lithium/PCA Blanket Design

Radioactivity Concentration of Blanket Components (MCi/m3)

Time After Reactor Shutdown
Blanket
Component 0 1d 1 mo ly 5y 10 y 50y 100y | 500y {1000 y
1ST WALL PCA -<| 3.52E402 | 2.68€+02 ] 2.326402 | 1.32€+02 | ¢.33E+401 | 1.20E+01 | 4.43E-02 i 2.85€~02 | 8.87€-03 | 5.69E-03
IBLANKET PCA -=1 1.136+402 | 8.24€+01 | 7.10E+01 | 4.06E+01 | 1.26E+01 | 3.51E+00 | 1.67E-02 ] 1.17E-02 } 4.70E-03 | 3.13€-03
OBLANKET PCA --} 8.00E+01 | 5.76E+01 ] 4.95E+01 | 2.81E+01 | 8.72E+00 | 2.43€+00 | 1.226~02 | 8.62€~-03 | 3.50E~03 2.34E-03
REFLECTR PCA =} 1.45e+01 } 5.64E+00 | &.37E+00 | 2.21€+00 { 6.79E-01 ] 1.S8E-01 | 1.19€-02 | 8.54E-03 | 1.46E-03 | 7.97E-04
GRAPHITE--} 2.50£-08 | 2.50€-08 | 2.505-08 | 2.50E-08 | 2.49E-08 } 2.49E-08 | 2.48E-08 | 2.47E-03 | 2.35E-08 | 2.21E-08

IBLK~JKT PCA --} 2.946+01 ] 1.938+01] 1.63E+01 ) 8.90€+00 | 2.736+00 | 7.626-01 | 6.86%-03 | 5.56E-03 | 3.03E-03 | 2.09€-03
OBLK-JKT PCA --} 7.10E+00 | 2.42E+00 | 1.85€+00 ! 9.35E-01 | 2.89E-01 | 8.52E-02 | 5.96E-03 | 4.26E-03 | 6.77E-04 | 3.60E-04
HEADER PCA -~1 6.03E+00 | 1.55E+00 ] 1.21E+00 | 6.082-01 ] 1.84E-01 ] 5.25E-02 | 1.82E-03 | 1.36E-03 | 3.73E-04 | 2.33E-04

1ST WALL: First wall

OBLANKET: Gutboard blanket

IBLK~JKT: Inboard blanket jacket

HEADER: Coolant manifold header

IBLANKET: Inboard blanket

REFLECTR: Neutron reflector

OBLK-JKT: Outboard blanket jacket

(4!



Table B.2. Radwaste Analysis for the Li/Ti6A14V Blanket Design

Radioactivity Concentration of Blanket Components (MCi/m3)

Time After Reactor Shutdown

Blanket
Component 0 14d 1 mo ly 5y 10 y 50 y 100y | 500 y | 1000 y
T

18T HALL TIGALGY --| 8.51E+01} 5.82E401; 1.98t+01 | 2.93e+00 | 1.99£-02 | 2.67E-03 ! 1.55E-04 . 1.14E~04 | 2.84E~05 | 2.05E-05
IBLANKET TIGALGV --] 3.14E+401] 2.07E401§ 6.99E+00 | 9.66E-01 | 5.02E-03 | 8.45E-04 | 7.21E-05 ; 5.356-05 | 1.42E-05 | 1.01E-05
OBLANKET TI6ALAV --| 2.27€E+01] 1.48E+01| 5.00E+00 { 6.82€-01 | 3.38€-03 { 5.93E-04% | 5.44E-05 | 4.03E-05 | 1.06€-05 | 7.58¢E-06
REFLECTR TIGALGV --| 3.86E+00 | 1.61E+00| 5.47E-01| 6.66E-02 { 2.77E-0% | 5.93E-05 | 1.22E-05 | 9.61E-06 | 3.68E-06 | 2.81E-06

GRAPHITE-=] 1.96E-08 | 1.96E-08] 1.96E-08 | 1.96E-08 | 1.96E-08 | 1.96E-08 | 1.95E-08 | 1.94E-08 | 1.85E~08 | 1.74E-08
IBLK=JKT TIGALGV --] 9.76E400 | 5.90E+00] 1.99E+00 { 2.63c-011] 1.18€-03 | 2.22E-04 | 2.90E-05 | 2.25E-05 | 7.95€-06 | 5.79E-06
0BLK=-JKT TI6AL&V --] 1.82E+00 | 7.25€~01{ 2.46E-D1| 2.98E-02 | 1.23E-04 { 2.68E-05 | 5.79E-06 ] 4.54E~06 | 1.73€-06 | 1.31E-06
HEADER  TI6AL4V --] 1.29E+00 | 5.56E-011 1.88E-01| 2.29E-02 | 9.31E-05 | 1.98E-05 | 4.07E-06 | 3.18E-06 | 1.17E-06 | 8.70E-07

1ST WALL:
OBLANKET:
IBLK~JKT:
HEADER:

IBLANKET
REFLECTR
OBLK-JKT

First wall

Outboard blanket
Inboard blanket jacket
Coolant manifold header
Inboard blanket
Neutron reflector
Outboard blanket jacket

€-d



Table B.3. Radwaste Analysis for the 1i/V15Cr5Ti Blanket Design

Radioactivity Concentration of Blanket Components (MCi/m3)

Time After Reactor Shutdown
Blanket

™
1

Component Y 1d 1 mo ly © S5y 10 y 50 y 100y | SO0y 11000 vy

{
15T WALL VISCRSTI--] 1.03£+402 | 4.18E+01 ; 2.06E+01 | 4.29E+00 | 1.96E-01 | 5.59E-03 !9.28E-05 |8.16E-05 | 7.37E-~05 | 6.71E-05
IBLANKET V15CR5TI--| 4.70E+07| 1.08E+01 ! 4.67E+00 | 5.94E-01| 2.65E-02 | 1.03E-03 | 5.28€-05 |4.49E-05 | 4.06E~05 | 3.70E-05
OBLANKET VISCRSTI--| 3.66E+01] 7.32E+00 | 3.10€+00 | 3.43E-01 | 1.51E-02 { 6.50E~04 | 4.00€-05 |3.41E-05 | 3.08E~05 | 2.81E-05
REFLECTR VASCRSTI--| 3.58E+01 | 9.68E-01] 4.45£-01 | 2.53E-02 | 6.71€-04 | 5.976-05 | 1.81E-05 | 1.67€-05 | 1.52E-05 { 1.40e-05

GRAPHITE--] 2.17E-08 | 2.176-08 | 2.176-08 | 2.17€-08 | 2.17€-08 | 2.17E-08 | 2.16E-08 | 2.16E-08 | 2.046E~08 | 1.92E-08
IBLK-JKT V15CR5TI--} 2.69E401 | 2.50E+00 | 1.02E+00 | 8.57€-02] 3.57E-03 | 2.23¢-04 | 3.00€-05 | 2.47E-05 | 2.21E~05 | 2.00E-05
DBLK~JKT VISCRETI--| 1.81E+01] 4.62E-01] 2.11E-01] 1.34E-02 | 2.76E-04 | 2.62E-05 [ 8.26E-06 | 7.59E-06 { 6.91E-06 | 6.36E-06
HEADER V15CR5TI-J 9.69e+00 | 2.82E-01] 1.316-01] 8.78E-03 | 2.02E-04{ 1.77E-05 | 4.50E-06 { 4.11E-06 [ 3.73E-06 | 3.41E~06

1ST WALL: First wall

OBLANKET: Outboard blanket
IBLK-JKT: Inboard blanket jacket
HEADER: Coolant manifold header
IBLANKET: Inboard blanket
REFLECTR: Neutron reflector
OBLK-JKT: Outboard blanket jacket

y-d



Table B.4.

Radioactivity Concentration of Blanket Components (MCi/m3)

Radwaste Analysis for the 1i/A1-6063 Blanket Design Radioactivity

Time After Reactor Shutdown

Blanket
Component 0 14 1 mo 1y 5y 10y | soy | 100y | 500y | 1000y
]
]
ST HALL AL6063 =~-| 1.25E+021] 2.34E+01] 5.15E-01 | 3.03E-01 | 7.68E-02 | 2.06E-02 | 7.605-04 | 5.34E-04 7 .35e-0 -
IBLANKET AL6063 --| 5.10E+01 [ 8.73€+00 | 1.66E-01 | 9.69E-02 | 2.426-02 | 6.63-03 | 3.536-06 | 2.456-04 zisgg-og ?2%&-3?
OBLAMKET AL6063 ==| 3.74E+01 | 6.29E+00| 1.16E-01 | 6.786-02 | 1.69E-02 | 4.65€-03 | 2.69£-04 | 1.86E-06 1.80E-05 | 9.58E-06
REFLECTR AL6063 --| 6.48E+00 } 7.13e-01] 1.07E-02 | 5.91E~03 | 1.45E-03 | 4.20E~04 | . 37E-05 3.0CE-05 | 2.00E-06 | 5.92e-07
GRAPHITE=~| 1.66E-08 | 1.66E-08| 1.66E-08 | 1.66£-08 | 1.66E-08 | 1.66E-08 | 1.65€-08 | 1.64E-08 1.56£-08 | 1.47e-08
IBLK-JKT AL6063 --1 1.77E+01] 2.63E+00] 4.34E-02 | 2.50€-02 | 6.14E-03 ] 1.726-03 | 1.29€-04 8.91€-05 | 7.13E-06 | 3.01E~06
OBLK=JKT AL6063 -~} 2.9%E+00 | 3.23E-01] 4.88E-03 | 2.676~03 | 6.56E-04 | 1.93e-04 | 2.20E-05 1.51€-05 19.76E-07 | 2.64E-07
HEADER  AL6063 ~--| 2.32E+00 | 2.55E-01] 3.76E-D3 | 2.06E-03 | 5.04E-04 | 1.49E-04 | 1.73E~05 | 1.19€-05 7.66E-07 | 2.08E-07
1ST WALL: First wall
OBLANKET: Outboard blanket
IBLK~JKT: Inboard blanket jacket
HEADER: - Coolant manifold header
IBLANKET: Inboard blanket
REFLECTR: Neutron reflector
OBLK-JKT: Outboard blanket jacket



Table

B.5. Radwaste Analysis for the Li/PCA Blanket Design

Contact Biological Dose of Blanket Components for 1-m diameter sphere (rem/h)

Time After Reactor Shutdown

Blanket ]
Component 0 1d 1 mo ly 5y 10y | 50y 100y | 500y {1000 y
|
1ST WALL PCA --| 4.15e+07 | 1.48E+07 | 1.18€+07 | 4.216+06 | 1.43€+06 | 7.09E+05 | 3.58€+03{ 8.49€+00 | 3.46E+00 * 3.23E400
IBLANKET PCA --1 1.44E+07 ] 5.11E+06 | 4.07E+06 { 1.31E+05 | 4.326+05 | 2.14E+05 | 1.08£+03 | 3.38E+00 | 1.81E+00 | 1.68€+00
OBLANKET PCA --| 1.04E+07 | 3.65E+06 | 2.90E+06 | 9.21E+05 ! 3.0716+05 | 1.49£+05 | 7.51E+02 | 2.47E+00 | 1.37€+00 | 1.28E+00
REFLECTR FCA --1 2.90E+06 | 3.83E+05 | 2.94E+05 | 7.79E+04 | 2.25E+0% | 1.10E+06 | 5.59E+01 ) 6.07E-01} 5.00E-01 | 4.68E-01
GRAPHIYE-~) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

IBLK~-JKT PCA -~ 4.25E+06 | 1.31E+06 | 1.03E+06 | 3.07E+05 | 9.54E+06 | 4.706+06 | 2.386+02 | 1.49€+00 | 1.09E+0Q | 1.00E+00
0BLK~-JKT PCA --| 1.50E406 | 1.60E+05 | 1.22E+05 | 3.21E+04 | 9.20E+03 | 4.50E+03 | 2.29¢€+01] 2.756-01} 2.30€~01 | 2.15E-01
HEADER PCA --| 8.24E+05 | 1,12E405 | 8.62E+04 {2.29€+0% |6.60E+03 | 3.23E+03 { 1.64E+01 ] 1.736-01] 1.42E-01 | 1.33E-01

1ST WALL: First wall

OBLANKET: Outboard blanket

IBLK-JKT: Inboard blanket jacket

HEADER: Coolant manifold header

IBLANKET: Inboard blanket

REFLECTR: Neutron reflector

OBLK-JKT: Outboard blanket jacket



Table B 6.

Radwaste Analysis for the Li/V15Cr57Ti Blanket Design

Contact Bilological Dose of Blanket Components for l-m diameter sphere (rem/h)

Time After Reactor Shutdown

Blanket
Component 0 1d 1 mo ly 5y 10y 50 y 100y | 500 y | 1000 y
1ST HALL VISCRSTI-~{ 2.40E+07 | 9.31E406 | 3.34E+06 | 1.48E+06 | 6.81E+04 | 1.51E+03 | 4.81E-01 | 2.55E-01 | 2.51E-01 | 2.46E-01
1BLAMKET V1I5CRSTI--| 1.19E+07 | 2.42E+06 | 5.236405 | 1.99E+05 | 8.87E+03 | 2.05E+02 | 3.08E-01 | 2.36€-01 | 2,32E-01 |2.28E-01
OBLANKET VISCRSTI~=] 9.39E+06 | 1.65E+06 | 3.18E+05 | 1.136+05 | 4.99E+03| 1.17E+402 | 2.39E-01 | 1.839E-01 | 1.86E-01 | 1.32E~01
REFLECTR VISCRS5TI--] 1.09€+07 | 1.61E+05 | 4.27E+404 | 7.94€+03 | 2.00E+02 | 5.15E+00 | 1.06€-01 | 1.01E~01 | 9.99E-02 ] 9.81€-02
GRAPHITE--| 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 8.0

IBLK~JKT VISCRSTI-~| 7.69E+06 | 5.66E+05 | 9.29E404 1 2.73E+06 | 1.12E+03 ] 2.76E+01 | 2. 12€-01 | 1.94E-01 | 1.91E-01 { 1.88€~01
OBLK-JKT VI5CR5TI--] 5.55E+406 | 7.56E20¢ | 2.416+04 | 4.106+03 | 8.13€+01{ 2.10E+00 | 4.65E~02 | 4.46E-02 | 4.39E-02 | 4.32E-02
HEADER  V15CRSTI~-] 2.95€+06 | 5.31E404 | 1.52E404 | 2.70E+03 ] 6.03E+01| 1.56E+00 | 2.67€-02 | 2.53E-02 | 2.50E-02 | 2.45€-02

1ST WALL: First wall

OBLANKET: Outboard blanket

IBLK-JKT: Inboard blanket jacket

HEADER: Coolant manifold header

IBLANKET: Inboard blanket

REFLECTR: Neutron reflector

OBLK-JKT: Outboard blanket jacket

A"



Table B.7. Radwaste Analysis for the Li/Ti6A14V Blanket Design

Contact Biological Dose of Blanket Components for 1-m diameter sphere (rem/h)

Time After Reactor Shutdown
Blanket

Component 0 14 1 mo ly 5y 10y 50 y 100y | 500y |1000 y

1ST WALL TIGALGV -~ ] 4.85€+07 | 3.16E+07 | 7.206+06 | 5.31E+05 | 3.79£+03 | 3.90E+02 | 6.48E+00 | 4.83E+00 | 4.33E+00 | 4.87E+00
IBLANKET TIGAL4V —- | 1.85£+07 | 1.18E+07 | 2.68£+06 | 1.83E+05 | 6.25E+02 | 1.20£+02 | 1.87E+00 | 1.32E400 | 1.32E+00 | 1.32E+00
OBLANKET TI6AL4V -- ] 1.36E+07 | 8.55€+06 | 1.96E+06 | 1.31€+05 | 3.80E+02 | 8.32E+01 | 1.30E+00 { 9.02E-011 9.01E-01] 9.00E-01
REFLECTR TIGALGV --| 2.09E+06| 9.86E+05 ] 2.37€+05 | 1.57€+04 | 2.39€+01 | 7.90E+00 § 9.09€-02 | 5.23-02 | 5.226-02] 5.20E-02
GRAPHITE--] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IBLK-JKT TI6AL4V —-| 5.76E+06] 3.50€+06 | 7.95E+05 | 5.30E+04% | 1.11E+402 | 3.12E+01 | 4.26E-01 | 2.76E-01] 2.756-01] 2.74E-01
OBLK-JKT TI6ALGV --] 9.70E+05| 4.42E+05| 1.07E+05 | 7.08E+03 | 1.04E+01 | 3.52E+00 | 4.02€-02 | 2.30E-02{ 2.29E-02] 2.28€-02
HEADER  TIGALGYV --] 6.99E+05] 3.39E+05) 8.16E+06 | 5.38E+03 | 8.01E+00 | 2.71E+00 | 3.10E-02 | 1.77€-02} 1.76E-02] 1.76E-02

1ST WALL: First wall
OBLANKET: Qutboard blanket
IBLK-JKT: Inbcard blanket jacket
HEADER: Coolant manifold header
: Inboard blanket
REFLECTR: Neutron reflector
¢ Outboard blanket jacket

8-d



Table B.8.

Radwaste Analysis for the Li/A1-6063 Blanket Design

Contact Biological Dose of Blanket Components for 1-m diameter sphere (rem/h)

Time After Reactor Shutdown
Blanket
Component 0 1d 1 mo ly 5y 10y 50y 100y 500y [1000 y
18T HALL AL6063 --| 1.27e+08 | 3.24£+07 | 8.32E404 | 3.68€+04 | 3.10E+03 | 1.06E+03 | 7.79€+01 } 7.30€+01 {7.30€+01] 7.30E+01
ISLANKET AL6063 ~--| 5.01E+07 ] 1.21E+407 | 2.852+04% | 1.26E+04 } 1. 156403 | 4. 13E+02 | 2.21£+01 | 2.01E+01 | 2.01€+01| 2.01E+01
OBLANKET AL6063 ~-] 3.64E+07 | 8.75e+06 | 2.03E+04 |8.94E+03 | 8.32E+02 | 3.00£+02] 1.526+01 ] 1.38E+01 | 1.37E+01] 1.37E+01
REFLECTR AL6063 --] 5.73c+406] 9.85¢+05 | 1.996+03 | 8.63€+402 | 9.26E+01 | 3.55€+01{ 9.92E-01 | 8.19e~01 | 8.19E-01] 8. 18E-01
GRAPHITE--] 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IBLK-JKT AL6063 ~-] 1.67E+07 | 3.66E+06 | 7.99£+03 | 3.52g+403 | 3.45£+402 | 1.27E+02 | 4.88E£+00 | 4.27€E+00 | 4.27E+00| 4.27E+00Q
OBLK=-JKT AL6063 ~--] 2.62E+06| 4.G5E+05 ] 9.12E+02 | 3.99€+02 | 6.21E+01 ) 1.61E+401 } 4.492E-01 | 3.63E-01 | 3.63E-01} 3.63E-01
HEADER  AL6063 --] 2.04€+06| 3.52£+05 | 7.16E+02 | 3.10£+02 | 3.33c+01 | 1.28E+01 ] 3.47e-01] 2.855-01 | 2.856-01] 2.85E-01
1ST WALL: First wall
OBLANKET: Outboard blanket
IBLK~JKT: Inboard blanket jacket
HEADER: Coolant manifold header
IBLANKET: Inboard blanket
REFLECTR: Neutron reflector
OBLK~JKT: Outboard blanket jacket

6-4



Table B.8.

Radwaste Analysis for the L1/A1~-6063 Blanket Design

Contact Biological Dose of Blanket Components for 1-m diameter sphere (rem/h)

Time After Reactor Shutdown

Blanket
Component 4] 1d 1 mo ly 5y 10 y 50 y 100y {500y {1000 ¥y
1ST HALL AL6063 -=| 1.27E+08 | 3.24E+07 | 8.32E+0% | 3.68E+04 | 3.10E+03 } 1.06E+03 | 7.79E+01 | 7.30E+01 |7.30E+01] 7.30E+01
IBLANKET AL6063 -~ 5.016+07 | 1.21E+07 | 2.85E+04 | 1.26E+06 | 1.15E+403 { 4. 13E+02 ) 2.21E+01 | 2.01£+01 {2.01£+01} 2.07E+01
OBLANKET AL6063 -~} 3.6GE+07 | 8.75E+06 | 2.03E+04 } 8.94E+03 | 8.32E+402 | 3.00E+02 ] 1.52E+01 ] 1.38E+01 } 1.37E+01] 1.37E+01
REFLECTR AL6063 ~~} 5.73E+06{ 9.85E+05 ) 1.99E+03 [8.63E+02 |{ 9.26E+01 | 3.55E+01{ 9.92E~01} 8.19E-01 {8.19e~-01] 8.18E-01
GRAPHITE~~{ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

IBLK~JKT AL6063 ~-§ 1.67E+07 | 3.66E+06 | 7.95E+03 | 3.52E+03 | 3.45€+02 | 1.27E+02 | 4.88E+00 | 4. 27E+00 | 4.27E+00] 4.27E+00
OBLK-JKT AL6063 --] 2.62E+406) 4.45E+405 | 9.12E+02 | 3.94E+402 1 4.27E+01 | 1.61E+01 ] 4.42E-01] 3.63E-01 | 3.63E-01} 3.63E-01
HEADER  AL6063 =--] 2.06E+D06| 3.52E+05 | 7.16E+02 | 3.10E+02 | 3.33€+01 } 1.28€+01] 3.47E-01] 2.85E-01 | 2,85e-01] 2.85E-01

1ST WALL: First wall
OBLANKET : Outboard blanket
IBLK-JKT: Inboard blanket jacket
HEADER: Coolant manifold header
IBLANKET: Inboard blanket

REFLECTR: Neutron reflector

OBLK-JKT: Outboard blanket jacket

6~4
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APPENDIX C

Summary of Activation Analyses for Toroidal-Field Magnet Designs

This appendix presents the nucleonic data for the radwaste management
study of the STARFIRE TF-magnet system. A cross—-sectional view of the magnet
system analyzed is shown in Fig. C.l. Note that the superconductor zones
[(9-11) Tesla Nb3Sn and (0-9) Tesla NbTi zones] have been computationally
divided into subzones in order to account for the spatial gradient across
these components. The top, bottom, and outboard magnet portions are all cate-
gorized into the "OUTBOARD" magnet and distinguished from the "INBOARD" magnet

section.

The activation information is provided in terms of:

Radioactivity concentration: (MCi/m3); (Table C.l)
Decay afterheat: (MW/m3); (Table C.2)
Contact biological dose: (rem/h); (Table C.3)

Biological hazard potential in air: (km3-air/ce); (Table C.4)

Biological hazard potential in water: (km3-water/cc); (Table C.5)

The decay afterheat calculation mentioned above assumes that both beta- and
gamma-ray energies are locally deposited at the source point, without

transport.

The absorbed nuclear dose in the epoxy-base insulator (G-10) is shown in
Fig. C.2, assuming an integral neutron wall load of 108 MW-y/m2 (i.e., 3.6
MW/m2 x 40 y x 0.75 availability).
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APPENDIX D
Standards for Radioactive Waste Disposal
(Hazards Indices)

1. Introduction

The Environmental Protection Agency (EPA) has the primary responsi-
bility for establishing standards for the management and disposal of
radioactive materials. The agency plans to publish a rule for managing
high level wastes "Environmental Standards and Federal Radiation Protec-
tion Guidance for Management and Disposal of Spent Nuclear Fuel, High-
Level and Transuranic Radioactive Wastes," 40 CFR 191. Also being
prepared are standards for disposing of less radioactive wastes.

Federal standards limit the radiation dose to individuals in the
general population to less than 500 mrem per year [10 CFR 20].

Disposal systems shall be designed to comply with projected perfor-
mance requirements which should provide a reasonable expectation that for
10,000 years after disposal, reasonably foreseeable releases of waste
to the accessible environment (aquifer) are projected to be less than
the stated amounts ziven in the rule. These quantities are the "cumula-

tive releases to the accessible environment for 10,000 years after

disposal.”

The EPA standards limit the amount of materials to appear in the
aquifer. The NRC standards, however, place the limits for shallow land
burial on the concentration of the individual radionuclides acceptable

for such disposal.

2. Rationale for Standards

In considering disposition of wastes from nuclear facilities, there

are three categories that may be used.

1. Non-radioactive waste that can be discharged directly to the

biosphere.
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2. WVaste that has to bg confined for a period of time in a con-
trolled manner with a predictably low level of release.
3. Waste that has to be isolated from the biosphere, thus minimizing

release into the biosphere and inadvertent contact with man.

In such a system for classifying wastes, the method controlling
disposal is based primarily on the hazard potential of the material
and 18 expressed in terms of radioactivity per unit volume at the time

of disposal.

It is necessary to compare the possible exposure to the public
with the guidelines for acceptable doses to ascertain the acceptability
of the disposal mode. This calls for identifying a set of reasonably
conservative exposure events; describing the transport of the radioac-
tivity through the environment to man or man's encounter into the waste;
then calculating the concentrations or inventories of radioactivities in
the wastes that will assure that doses to the population do not exceed

the dose guidelines.

Calculations were made for typical transport events that would
bring radioactive nuclides to man's proximity and thus provide a dose of
radioactivity. From a comparison of the calculated dose with the accept-
able dose, the limits for burial of that particular radionuclide can be
established [ADAM]. In evaluating migration of radionuclides via ground-
water, the following points were recognized; decay constant of the
radionuclide in question, leaching constant for the radionuclide and its

subsequent sgorption upon soils in groundwater pathway.

From analyses similar to those mentioned previously, a table of
limiting concentrations for shallow land burial was derived for the
proposed "Land Disposal of Low-Level Radioactive Waste™ [10 CFR 61]. The
preliminary values and the rule were published for comment and as a
result the table of limiting values was modified to yleld the data in

Table D-1.
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Table D-1. Concentraticns of Radionuclides for Establishing
Waste Classification

Radionuclide Concentration (Ci/l3)

l4p 8

l4g in activated metal 80

59Ni in activated metal 220

94Nb in activated metal 0.2

Class A Class B Class C

Total of all nuclides with

less than 5 year half-life 700 * *
3l'l 40 * *
60co 700 * *
63y1 3.5 70 700
63N1 in activated metal 35 700 7000

*There are no limits established for these radionuclides in Class B
or C wastes. Practical considerations such as the effects of exter-
nal radiation and internal heat generation on transportation, han-
dling, and disposal will limit the concentrations for these wastes.

For fusion reactors only three long-lived radionuclides are important
for waste disposal, 140, 59Ni, and 94Nb. As long as the limits given in
Table D-1 are not exceeded, the waste is acceptable for shallow land
burial. If the concentration does not exceed 0.1 times the value in
Table D~1, the waste is Class A, if it does exceed 0.1 times the value in
Table D-1, the waste is Class C. The short—-lived isotopes of importance
for waste disposal are 3H, 6°Co, and 53N1 and if the 1limits for these
nuclides given in Table D-1 are not exceeded the waste is suitable for

shallow land burial.

If the radioactive waste does not contain any long-lived isotopes
in Table D-1, classification is determined based on the concentrations of
the short-lived isotopes in Table D-1. If a nuclide is not listed in
Table D-1, it does not need to be considered in determining the waste
class. If the radioactive waste does not contain any nuclides in Table

D-1, it is Class A waste.
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For the V15Cr5Ti after removal from the reactor and after 50 years

decay, the residual activities of interest are

l4g 67 Ci/n3
9%Np 0.7 Ci/n3
638 1.8 Ci/a3

From Table D-1, the l4c and 63N1 are within acceptable limits for
shallow land burial. The 94Nb is 3.5 times too high. However, if 2
ft3 of waste were placed in a 55 gal drum (7.5 ft3) the overall
concentration would be within acceptable limits.

For the PCA after 50 years cooling, the data of Table 2.14 show
the 63N1 to be approximately 20 times higher than the limit and 94Np
to be approximately 65 times higher than the limit acceptable for shallow
land burial.

3. Hazard Potential

In attempting to assess the hazard or safety of a system or a
radicnuclide, indices have been devised to reflect such a measure.
Many factors have been suggested for inclusion in the estimation of
safety indices. A review has been made of the many safety indices that
have been proposed and five were selected as being adequate [VOSS]. The
simplest index is merely the measure of the total curies involved. Total
curies is not a good measure because it does not consider biological
consequences. This can be corrected by intrcducing the maximum permis-
sible concentration (in water or air) for the individual nuclides. This
second measure, a hazards measure (HM) or biological hazard potential

(BHP) is given by the following relation.

- Q(C1) MPC = maximum permissible
MPC (Ci/m3) concentration

Introduction of the MPC takes into account the radioactive decay rate of
the individual nuclids, the radiation energy level and the biological
lifetime.
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Neither of the indices mentioned reflect the rate of release of
nuclides to the environment. This is accomplished with the following

relation.

H2 = I Q [ 24, Db ]
- 1
g=1 LMPL_, ~ MPL.,

aj, bj = fraction of Qi released in water and air respectively.

MPI = maximum permissible intake, defined as the nuclide concentration
limits in air or water as specific in 10 CFR 20 times the

average annual fluid intake in man.

The hazard index, HI is a relative quantity and is given by the
equations below.
HM /v
HI -——!'--.Q_j.'_._
i v MPC
Such a measure of the concentration of radionuclides in a waste form
of given volume (V) divided by the MPC indicates the number of times the
nuclides would have to be diluted to yield the MPC.

Another index is the relative toxicity index (RTI) and may be
defined as the ratio of the amount of water required to dilute a quantity
of waste to MPC levels with the amount of water required to dilute the

amount of uranium mined to generate the waste quantity

zi (Qi/HPCi) waste

RTI = Zj (Qj/MPCj) equiv. uranium ore

In utilizing these indices caution must be exercised. The basic
hazard measure compares the amount of radioactivity with the maximum
permissible concentration. Such a measure would be suitable for bare
waste packages. When these packages are buried then release pathways
to air and water must be considered. Basically all of the indices
compare the radionuclide amount or concentration against the MPC for
that radionuclide.
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However, the most widely used safety index, the biological hazard
potential (BHP) is similar to the hazard index HI and assumes total
release of the radioactivity to the aquifer and complete dissolution of
the radionuclides. Thus such a measure yields an upper limit to the
hazard potential. A more recent analysis [PIGFORD] of radionuclide
migration through soil and rock indicates that rate of water movement,
solubility of radionuclides in water, and absorption and desorption of
radionuclides on soils are important. When these factors are considered,

the calculated hazard potential is much less than the BHP values.

In comparing fiscion and fusion wastes caution must be exercised.
One difference that is immediately apparent is the presence of actinide
elements in the fission wastes. Using the hazard measure (or biological
hazard potential) comparison of fission and fusion wastes indicates that
after one year, the fusion wastes are approximately 15 times less hazar-
dous for inhalation than are the fission wastes. The gap 1s further
widened after 100 years after shutdown to approximately 10,000 times less
hazard for fusion wastes over fission wastes [KESSLER].
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APPENDIX E
Materials Recycle

1. Introduction

Fusion reactors contain large amounts of material in their structure,
approximately 25,000 Mg (tonnes). This material may be separated into
two broad categories, that material part which is removed regularly and
the material that will last through the reactor lifetime. In the first
category is the first wall/blanket structure, containing approximately
1550 Mg (in the case of STARFIRE), 1/6 of which is removed annually. The
bulk of the material in the second category, ~17,200 Mg, is represented
by the structural material of the shield and magnets, e.g., Fe 1422
(Fe 14 Mn 2 N1 2 Cr) and 304 SS.

2. Recycle Candidates

0f the material removed from the fusion reactor annually the LiAl0,
enriched in 6Li (from a STARFIRE) or the vanadium (from a STARFIRE
design using metallic lithium as the coolant) are the most likely candi-
dates for recycle. However, both contain sufficient residual radio-
activity even after reasonable decay times that direct handling is not
acceptable. In the case of the LiAlO3, within one year after removal
from the reactor the residual activity is 2.4 x 10~6 Ci/cm3 due primarily
to 26A1 that decays with a 1.8 MeV gamma. This residual activity yields
a surface dose rate of 2.8 rem/hr for a one meter sphere. For the
vanadium alloy, the residual activity aiter ten years is 5.6 x 1073 ci/cm3
yielding a contact dose rate of approximately 100 rem/hr for a one meter
sphere. After 50 years, the residual activity is 9.3 x 10~3 Ci/cm3
producing a contact dose rate of approximately 0.3 rem/hr. This contact
dose rate is further reduced to 0.06 rem/hr if the residual 34Nb can be
removed. Under these conditions limited direct operation would be possible.

3. Reczcle

The design of the STARFIRE reactor allows the blanket sectors to be
removed remotely, using specially designed machines. These sectors will

be removed from the reactor hall and delivered to a storage area for an
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appropriate decay period before disassembly and processing is undertaken
in a shielded cell. All of the functions carried out in the shielded
cells will use specially designed equipment. There appears to be little
question that the sectors can be disassembled remotely. A problem of
importance is that reuse of the material in the refabrication of the
blanket sectors may involve tasks, e.g., welding in small spaces, that
are difficult to carry and using remote operation techniques. Use of
long decay times (>50 y) to lower the dose rate levels may prove to be
impractical from several points of view, e.g., inventory accumulation and

degeneration of materials in storage.

4. Remote QOperations in the Nuclear Field

Remote operations, of necessity, have been required in the nuclear
operations starting with the first reactors and heavy metal recovery
plants. More recently, mixed—-oxide fuel fabrication plants have been
built using glove box techniques for some handling operations. Based on
experience with such plants a completely remotely operated fabrication
plant for U-Pu mixed oxide fuels was designed, but was not built because
of U.S. moratorium on reprocessing spent nuclear fuels. This work is
being continued leading to a remote control fuel fabrication process for

breeder reactor fuel [GERBER].

There is a large body of literature on remote control and operations
techniques, usually reported in the annual proceedings of the Conference
on Remote Systems Technology that is normally held in conjunction with
American Nuclear Society Meetings. There are two general types of
manipulative operations; first, processing and examination of irradiated
materials and second, physical property measurements of irradiated
materials. In addition, the body of experience on remote operations such
as welding is increasing rapidly as power reactor operators find the
activated corrosion products produce radiation fields that allow only

very short working times in certain areas.

There are many pleces of equipment that have been used in a remote
environment, e.g., motorized cranes, master slave manipulators, pneuma-
tically operated end mill, horizontal drill, horizontal circular mill,
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tape controlled mill, pneumatic impact wrenches, tool positioning tables.
More recently, slave manipulators have been decoupled from the direct
control of the master units. In the one case, the slave arms were
mounted on a motor operated vehicle which could move about freely. The
slave arms could be operated by computer assist, computer control, or
programmed by magnetic recording [VERTUT]. An additional improvement
lead to the design of a system with remote handling with master slave
manipulators in the hot cell, but with the operator working in a distant
control room [PEAGRAM].

There has been concern about designing remotely operated equipment
for performing various maintenance functions around a reactor, in parti-
cular the various operations required for removing and replacing a sector
from the STARFIRE [BAKER]. This has been an ongoing concern recognizing
that servomanipulators were required for coping with the various normal
and unpredicted tasks that might arise. Leak detection techniques and
precise welding for vacuum tightness were demonstrated [RAIMONDI]. Other
evaluations of the maintenance requirements for fusion reactors indicate
that remote maintenance is feasible for all systems in the reactor hall
[ZAHN] and that with careful attention to a "design for maintenance”

plan, remote maintenance can be achieved [DOGGETT].

Finally, for the Fusion Materials Irradiation Test Facility a system
is being designed to pump lithium to a target area for generation of a
high energy neutron enviromment. The design will allow for remote main-
tenance of lithium system components such as the main lithium pump, heat

exchanger, traps and valves [KELLY].

More recently at the International Machine Tool Show [IMTS] indus-
trial robots were demonstrated by several manufacturers: Westinghouse,
Bendix, General Electric, Cincinnati Milacron, etc. These robots usually
were fixed in one position on the floor, but were able to move in three
axes. The robot arms could be compared to the humen arm, with shoulder,
elbow and wrist movement. On a typical robot, the wrist attached to the
forearm is capable of 180 degree bend and a 360 degree twist. These

units are usually computer controlled and one unit offered accuracy of
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location of + 0.02” and repeatability of + 0.005". Robots were demon—
strated for moving an object from one position to another, which is the
simplest task. However, from the state~of-the—art today, more intricate

tasks should be capable of being performed by robots in the future.

Based on decelopments in remote operations in hot cells, the studies
of remote operations for fusion systems, and the development of industrial
robots, it appears likely that remote refabrication of blanket sectors
can be accomplished, especially if such remote fabrication requirements
were factored into the original design. Further studies in the area
of materials recycle can assume that both fabrication and reassembly of

fusion reactor components will be feasible by remote means.

EE
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APPENDIX F

Comments on Isotopic Tailoring

When the stainless steel structural material is irradiated in a
fusion reactor, large amounts of 63N1 and 93Mo are produced by neutron
interaction. The long half-lives of these nuclides results in long-lived

radioactivity.

In the activation of the stainless steel, the 93Mo is formed from
the 92Mo (n,¥y) 93Mo and 94Mo (n,2n) 93Mo reactions. The two isotopes of
92M0 (14.8% natural abundance) and 94Mo (9.3%) cause more than 99% of the
total 93Mo activation due to the above reactions. It has been suggested
[CONN] that this problem might be ameliorated by removing these isotopes
from the molybdenum. It is further suggested that the molybdenum be con-
stituted to contain 100X 97Mo (9.6% natural abundance), the isotope least
likely to pose the activation protlem among the number of stable, molyb-

denum isotopes.

In a similar fashion, nickel isotopes 62y4 (3.59%Z natural abundance)
and 64Ny (0.91%) react with neutrons to yield 63n1 (T1/2 ~ 100 y) which
decays by beta emission with no gamma. It has also beeun suggested that
the nickel for the PCA be 100% S1Ni (1.25% in natural abundance). However,
the nitrogen content in the metal must also be minimized to limit the
concentration of l4c by the 14y (n,p) l4c, The 14C has a 5730 y half-life

and decays by beta emission.

The chemistry and properties of MoFg are very similar to those of
UFg and hence it is expected that isotope separation by gaseous diffu-
sion and gas centrifuge systems should be feasible. Separations methods
based on diffusion would seek to isolate 97H0F6 from 92M0F6 and 94H0F6.
The theoretical separation factor based on the square root of the ratio
of molecular weights (a¢ = v’ﬁz7ﬁ5) for Mo and %Mo is 1.0158, somewhat
larger than the 1.0064 for 238y and 235y. oOther diffusional methods
would be possible, e.g., thermal diffusion, but the value of a is the
same. Centrifuge methods are less simply described but the sgeparation
varies as (Mz—nl)Z. Hence, for a mass difference of 3 AMU separations
should be comparable to the UFg system if all other parameters, i.e.,
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density, diffusion coefficient, velocity of the rotor, length of the
machine, are the same. Photoexcitation methods are even more complex and
in the absence of spectral data no conclusions on their potential can be
made although [FREUND] has reported favorable results. Magnetic methods,
i.e., calutron mass spectrometry, are based on relatively simple principles
of magnetic separation of, for example, 94M0Fx+ and 97M0Fx+. The theore-
tical factors are very large. Finally, chemical separation of isotopes
takes advantage of isotope-related differences in equilibrium constants

in solvent extraction or ion exchange systems. Calculations of theoretical
separation factors are complex. The latter two methods are applicable to
elements that do not form volatile compounds (fluorides) such as nickel.

In the case of nickel, separation of adjacent nuclides reduces the
theoretical separation factors owing to the small mass difference.

Volatile compounds of metals such as Ni(CO)g, acetyl acetonates and
nickelocene, (CgHg)oNi, are not generally suitable since the adjunct
molecules, i.e., CO, CsH;, are not monoisotopic and thus confound the
separations based on mass effects. Such volatile compounds would be

useful for photoexcitation processes that can yield high separations.

One such reported experiment with a COs laser did yield a separation
but not very efficiently [FREUND]. The attempt was to separate the
molybdenum isotopes using MoFg as the gas. The experiment was a static
experiment in which the isotopic distribution was measured before and
after irradiation by the laser beam. In these experiments an enrichment
ratio of 1.03 was achieved for 97Mo, the isotope of interest. The maximum
enrichment ratio was 1.14 for 92Mo. These were room temperature
experiments and it was suggested by Freund that cooling would provide for
better resolution and hence, better isotope separation. These were crude
experiments to provide proof of principle. For effective isotope separa-

tion better conditions must be sought.

Isotopic separations techniques are well enough documented to
allow rough comparisons to be made between advantages and costs. It is
likely that only the use of existing technology could be justified but
additional information needs to be assembled before future directions

will become evident.
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One such reported experiment with a CO2 laser did yield a separation’
but not very efficiently [FREUND]. The attempt was to gseparate the
molybdenum isotopes using MoFg as the gas. The experiment was a static
experiment in which the isotopic distribution was measured before and
after irradiation by the laser beam. In these experiments an enrichment
ratio of 1.03 was achieved for 97Mo, the isotope of interest. The maximum
enrichment ratio was 1.14 for 92Mo. These were room temperature
experiments aad it was suggested by Freund that cooling would provide for
better resolution and henr e, better isotope separation. These were crude
experiments to provide proof of principle. For effective isotope separa-

tion better conditions must be sought.

Isotopic separations techniques are well enough documented to
allow rough comparisons to be made between advantages and costs. It is
likely that only the use of existing technology could be justified but
additional information needs to be assembled before future directions

will become evident.



F-3

One such reported experiment with a COp laser did yield a separation’
but not very efficiently [FREUND]. The attempt was to separate the
molybdenum isotopes using MoFg as the gas. The experiment was a static
experiment in which the isotopic distribution was measured before and
after irradiation by the laser beam. In these experiments an enrichment
ratio of 1.03 was achieved for 97Mo, the isotope of interest. The maximum
enrichment ratio was 1.14 for 92Mo. These were room temperature
experiments and it was suggested by Freund that cooling would provide for
better resolution and hence, better isotope separation. These were crude
experiments to provide proof of principle. For effective isotope separa-

tion better conditions must be sought.

Isotopic separations techniques are well enough documented to
allow rough comparisons to be made between advantages and costs. It is
likely that only the use of existing technology could be justified but
additional information needs to be assembled before future directions

will become evident.



G-1

APPENDIX G
Dismantling of the Magnet Structure

1. Remote Dismantling

Before dismantling begins and any cutting operation occurs, a large
plastic curtain will be placed entirely around the assembly so that dust
and fragments from the cutting can be contained. In addition to the
curtain, all cutting tools will be equipped with a vacuum suction. These
precautionary measures will greatly simplify cleanup. In the discussion
that follows, reference is made to Section 3.1 for a description of the

TF magnet and the nomenclature used.

The magnet dismantling operation begins after first separating the
toroidal field coil/helium vessel assembly from the rest of the reactor
by remotely removing related reactor elements such as the CF and EF coils,
intercoil shear panels, ard blanket and shield. Next, the individual TF
coil/helium vessel magnets are disjoined by vertically cutting the common
inner vacuum vessel between each magnet with a plasma torch. A plasma
torch is preferable to a carbide saw because it can cut the 3 cm sections
more quickly and thus less expensively [HAGER]. First, section I-DEWARI -
(see Section 3.1 for description of nomenclature) is cut using the
Reactor Overhead Electro-Mechanical Manipulator [BAKER] to maneuver the
torch. Then, section I-DEWAR2 is cut and the mechanical attachment to
the centerpost is removed through the top of the centerpost vacuum

opening. This frees section I-DEWAR2 and it is removed from the center-

post.

After disjoining the first magnet, it is positioned next to a
large mounting fixture using the 600-Tonne Reactor Building Bridge Crane.
Once positioned, the assembly is fastened to the nouhting fixture using
the Reactor Overhead Electro-Mechanical Manipulator to hold the assembly
and the impact wrench of the Support System Module Electro-Mechanical
Manipulator [BAKER] to attach the assembly to the mounting fixture. The
assembly is now in place for remote stand-up cutting. A mounting fixture
is preferable to a lay-down fixture because it does not require the
inversion of the very large and heavy TF coil/helium vessel magnets and
enables cutting on each side of the magnet [HAGER].



G-2

Once the magnet is attached to the mounting fixture, the portions
of the TF coil/helium vessel assembly that have accumulated unacceptably
high activity levels will be removed so that hands—-on operations are
poss;ble. For purposes of this report, a contact biological dose rate of
greater than 2.5 mrem/h is considered unacceptably high. This is the
dose rate which would permit coutinuous 40-hour occupational exposure
within 10 CFR 20 quarterly regulatory limits and which is used by most
industries as the occupational worker radiation limit. The nucleonics
data show that sections I-DEWAR1, I-HEVSL1l, I-HFMAGl, and I~-HFMAG2 must
be removed (see Fig. 3.1). These sections are removed using an automated
numerically-controlled milling machine to control the location and depth
of the cuts. Owing to the large size of the assembly, there will be no
problem in maneuvering the cutting tool of the milling machine and a
milling cutter will not be necessary. Instead, a carbide saw, which cuts
more quickly, will be used. Once again, a curtain is placed around the
stand-up mounting fixture and magnet to simplify cleanup. A plasma torch
cannot be used in this application because it is very difficult to
control the depth of its cuts [HAGER]. Too deep a cut will segment the
NbTi conductor windings which, because they have acceptable activity
levels and current—-carrying capacity, will be reused in the refabrication

of the new magnet.

The milling machine will cut a series of trapezoidal grooves through
and around each side of each component of the high activity portion of
the magnet, as shown in Fig. G.l. First the vacuum vessel is cut, then
the helium vessel, and finally the Nb3Sn conductor. Because the
conductor is pretensioned, it will be secured and cut very slowly so that
the frictional overbarden provided by the uncut windings will prevent
sudden slippage and large shear loads between layers. The Reactor
Overhead Electro-Mechanical Manipulator, which will be clamped to the
high activity portion for support during cutting, will be used to succes-

sively remove and isolate each component.

If the above cutting operation were to be done only once, the
automated milling machine would be much more expensive than a simple
cutting tool attached to the end of a manipulator [HAGER]. However,
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Fig. G.1. TF coil/helium vessel showing high activity portion
(shaded) to be cut away by milling machine.

because STARFIRE is assumed to be the tenth commercial plant constructed
from a standardized design and would, therefore, be only one of many
fusion reactors being decommissioned, the increased capital cost of
specialized equipment such as the milling machine is justified owing to
savings resulting from an economy of scale operation. For this same
reason, a carbide saw blade is used to make the cuts instead of a less

expensive, but less durable, grinding wheel.

After isolating the high- and low-activity portions, the high-
activity portions will be remotely cut into pieces of appropriate size
for shipping using the Reactor Overhead Electro-Mechanical Manipulator
with an attached plasma torch. Once the high-activity pieces are cut,
they are placed in canisters using the manipulator 'and shipped to a
storage site.
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After the high-activity pieces are removed from the reactor building,
the fragments and dust from the high—activity portion which have contami-
nated the low=-activity portion are removed using a vacuum attached to
a manipulator. After vacuuming, hands-on dismantling operatiomns, which
will reduce the difficulty and time required for the various tasks, are
possible. The low—activity portion of the magnet is then removed from
the mounting fixture, and transported to an adjacent refabrication area
using the 600-Towune Reactor Building Bridge Crane.

2. Hands-On Dismantlin&

At the refabrication area, the magnet is placed onto a large lay-
down fixture which is specially designed to dismantle the TF coil/helium
vessel magnets. The lay-down fixture, shown in Fig. G.2, has three large
discontinuities which allow work to be done on the face~down side of the
magnet. Within each of these discontinuities are mounts to secure an
externally-controlled carbide drill, and a hydraulically-adjustable

support which can be lowered and raised from the facility's floor.

Because the helium vessel is suspended within the center of the
dewar by tiebars, before the vacuum vessel is removed, the helium vessel
must be properly supported by supports which extend through the bottom of
the dewar. The movable externally-controlled carbide drill is secured to
one of the mounts within the lay-down fixture discontinuities. The drill
bit is raised and a hole is drilled in the face-down side of the dewar.
The drill is moved to the next discontinuity until all three holes are
drilled. The use of a drill is preferable to using either a plasma torch
or milling cutter for cutting holes because it is faster and offers more

depth control [HAGER].

Next, the three hydraulically-adjustable supports are raised out of
the refabrication facility's floor until they contact the helium vessel.
In combination, the three supports sustain the helium vessel. The three-
support triangular structure is used because it is the most structurally

stable configuration to protect against wobbling. The dismantling steps
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O

Fig. G.2. Discontinuous lay-down fixture showing carbide drill mounts
and floor-raised hydraulically adjustable support.
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that occur while the magnet is on the lay-down fixture are sequentially

plctured in Fig. G.3, which shows a cross—-section of the magnet outboard

cegion.

After supporting the helium vessel, the remaining parts of the
vacuum vessel, aluminum thermal radiation shield, and helium vessel are
cut in two just above the central radial spine of the helium vessel. To
control the depth of the cuts, the cuts are again made using a carbide
saw which is guided by a clamp fixture that is attached to the lay-down
fixture. The saw cuts entirely around the outside perimeter (the center-
post dewar section I~DEWAR2 has already been removed), and then around
the low-activity inside perimeter of the vacuum vessel (the high—activity
inside portion has also already been removed). The upper portion of the
vacuum vessel is then removed with the 600-Tonne Crane [Fig. G.3(B)].

Then the upper sections of the aluminum thermal radiation shield and

helium vessel are removed [Fig. G.3(C)].

The upper set of pancake coils are now exposed. The Nb3Sn coils

from the outboard region of the assembly are removed first. Because the

high-activity portion Nb3Sn coil has been removed, the coil is not 5
continuous and must be removed in sections. However, the NbTi coil is :

intact and is removed in whole vsing the 600-Tonne Crane [Fig. G.3(D)].

Before the lower set of colls can be removed, the central radial
spine of the helium vessel must be detached. Once again, a carbide saw
is used to cut out the spine using the lower portion of the helium vessel

as a gulde [Fig. G.3(E)]. The lower set of coils is then removed fol-

et e LU

lowing the same procedure used for the upper set [Fig. G.3(F)].

Next, the lower portion of the helium vessel is removed from the
inside of the dewar using the 600-Tonne Crane [Fig. G.3(G)]. The hy-
draulic supports are lowered and the vacuum vessel is also removed with
an overhead crane. After removing the two helium vessel portions, the
outermost section of each that faces the outside of the magnet is removed

with a plasma torch. This readies the helium vessel for coil winding

during refabrication.
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The welds of the NbTi superconductor are ground open and the coil
is unwound on a large, turntable. The same turntable is reused during
winding. The G-10CR insulation and tiebars, as well as the aluminized
Mylar thermal insulation, are discarded. The low activity Nb3Sn
superconductor is reprocessed as explained in Section 3. And, finally,
the low-activity 316 LN and 14Mn-2Ni-2Cr austenitic stainless steel from
the helium vessel and vacuum vessel, stainless steel from the coil
support modules, and aluminum thermal radiation shield are saved for

reuse during refabrication.
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APPENDIX H

Estimate of Labor and Material Costs

Table H.l presents a ROM* estimate of the number of man-hours
required to perform each task in the refabrication of each TF coil/helium
vessel magnet. It is assumed that the average labor rate of employees
used in the refabrication task is $80K per man-year, or $38.50 per
man~hour. The cost of materials used in each task is also listed. The
cost of equipment, such as saw blades and grinders which will require
replacement owing to wear but will not necessarily need to be replaced

for each magnet, is listed as an average cost per magnet.

Table H.2 lists equipment required for the dismantling and refabri-
cation tasks and shows which of this equipment already exists at the
reactor site and which must be supplied by an outside contractor. The
contractor's equipment is estimated to cost 515 million based upon the
cost of comparably-sized, oné-of-a-kind equipment. Assuming an 18% fixed
charge rate, the annualized cost of this equipment is $2.7 million.

Since this equipment will be used to dismantle and refabricate the TF
coils/helium vessel assemblies from one STARFIRE reactor per year, this

1s also the cost-per-assembly.

*Rough-Order-of-Hagnitude.



Table H.1l. ROM Labor and Material Costs

Pabricated
Macsrial Cost
Task Man-Hours ($K)
1. S8et-up dismantling and refabrication equipment 650 15 (miscellaneous)
2. Place plastic curtain around assembly, 10 1 (curtain)
3, Cut inner vacuum vessel and remove mechanical attachment to 130 -—
centarpost vacuum opening, '
4, Remove faner vacuum vessel section, 20 -—
5. Position and attach assembly to mounting fixturs. 30 -
6. Cut high-activity portion out with milling wmachine, 220 6 (saw blades)
7. Cut and prepare high-activity portion for sghipment to 150 -
storage site.
8, Vacuun fragments and dust left over from high activity 50 -
portion.
9., Move magnet to dismantling and refabrication area. 30 -
10, Place magnet on lay-down fixtura. 50 —
11, Secure carbide drill and drill holes in dewar (threa holes). 20 4 (drill bics)
12, Sustain helium vessel with hydraulically-adjustable support. 10 -
13, Cut the vacuum vessel, thermal radiation ghield, and helium 80 10 (saw blades)

vessel with carbide saw (inside and outside perimeter cuts).

Z-H




Table H.1 (Cont'd)

Fabricated
Materisl Cost
Task Man~-Nours (5K)

14, Remove upper vacuum vessel , thermal radiation shield, and 40 —

helium vessel sections,

15. Remove upper Nb3Sn and NbTLi coils, 30 -

16, Cut and remove helium vessel central radial spines. 60 4 (saw blades)

17, Remove lower Nb3Sn and NbTi coile. 30 —

18, Remove lower helium vessel and dewar sections, 30 -

19, Cut and reswove cutermost section of helium vessel, 60 ——

20, Grind opan welds and unwind the NbTLi conductor, 300 5 {(grinders)

21, Fabricate and install new NbjySn conductor. 150 650 (supercanductor,
copper, and stain~
lesa steel)

22, Wuld new ceaterpost section helium vessel bobbin, 40 100 (solder and
316 LN steel)

23, Weld central radial spine to bobbin, 90 5 (solder)

24, Wind coils and support modules. 1000 20 (G-10CR)

25, Weld upper and lower sections of the helium vesssl. 180 10 (solder)

26, Weld thermsl radiation shield. 60 5 (solder)

e-H



Table H.1 (Cont'd)

Fabricatad
Material Cost
Task ‘Man-Hours ($K)
27, Yrap helium vessel and tharmal radiation shield with sluainized 40 20 (aluminized
‘Mvlar, Mylar)
28, Position thermal radistion shield. 20 -—
29, Bolt tiebars to helium vessel, 200 5 (bolts)
30, Weld cireular piece to holes in bottom of the vacuum vassel, 30 20 (solder and
14Mn~2Ni~2Cr steel)
31, Place helium vessel inside lower section of the vacuum vesssal, 30 —_—
32, Weld uppar and lower section of the vacuum vessel. 100 S (solder)
33, Weld new centerpost section to vacuum vessel, 50 170 (solder and
14Mn-2N1-2Cr steael)
34, Attach common inner vacium vessel, 120 -
35, Perform verification tests. 700 10 (miscellaneous)
Total per magnet contingency (& 100%) 4810 -—
Cost per magnet (@ $0,0385K per man-hour) $370 X $1065 X
Total cost for 12 magnets $4440 X $12780 X

%-H
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Table H.2. Dismantling and Refabrication Equipment

At Supplied by
Reactor Site Outside Contractor

l. Miscellaneous equipment used ) ¢
to set-up dismantling and
refabrication equipment

2. Plastic curtain to enclose X
. magmet assembly
3. 600-tonne crane ) 4
4, Rerote manipulator X
S. Plasma torch with vacuum b 4
X

6. Stand-up fixture

7. Plastic curtain to enclose X
stand-up fixture and magnet

8. Carbide saw with vacuum X
9. Vacuum equipment X
10. 3 discontinuity lay-down fixture x
11. Carbide drill with vacuum X
12, Bydraulically adjustable supports X
13. 60-tonne crane b ¢

14, Grinding equipment X
15. Coil winding turntable b ¢
16. Nb3Sn coil fabrication equipment X
17. Soldering equipment b 4
18. Welding equipment ‘X
19. Verification test equipment X
20. Temporary vacuum barrier and stroagback b4
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APPENDIX I
Calculations to Indicate Selection of Magnet Materials for Recovery

In choosing magnet materials of sufficiently low radioactivity
levels for recovery, it was assumed that if the BHP of a material were
less than about ten, the material was a candidate for recovery and
recycle. Using this rule of thumb, the Fe 1422 in I-DEWARLl (Table I.1)
is considered too radioactive for recycle and is discarded. The other
Fe 1422 materials are then blended for recovery. In this case, 123 m3
out of a total of 132 m3 (93%) 1is recoverable. Similar calculations

were made for the other magnet materials and are also given in Table I.l.

CASTIEE LT el s

|
l
|
|




1-2

Table I.1. Selection of Magnet Materials for Recovery

Material BHP Dilution
Volume at 1 Year Required
Number Section (m3) (m3'water/m3 mtl) (m3)
Fe 1422
1 I-DEWAR1 8.8 1.51 + 05 1.33 + 06
2 0-DEWAR1 61.5 3.79 + 00 233
3 0-DEWAR2 61.5 1.18 ~ 06 7.26 ~ 05
Total 132
z, m3
2,3 233

= 1.9,

Average BHP over Volumes 2 and 3 = 3
223 m® mtl 123

Percent Recovery = 93%

NbTi
1 I-LFMAG1 0.469 5.41 + 01 25.5
2 I-LFMAG2 0.469 1.64 + 00 0.77
3 0-LFMAG1 3.95 9.05 - 03 0.36
4 0~-LFMAG2 3.95 1.94 - 04 0.001
Total 8.84
z m3
1-4 26.6
Average BHP over all volumes = 3 = 3,01.
124 m’ mtl 8.84

Percent Recovery = 100%




Table I.l (Cont'd)

Material BHP Dilution
Volume at 1 Year Required
Number Section (m3) (n3 water/m3 mtl) (nd)
Copper
1 I-HFMAGI 3.28 1.24 + 4 40,600
2 I-HFMAG2 3.28 5.48 + 2 1,800
3 I-LFMAGL 6.2 1.84 + 1 114
4 I-LFMAG2 6.2 2.60 - 1 1.61
5 0-HFMAGL 27.7 3.18 -1 8.79
6 O-HFMAG2 27.7 1.37 -2 0.379
7 0-LFMAG1 52.0 4.49 - 4 0.023
8 0-LFMAG2 52,0 6.14 - 6 0.0003
Total 178
r md
3-8 125

0.727.

Average BHP over Volumes 3-8 = 3 -
328 m” mtl 172

Percent Recovery = 96.3%

Average BHP over Volumes 2-8 = = 11.0.
L wdmtl 175

Percent Recovery = 98.2%




Table 1.1 (Cont'd)

1-4

Material BHP Dilution
Volume at 1 Year Required
Number Section (m3) (m3 water/m3 mtl) (m3)
NbaSn
1 I-HFMAGL 0.341 9.27 + 05 3.15 + 05
2 1-HFMAG2 0.432 1.43 + 05 4.89 + 04
3 0-HFMAG1 2.88 5.41 + 02 1.56 + 03
4 O-HFMAG2 2.88 4.86 + 01 1.40 + 02
Total 6.44
I g3
3,4 1700

Average BHP over Volumes 3 and 4 =

t m3mel 5.76
3,4

Percent Recovery = 89%

= 295.




Table I.1 (Cont'd)

Material BHP Dilution
Volume at 1 Year Required
Number Section (md) (m3 vater/m3 mtl) (m3)
340 _sS
1 I-HEVSL1 7.55 5.17 + 04 3.90 + 05
2 I-HFMAGL 2.83 1.10 + 04 3.11 + 04
3 I-HFMAG2 2.83 9.35 + 01 264
4 I-LFMAG1 12.7 6.12 + 01 777
5 I-LFMAG2 12.7 1.95 + 00 24.8
6 I-HEVSL2 7.55 8.63 - 02 0.65
7 0-HEVSL1 64 3.42 - 01 21.9
8 0-HFMAG1 23.8 1.96 + 00 46.6
9 0-HFMAG2 23.8 2,22 - 01 5.28
10 0-LFMAGL 107 1.16 - 02 1.24
11 O-LFMAG2 107 2.65 - 04 0.028
12 0-HEVSL2 64 9.17 - 06 5.87 - 04
Total 436
I o3
3-12 1140
Average BHP over Volumes 3-12 = 5 3 = 2.68.
3o12 m” mtl 425

Percent Recovery = 97.6%
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