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12.1 INTRODUCTION

One of the major objectives of the STARFIRE study is to develop a reactor
design with favorable safety and environmental features. Neutron-induced
activation in the component materials and tritium in the DT fuel are the pri-
mary source terms for environmental impact assessments. The most serious
concern with regard to the activation is the production of radioisotopes with
very long half-lives ( > 50 - 100 year) in relatively large volumes of
materials as this has two consequences of: (1) permanent storage requirements
and (2) depletion of some resource-limited materials. Although the activation
level of fusion reactors is expected to be substantially lower than fission
reactors because of the absence of fission products and actinides, minimizing
the long-lived radiocactive products from future fusion reactors remains an

important design criterion.

With regard to the material resource problem, it should be emphasized
that in a mature fusion power economy, the continued use of materials without
the ability to recycle would result in the serious depletion of some reactor
construction materials. Based on the study shown in Appendix C and also the
study of the UWMAK—III(l) design, one of the key areas associated with the
resource limitation is the large material inventory requirement for a broad
class of important elements such as niobium, chromium, tungsten, etc. (see
Table 12-1). For example, the STARFIRE design requires approximately 100
metric tons (MT) of niobium for the superconducting magnets, resulting in a
resource requirement of ~ 8 x 103 MT for 10° MWe fusion economy (equivalent to
v 83 STARFIRE reactors). This figure is compared to an identified niobium
resource in the United States of ~ 1.4 x 10° MT and worldwide resource of
~v 1.5 x 107 MT(Z) indicating that ~ 5.7% of the total U. S. resource would
be required. Another example is the chromium resource of which the identified
chromite ore in the U. S. is estimated to be ~ 5.6 x 10° MT(3) and the chromium
metal resource in the U. S. is only ~ 4.1 x 10° MI. Under the same condition
of 10° MWe fusion economy, approximately 1.1 x 10° metric tons of
chromium which is ~ 28% of the U. S. resource will be needed. If the primary
shield material of Fe-14Mn-2Ni-2Cr (Fel422) is replaced by more conventional
iron-base alloys such as type 304 stainless steel (304 SS) and type 316 stain-

less steel (316 SS) the chromium requirement will be raised to ~ 2.8 x 10° MT

12-1



Table 12-1.

Material Inventories of Major Components in the STARFIRE Reactor

Material Volume? (m3) Mass® (MT)
PCA 57 450
ZrsPbg 37 329
LiAlO, 178 605
C 102 163
Feld?22 1697 13475
W 44 840
ByC 355 887
TibAl4V 33 147
TiH, 422 1646
30488 564 4441
Nbj3Sn 6.4 51
NbT1 14 90
Cu 245 2188
G-10 227 426
Fiberglass 50 90
Liquid-helium 331 42
Be 0.6 1.2
Ta-5W 1.9 31
Total 4,365 25,902
Concrete 9,370 21,500

a - Relation between the weight and mass may not be consistent because of

independent rounding.

12-2
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which is ~ 69% of the total U. S. resource. 1In fact, this is one of the rea-
sons that Fel422 has been selected as the primary shield structural material,

instead of 304 SS, in the STARFIRE design.

An important strategy for fusion reactor development, therefore, is to
avoid generating any large inventories of high-level, long-term activation so
that a majority of the reactor construction materials could be recycled on a
reasonably short time-scale, e.g., within a human generation of ~ 30 yr after
component replacement or reactor decommissioning. Our analysis shows that more
than 987% of the total radiocactivity inventory in the STARFIRE design is con-
fined to the first wall/blanket region which is less than 10% of the total
reactor component volume (excluding reactor building). More than 907 of the
total volume of the radioactive material inventory in STARFIRE, and in tokamak re-
actors in general, is therefore present in reactor components external to the
first wall and blanket such as the bulk and penetration shields, toroidal and
poloidal magnets and auxiliary plasma heating system. This large volume contains
~v 2% of the total activation whose specific radioactivity concentration is still
high enough to be accounted for in the design consideration. This observation
clearly indicates the importance of the shielding design in minimizing the
total long-lived radioactive products in the system. The STARFIRE shield
design has, in fact, evolved from a comprehensive optimization study prior to
the final design selection. As shown in Chapter 11 the shield optimization
criteria include the minimization of long-term activation products, in addition

to providing for adequate protection for all reactor components.

One of the primary objectives of this section is to identify key radio-
active isotopes along with their inventories in each reactor-component. Im-
portance of the major radioisotopes will be examined in terms of radiocactivity
and radiocactivity-related parameters such as biological hazard potentials,

The analysis focuses on the following categories: (1) component activation,
(2) material recyclability, (3) decay afterheat and (4) reactor room atmos-
pheric activation. The activation analysis has been carried out using a
radiocactivity calculation code, RACC(A) along with the associated activation

data libraries of RACCXLIB and RACCDLIB(S).
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12.2  COMPONENT ACTIVATION

The system dimensions and material compositions used in the analysis are
presented in Tables 11-1, 11-2, 11-7 and 11-8 of the radiation shielding chapter.
For the purpose of the radiocactivity calculations, the reactor is assumed to be
in operation for five full years at a neutron wall load of 3.6 MW/m?, i.e.,

18 MW-yr/m? integral wall load prior to reactor shutdown. Figure 12-1 shows

the radioactivity concentration during reactor operation in the first wall,the
neutron multiplier and the second wall, as a function of time after startup.

Due to the constant production of the °SFe isotope, the radicactivity concen-
trations in the PCA steel walls exhibit continual increases with irradiation
time. This is in contrast to the multiplier activation that reaches equilibrium
shortly after startup. For most of the operational durations of interest (e.g.,
4 - 5 yr), however, the variation of the concentration seems quite trivial. It
is noted that the radioactivity level in the first wall builds up to ~ 507 its

maximum value in only ~ 1 month.

Tables 12-2 through 12-4 summarize specific radioactivity, biological haz-
ard potential of air (BHP-air) and biological hazard potential of water (BHP-
water), respectively. Their respective volume-integrated values are given in
Tables 12-5 through 12-7. The BHP values are defined as the air/water dillution
required for the radioactivity concentrations to decrease to their maximum
permissible concentrations (MPCS)* defined in the NRC regulations(6). These
parameters provide some measure of the biological impact upon inhalation and in-

gestion if the radiocactive products were dispersed into the environment. It
should be pointed out, however, that radioactive products in fusion systems are
generally rather non-vulnerable (i.e., non-mobile) particularly when solid
breeding materials are used for the tritium fuel generation as in the present
design. The major exceptions in which fusion systems may potentially impact

the environment through the more vulnerable radioactive inventories, and hence,
where such biological hazard measures as BHPs represent the essential importance,
is associated with tritium as fuel and radioactive corrosion products in the
water-coolant system. The potential release of such tritium and corrosion pro-

ducts is addressed in Chapter 21.

*MPCs are given for air and water according to whether (a) the isotope is in a
soluble or insoluble form, and (b) the exposure in a restricted area (40 hr/
week — 13 week/calendar quarter exposure) is for general individuals or for
minors under 18 years of age. To assure an unambiguous comparison, all MPCs
used herein apply to exposure to minors in restricted areas and the minimum
between soluble and insoluble.

12-4
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Figure 12-1. Time-dependence of component radioactivity
concentration during reactor operation.

Nevertheless, the BHP values are useful for comparing activation levels
of different reactor components. As an example, both of the BHP-air and BHP-
water for the ZrgPbjy neutron multiplier are ~ 95% of the total BHPs for the re-
actor because of a significant production of isotope 897r (decay half-life of
78.4 hr, EC/B+/Y)-(7) On the other hand, the relative importance of the ZrsPbj
component in units of Curies is less and its contribution to the total
radioactivity is only about 38% ( ~ 2.3 x 103 MCi) at reactor shutdown. The
implication is that one needs a reliable biological protection against disper-
sion of the multiplier. However, as shown in Chapter 12, no accident that could
potentially melt, vaporize and release the multiplier outside the reactor build-

ing could be identified for STARFIRE.

Over the span of 0 to 1000 yr after shutdown the first wall, the neutron
multiplier, the breeding blanket and the reflector contain almost 99% of the
total radiocactivity inventory by all three measures studied. This clearly in-
dicates the importance of these four components from the activation standpoint

while at the same time, it shows that most of the high-level long-term activation
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Table 12-2. Radioactivity Concentration in Reactor Components
(MCi/m3) -
TIME AFTER REACTOR SHUTDC::

REACTYCR CCHFONETHT ] "R 5YR 10YR 20YR 3R 50YR 100YR 5CCYR 1000YR
1ST KALL PCA -- 3.82E 02 1.3%5E 02 4.43FE 01 1.2¢f 01 1.368 00 3.73E-01 2.01E-0% 4.00£-C2 1.72E-02 &.16E-03
RZ0 -- 1.158 01 0.C 0.0 0.9 0.0 6.0 0.0 0.0 0.0 0.0
MULTIFLR ZN5733 -- 6.23€ 01 3.546-01 1.57£-03 1.138-03 8.20C-04 6.35E-04 4.126-04 7.5S£~05 7.51E-05 7.53E-05
280 KWALL FCA -- 1.43E 02 5.06E 01 1.53E 01 G.66E 03 4.93:-01 1.35&8-01 7.43£-02 1.245-02 §.$7E-33 4.5%€-03
HZ20 -- 4.1 €3 ¢.0 0.0 6.0 G.0 g.C 6.0 0.9 0.2 0.0
IBLANKET PCA -~ 4,048 01 1.63E 01 4.6%5c 00 1.248 00 1.03e-0%1 2.31e-02 7.57¢-03 3.237-03 2.6457-93 1.65t-03
LIALC2 -- 1.0%F 01 2.37E-06 2.37£-06 2.37e-CS5 2.37E-06 2.37E-C6 2.37e-06 2.378-05 2.348-C6 2.31€-05
H20 -- 1.24£ 03 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
OBLAYKET PCA -~ 2.55% 01 8.93E C0 2.79E 00 7.76E-01 7.65%-02 1.652-02 4.778-03 2.048-03 1.57E-03  1.0%€-03
LIALOZ -- 6.6%E €3 1.45E-06 1.40I~06  1.4%E-06 1.65E-06  1.606£-06 1.68E-06 1.6{€-05 1.65E-05 1.45E-06
HZ20 ~- 7.75:-01 0.0 6.9 0.0 0.9 0.0 0.0 0.0 0.C 0.0
REFLECTR FCA -- 3.4%t C0 6.212-01 2.16E-01 7.19:2-062 2.21:-02 1.71E-02 1.438-02 2.27E-03 5.87e-0% 9.51£-05
GUAPHITE-- 2.327-08 2.308-03 2.328-03 2.37€-08 2.31Z-03 2.316-05 2,316-03 2.045-03 2.136-03 2.056-03
HZ0 -~ 2.4%e-t2 0.0 0.0 0.0 6.0 0.0 0.0 g.0 Q.0 0.0
IBLK-JKT FCA -~ 7.238 00 2.15€ 00 6.658-01 1.882-01 1.91E-02 4.20€-03 1.852-03 1.01e-03 8.C 5.57g-C%
CSLK-JKT FCA -~ 2.0 00 3.72c-01 1.332-01 4.55c-C2 1.83¢-02 1.22€-02 1.03:-02 1.61£-03 3.6% 4.67E-35
HEADER  PCA -- 2.20E 00 3.96E-01 1.45C-01 5.€3z-02 1.82£-02 1.465&-02 1.258-02 1.93:-83 4. 3.85:-05
H20 -- 6.53e-03 0.0 0.0 0.0 0.0 0.0 6.0 6.0 g. 0.0
ISLB-JKY FET1422 =-- 9.622 €0 1.94E 00 5.252-01 1.36E-01 9.90E-03 8.556E-C4 7.578-05 1.14E-05 4. 2.126-05
G3LD-JKT FL1622 -~ 1.768 00 1.452-01 4.5%%-02 1.2%E-02 1.32%5-05 4.%91e-0% 3.710-04 5.81e-05 1 2.47¢-C5
ISHIELDY FEY422 -~ 5.112-02 1.22¢-02 3.305-03 &.56:E-04 6.17€-05 5.238-06 4.15¢-07 6.2CE-C3 2 1.25:-C3
TUNMGSTEN-~ 2.896-01 §.76E-03 3.762-05 2.65E-07 1.C%E-07 &.81E-C3 8.27E-03 6.833-05 5. 4. 21E-C3
H20 -- &.708-G% 0.0 0.0 0.0 0.0 6.0 0.0 8.0 c. 0.0
ISHIELD2 FET422 -- 5.465-03 1.465-03 3.9CE-04 1.00E-84 7.20E-06 6.21£-07 6.45I-03 6.45£-09 2. 1.332-39
B4C -- 2.24t-04 2.61E-10 2.0%E-1C 2.01E-10 2.01e-10 2.01E-10 2.01-30 2.01e-10 2. 2.01z-19
120 -~ 1.07e-C0% 0.0 8.0 0.0 6.0 0.8 g.0 0.0 g. 6.0
OSHIELDY TISALGY -- 4.C 1.158-04 G.656E-C7 9.42:-08 2.635-03  1.838-03  1.50E-C3  6.24E-09 2. 1.8652-09
TIH2 -- 3. 1.0%8-64  1.645-07 6.826-11 1.538-17 3.4%E£-2% 1.74€-37 0.0 0. g.C
B4C -- 4 1.02E-09 1.028-09 1.02E-0% 1.02E-05 1.02E-C3 1.028-09 1.02E-0% 1.0 1.C2E-0%
H2G -~ 4. 0.0 6.0 6.0 0.0 0.0 0.0 0.0 0. 0.6
OSHIELD2 FE1422 -- 2.0 6.102-06 1.51E-06 3.83E-07 2.83E-0S 2.09E-CG9 2.856-10 4.23E-11 1.4 6.:58-12
B4C -- 1 1.53e-12 1.53E-12 1.83z-12 1.33£-12 1.53e-12 1.53g-12 1.53£-12 1. 1.538-12
K0 -- 5. 0.0 0.0 0.0 0.0 g.¢ 0.0 0.0 0. 0.0
OSHIZLD FE1422 -- 3. 2.19E-08 5.53E-09 1.642£-09 1.C2¢-13 1.41E-11 5.145-12 8.53E-13 2. 1.128-13
ISLD-JK2 FE1622 -- 2. 6.120-05 1.59E-05 4.G5E-06 2.52c-07 2.650-C3 2.76E-09 4.226-10 1. 7.23e-11
AIR co2 -- 1.3 1. 1.952-2 1.552-20 1.$2e-20 1.9:iE-20 1.94€-20 1.&2£-20 1. 1.735-20
IAG-CER FE1422 -- 2. 4. 1.652-05 2.7CE-05 1.906-07 1.85E-C8 3.C9E-09 4.855-10 1. 6.63¢S-11
OMAS-BWR FEN622 -- 1. 1.1 3.91E-10 1.G4E-10 1.05E-11 3.79E-12 2.81£-12 6.53£-13 1. 3.232-14
IMAG-HET 30488 -- 6. 1. 4.308-C5 1.19E-C$ 1.2%E-07 4.13E-05 2.71E-03 7.41L-0% 4.3f 2.57E-98
NAG-KET 36485 -- 1. 9. 3.3¢e-10 1.C3E-10 3.02e-11 2.28E-11 1.65t-11 4.05e-12 2. 1.64CE-12
IMAGNETT COPPER -- 1. 1. 1.452~07  1.138-07 &.502-08 7.35E-08 6.153-03 9.31:-09 2. §.742-11
30485 -- 1. 1. 5.725-07 1.70e-07 3.27e-03 2.038-08 1.70£-08 3.23z-09 1.2 5.2%¢
N33ISN -~ 5. 2.21E-C6 1.07E-06 5.63£-07 2.64:-07 1.56E-C7 6.CSE-08 7.80E-09 7. 7.61E
6-10 -~ 2.7 2.35E-1% 2.87¢-14 2.85E-14¢ 2.83%-14 2.83E-1% 2.87e-14 2.79&t-34 2. 2.
IMABNET2 3048S  -- 1. 1.125-063 4.01E-09 1.30£-09 3.74E-10 2.82:z-10 2.6%€-10 4.13=-11 1. 4.
C0PPER  -- 1. 2.718-10 2.03€-10 1.62e-10 1.21E-10 1.62E-10 3.75E-11 1.32z-11 2. 6.
HBTI -- 2. 2.57€-0% 2.10e-05 1.64E-09 1.01E-0C3 6.20E-10 2.62C-10 5.52¢-11 5. 5.
G-10 -- 4. 6.27e-16 6.25E-16 4.20E-16 64.28€-16 4.23E-16 6.248-16 4.1ig-16 ¢&.C 3.7
IMAG-HE2 3C4CS  -- 4. 3.628-11 1.222-11 4.33E-12 1.32E-12 1.0%E-12 8.81c-13 1.80e-13 5. 1.
HAGHETT 30488 -- 4. 3.628-10 1.65€-10 6.738-11 1.43%-11 1.12E-11 $.83z-12 1.71E-12 5. 2.
COFFER -- 8. §,806-12 3.76zZ-12 3.CCE-12 2.23t-12 1.9CZ:~12 1.68£-12 2.22e8-13 5. 1
H33EN -- 2. 1.03£-09 4.3%E-10 1.92c-10 7.29e-11 4.19E-11 1.73E-11 3.72e-12 3. 3.
6-10 -- 6. 1."’-17 1.6CE-17  1.632-17 1.638-17 1.67C-17 1.67E-17 1.62¢-17 1. 1.
CHAGNET2 COFFER -- 6. 1.376-14  1.0E-16 8.11E-15 6.105-15 .288-15 4.42E-15 6.65e-156 1. 3.
36488 -- 4. 4.652-12 1.662-12 5.63€-13 1.67-13 1.31E-13 1.11€-13 1.85:-14¢ 5. 1
N3TI - 1 6.31£-13 5.19£-13 4.07¢-13 2.53E-13 1.612-13 7.17e-14¢ 2.13E-14 2. 2.
G6-10 -~ 1. 1.955-19  1.$52-1%  1.97g-19 1.92:i-13 1.95e-19 1.95€-19 1.33E-19 1. 1.
SUPT-CYL G-10 -- 2. 2.002-19 2.002-19 2.08E-19 1.$%5€-19 1.89I-19 1.5%2z-19 1.93e-19 1. 1
O4/EF COFPER -- 1.2 1.058-17 7.82E-18 5.95£-18 4.25C-18 3.655-13 3.032-18 6.50E-19 1. 2.
30588 -- 9. §.33e-15  1.57e-15 5.200-16 1.61E-16 GE-15 1.05E-15 1.9CE-17 6.3 2.
KN3TI - 1. 9.138-16 7.51E-16 5.6CE-15 3.6%:-16 2 3Ce-16 1.€22-16 3.545-17 3. 3.
G-10 -- 1.63 2.182-22 2.188-22 2.17£-22 2.17€-22 2.17€-22 2.16E-22 2.1CE-22 2. 1.
BLDGHALL CONCRETE-- 1.4S£-09 3.25e-10 1.13e-10 2.S3E-11 2.07g-12 1.%45-13 6.97e-16 2.25e-13 2. 2.
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is confined to a small reactor volume or weight. The average annual radwaste
removed from the STARFIRE reactor is estimated to be ~ 250 MT ( ~ 62 m3 in
volume) based on a blanket sector replacement interval of 6 yr. Note that v 40%
of the radwaste weight ( ~ 487 in volume) comes from the LiAlO, breeder which
has a fairly low radioactivity concentration of only about 1 Ci/m3. This con-
centration is almost constant over a period of 1 ~ 1000 yr after shutdown.

About 11% of the waste ( ~ 28% in volume) comes from the graphite reflector
which also has a very low concentration of ~ 20 mCi/m3. The activity of the
ZrsPby decays in several years to an order of 1 kCi/m3 which can be considered
as a medium level waste. As a result, the most important radwaste depository

requirement for high-level long-term activation in STARFIRE is dictated by the

PCA structural material waste whose average annual discharge rate is only about
75 MT ( ~ 9.5 m3 in volume). A simple superposition of the accumulated radwastes
(without taking into account the radiocactivity decay), therefore, results in

n 2250 MT ( ~ 286 m3 in volume) at the end of plant life. Based on Ref. (8),

a typical annual high-level radwaste from a 1200 MWe LMFBR system is estimated
to be v 12 m3. The waste primarily consists of a liquid waste that has been
concentrated and solidified by vitrification and a solid waste of cladding
hulls. It is assumed in the estimate that the uranium and plutonium fuels of

v 29 MT have been reprocessed for reuse and the fission products/activities of
v 1 MT have been also separated out of the total waste of v 30 MT annually
discharged. It should also be pointed out that the degree of biological hazard
potential associated with fusion systems is substantially low compared to that
in fission systems. For example, the BHP-air of the STARFIRE design varies as
air volumes of 57 km3, 0.03 km3 and 0.0004 km3 per kWth reactor power at post-
shutdown times of 1 yr, 100 yr and 1000 yr, respectively, compared to the
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Table 12-6. Biological Hazard Potential of Air for
Reactor Components (km3 of Air)

TIME AFTER REACTOR SHUTDORN

REACTOR COMPONENT  VCLUME(M3} REIGHT(MT) 8 1R 10YR 30YR 50YR 100YR 500YR 1000YR
1ST HALL PCA -~ 3.64FE 00 2.85E 01 3.74E 08 1.25¢ 03 1.86E 07 1.59€ 06 4.17E 05 5.5CE 04 1.53¢ 04 3.81& 03

H20 -- 1.972 00 1.97¢ ¢0 7.52¢ 05 0.9 0.0 0.0 0.0 0.0 6.0 0.0
MULTIPLR ZR5FB3 -- 3.63E 01 3.23¢ €2 1.61E 10 &.10c 85 5.71E 05 3.44E 05 2.11€ 05 2.81f 03 2.38F 03 2.3&g 03
210 HALL PCA -- 2.60E 00 2.63Z 61 9.9%c 07 3.27¢ 07 4.37¢ 05 4.32E 05 1.05% €5 1.43€ 04 4.86E 03 1.53£ 03

H20 -- 1.25E 60 1.2%€ 60 1.73£ ¢5 .0 8.0 0.0 0.0 6.C 0.C 0.0
IBLANKET FPCA -- 2.51€ 00 " 1.97€ 0} 2.938 07 9.422 66 1.32E €6 9.55E 04 1.19¢ 04 1.502 €3 8.53¢ 02 5.02€ €2

LIALO2 -- 2.01E 01 6.85%F 01 1.978 07 4.77¢ 02 &4.77E 02 &.77€E 02 4.77€ 02 &.77¢ 02 4.782 02 64.76% ¢2

H20 -- 1.27E 00 1.27e 03 5.25€ 04 0.0 6.0 0.0 c.0 0.0 8.C 6.0
OBLANKET FCA -~ 1.7 01 1.558 02 1.45% 03 4.(8E 07 6.66FE G5 6.71E 05 5.85E 04 7.458 03 4.24% 03 2.49E 03

LIALO2 -~ 1.,B3E 02 5.33z 02 9.8% 07 2.372 03 2.328 03 2.32g 03 2.32¢ 03 2.328 03 2.32E 03 2.32€ 03

H20 -- 1.00£ 01 1.00E 01 2.602 05 0.0 6.0 0.0 0.0 0.9 6.0 0.0
REFLECTR PCA -~ 5.65% 00 4.47e 01 2.03£ 06 5.83 05 1.162 05 5.067€ 04 6.05¢ 04 6.15E €3 1.42e 03 &.02F Ot

GRAFHITE-- 1.02€ 02 1.64E 02 2.376-02 2.376-02 2.37E-(2 2.35E-02 2.356-02 2.2%E-02 2.23£-02 2.10E-C2

H20 -- 5.682 03 5.65E 00 4.5%E 03 0.0 0.0 0.0 8.0 0.0 6.0 0.0
IBLK-JKY FCA ~- 3.47€ 00 2.73% 0t 6.0GG6E 06 2.07E 06 2.83c 05 2.04% 04 2.93¢ 03 5.512 02 3.63E 02 2.31F €2
O3LK-JKT PCA ~- 1.55C 01 1.22E 02 2.728E 06 7.2%¢ 05 1.81E 05 9.66E 0% 7.63 04 1.21€ 04 2.74E 03 1.17¢ €2
HEABER  PCA -~ 6.0%E 00 3.07E 01 6.01E 05 1.63E 05 4.92¢ 0% 3.03E 04 2.55€ 64 3.85E 03 8.6%% 02 2.85¢ 61

H20 -- 2.958 01 2.95e 01 6.41E 03 0.0 0.0 0.0 8.0 6.0 6.0 ¢.0
ISLO-JKT FE1422 =-- 3.6%E 00 2.75E 01 5.428 06 1.82E 05 3.87E 04 1.73t 03 2.20 02 1.878 01 6.22% 00 2.84E €3
0SLD-JKT FE1422 -- 1.93E 01 1.57€ 02 2.35t €& 3.722 05 1.63E 0% 4.51E 03 3.65€ 03 5.53e 62 1.232 02 3.93t 03
ISHIELDY FE1422 ~- 7.92E 00 6.25E 01 7.428 0% 2.71F 0% 5.51g 02 2.5tz ¢1 2.922 00 2.33e-01 8.24e-02 4.C5E-C2

TURGSTEN-- 64.358 01 8.40f 02 2.252 06 6.448 0% 1.118 01 1.20E 60 5.07£-01 3.65e-01 3.1C2-0%1 2.2CE-C)

H20 -- 7.928 00 7.%$2¢ 00 2.30£ G2 0.0 0.0 6.0 0.0 c.0 0. 6.0
ISHIELD2 FE1422 ~- 4.808 00 3.81F 81 5.34% 03 2.01E 03 4.03% 01 1.8%E 00 2.028-01 1.50E-02 5.57E-03 2.93E-03

B4C -- 3.52e 01 8.80E 01 2.62t 02 7.05&-C2 7.05e-02 7.05e-02 7.C%e-02 7.0SE-62 7.0%E-02 7.G3€-62

120 ~- 4.8GE 00 4.8%¢ 60 1.71E ¢1 ©.C g.0 0.0 0.0 g. 6.0 8.0
OSHIELD1T TIGALGY -- 2.588 01 1.17& 02 6.51E 05 3.22E 03 1.65E 00 3.17E-01 2.00£-0t 5.67e-02 3.74£-02 3.1

TIH2 ~- 3.35e (2 1.31¢ 03 5.16E 05 3.00& 0% 2.29E-02 1.16E-15 S5.84£-29 O. 0.0 8.0

B4C ~- 7.75E 01 1.94E 02 2.62E 03 7.838-01 7.8&56-01 7.83e-01 7.88:£-01 7.8SE-01 7.8%E-01 7.82

K20 = 7.750 01 7.758 ¢1 1.188 03 0.0 0.0 0.0 0.0 6.0 0.0 0.0
OSHIELD2 FE1422 -- 3.15E 02 2.49E 03 1.8%E 03 6.67¢ 02 1.158 01 5.728-01 7.41g-02 6.58SE-03 2.21E-03 1.0

B4C -- 6.73E 01 1.63€ 02 3.08¢ 00 1.C3e-03 1.03E-03 1.03e-03 1.03£-03 1.03£-03 1.03£-03 1.0

H20 -- 6,73t 01 6.73z 01 1,332 00 0.0 8.0 0.0 0.0 0.0 0.0 0.0
OSHIELD3 FE1422 -- 4.16FE 02 3.30E 03 1.458 01 3.01¢ 00 5.326-02 3.49£-03 1.17E-03 1.58E-04 3.855-05 5.
ISLD-JK2 FE1422 -- 3.648 00 2.89€ 01 1.87E 02 6.35% 01 1.23f 03 6.11£-02 8.03:c-03 7.315-04 2.49E-04 1.
IHAG-DHR FE1422 -- 8.80f 00 6.95€ 81 3.23%E 02 1.00¢ 02 2.03e 00 1.02e~01 1.83£-02 2.061c-03 5.7Z2E-04 1.7
CHAG-DHR FE1422 -- 1,238 02 9.74E 02 1.02t {0 3.2325-02 9.60E-04 2.22E-C4 1.72E-04 2.55¢-05 5.82:-06 2.
IMAG-HET 30485 -- 1.51 01 1.1SE 02 1.6t 02 4. 5.16E 00 5.14E-01 1.64£-01 3.23t-02 1.158-02 4.°
CHAG-HET 38458 -~ 1.28f 02 1.00c 03 1.44E-01 1. 3.61E-03 1.41€-03 1.12E-03 1.97e-04 6.53£-05 2.
IHAGNET1 CCPHER -~ 6.502 00 5.85E 01 2.64E 01 2.¢ 9.32E-01 2.2ie-01 2.0%E-01 3.055-02 6.722-03 1.

30455 -~ 5.65t G0 4.45% 01 6.51E 00 1. 2.316-01 6.332-02 6.65E~-02 7.338-03 1.S4E-03 3.

ND3ISH  -- 6.863E-01 5.418 00 1.2%2-01 1. 7.21e-02 2.778-02 1.17g-02 2.66E-03 2.64%-03 2.

G-10 -- 6.26E-01 1.13€ 60 5.81E-04 1. 1.81-16 1.80€-10 1.80E-10 1.76E-10 1.705-10 1.
IMAGNET2 3045S -- 2.5%E 01 2.00% 02 1.44£-01 2.2 6.176-03 3.61E-03 3.03-03 4.72E-04 1.152-0% 1.2

COFPER -- 1.24E 01 1.11E 02 4.30E-01 6.7 2.56E-03 7.55E-04 5.49E-04 B8.19E-05 1.81£-05 4.1

h3TI -- 9.37e-01 6.04%5 00 6.622-0% 6. 3.90E-0% 1.60E-0%4 7.44E-05 2.502-05 2.578-05 2.

6-10 -- 2.82E 00 5.31€ €0 3.83£-0% 1.20E-11 1.202-11 1.206-11 1.20E-11 1.18E-11 1.13E-11 1.
OMAGNET1T 30438  -- 4.76¢ 01 3.75€ 02 1.08E-02 1.31E-03 4.21E-C4 2.61E-06 2.216-0%4 3.48C-05 8.75E-05 1.

COPPER  -- 5.53E 01 4.94E 02 1.07e-01 5.23¢-C% 2.01E-04 6.3CE-05 4.65E-05 6.$3:-06 1.5%£-05 3.

N33SH  -- 5.76E 00 4.55E 01 2.63£-04 2.43:-04 1.61E-04 6.50£-05 3.035-05 1.07e-05 1.85E-05 1.

G-10 -- 5.27¢£ 00 $.92e 00 1.07e-07 8.85E-13 8.85E-13 §.83E-13 8.50E-13 8.5%-13 8.3%e-13 7.
OMAGNET2 CCPieR  --  1.04% 62 9.332 02 1.66E-03 2.755-06 1.06E-05 3.21£-07 2.34E-07 3.4SE-03 7.72:-09 1.7

30685 -- 2.14F 02 1.0“5 03 4.3CE-C% 5.456-05 2.01E-05 1.37E-05 1.176-05 1.82€-06 4.258-07 3.

NETI -~ 7.50& 00 5.10€ 01 1.3%6-C6 1.255-05 $.47E-07 3.63E-07 1.84£-07 8.43E-03 8.37:-03 §&.

G-18 -- 2.3%E 01 4.45E 01 1.43€-09 64.655-14 4.65E-14 64.64E-14 64.63E-14 6.4GE-14 4.325-1% 6.
SUPT-CYL 6-10 -- 1.45£ 02 2.81E 02 2.93e-13 2.63E-13 2.93£-13 2.S7€-13 2.S7€-13 2.0%e-13 2.2ie-13 2.
OH/EF COPFER -- 1.206 01 1.05% 02 5.61E-07 Q2.76E-10 1.01E-10 2.682-11 1.83-11 2.7$2-12 6.158-13 1.

30488 -- 3.20€ 01 2.55E 02 1.45€-07 8.3%E-03 3.04E-09 2.00£-09 1.72£-09 2.705-10 6.758-11 8.

H3TI -- 1262 €0 8.10E 00 3.16£-10 2.935-13 1.97€-10 &.53E-11 4.51g-11 2.22z-11 2.212-11 2.

6-10 == 1.I2E 01 2.108 01 6.068-13 2.435-17 2.43E-17 2.47e-17 2.42e-17 2.34E-17 2.2%:z-17 2.
BLOGHALL CONCRETE-- $.37E 03 2.15E 04 7.23E-01 1.058-01 9.31E-03 4.50E-05 2.33E-07 1.6CE-03 1.60:-08 1.
TOTAL -- 2.9% 03 1.75e 04 1.69E 10 2.28€ 03 3.28E 07 3.12E 06 9.60E 05 1.08E 05 3.65E 04 1.

(H/0C RTZACTCR BLDG)
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REACTOR COHPONENT

1ST HALL PCA -~
H20 -~

KULTIPLR Z25FB3 -~
28D HALL FCA --
20 .-

IBLARKET FCA -~
LIALO2 -~

K20 --
CBLANKET FCA --
LIALO2 -~

H2o --

REFLECTR FCA .-
GRAPHITE-~

H20 -

IBLK-JXT FCA --
O3LK-JKT PCA -
HKEADER PCA -~
H20 -

ISLD-JK1 F£1422 -~
OSLD-JKT FE1622 --
ISHIELDY F:1<22 -
TJULSSTEN-~

120 --

ISHIELD2 FE1422 -~
B4C --

H20 -~

OSHIELD?T TIGALGV --
T2 --

B4C -~

H20 --

OSHIELD2 FE1422 -~
B4C -~

H20 --

OSHIELD3 FE1622 -~
ISLD-JK2 FE1422 --
INAG-DIR FE422 -~
CHAG-DHR FE1422 -~
IMAG-HET 30455  --
CHAG-HET 30358 -~
IMAGNET1 COPPER -~
588 ~--

N33siH -

6-10 --

IMAGNET2 30688 -~
COPFER ==

N3TI -~

6-10 -

OMAGHET 1 304SS -~
COFPER ~--

R33EN -

G6-10 -

OMAGNET2 CCPPER  --
30458 -~

K3TI -~

6-10 --

SUPT-CYL G-10 -~
OH/EF COPFER -~
30458 -~

N3TI --

G-10 .-

BLOGHALL COMCRETE--
TOTAL -~

(H/0 REACIOR BLDG)
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corresponding BHP-air values of ~ 550 km3, &~ 100 km3 and 80 km® in the LMFBR
system(s). These LMFBR BHP values are based on the case for a post-fuel re-
processing at 1 yr after discharge, and are dominated by a series of actinide

isotopes such as Np, Am and Cm.

We now turn our attention to the decay characteristics of the key radio-
active isotopes in each major reactor component. As discussed earlier, the
highest activation level in the STARFIRE design is associated with the PCA-
steel structures in the first wall/blanket. Based on the result of Fig. 12-2,
the PCA activation can be characterized by three major groups of radiocactive
products. Namely, the activation is determined largely by S5re (2.7 yr, EC/no-y)
up to 30 yr after shutdown, by ©3Ni (100 yr. 8 /no-y) from 30 yr to 500 yr and
by 93Mo (3500 yr, EC/no-y) beyond 1000 yr. Isotope 23Mo decays to 93mypb
(13.6 yr, IT) with the branching ratio of ~ 0.9. The contribution of 23mNb
to the long-term activation shown in Fig. 12-2, in spite of its relatively
short half-life, is caused by an equilibrium decay state of 23MNb with the

precursor isotope °3Mo which has a very long half-life.

RADIOACTIVITY CONCENTRATION MCi/m3 x 10°

\
001 \ \\ \
A\ \ 3
0.001 58, \ 73N s 55 \ 60
Co \\ o Y\ T Mn Fe? \ Co
00001 \ \\ \
\ I \
000001 \ v
} \ \
00000004 — k- . .

10 ) 100 N " 1000
TIME AFTER REACTOR SHUTDOWN (yr)

Figure 12-2. Isotopic radioactivity contribution of
the PCA first wall.
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For this reason the 93™Nb activation concentration increases rather than

decreases after shutdown as indicated in Fig. 12-2.

It should be pointed out that 93mMNb is the only major gamma emitter after
isotope ©9Co(5.3 yr, B~/y) decays out, and that decay gamma emission is far
more important than B~decay as far as the long-term radwaste shielding is con-
cerned. As shown in Fig. 12-3, the molybdenum isotope °3Mo is generated by
neutron reaction with the Mo element itself, which is one of the primary con-
stituents of PCA ( ~ 27 in weight). Specifically, two stable isotopes °2Mo
(14.8% in the natural abundance) and %Mo (9.3%) cause more than 99% of the
total 93Mo activation through the %2Mo(n,y) and 9%Mo(n,2n) reactions. In
other words, the two Mo isotopes which are only ~ 0.5% of the PCA structural
material in the first wall/blanket, are contributing the most significant part
of the whole long-term radwaste associated with the STARFIRE blanket design.
This observation suggests strong incentives for a possible PCA material
processing concerning the minimization of long-term radwaste storage require-

ment. The first possibility is that the two stable isotopes of 92Mo and %Mo be

100

0.01

RADIOACTIVITY CONCENTRATION MCi/m®

1000

— —————
TIME AFTER REACTOR SHUTDOWN (yr)

Figure 12-3. Elemental contribution to the PCA first
wall radioactivity.
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9 the Mo

eliminated from the Mo element, or as suggested by R. Conn et al.,
element be tailored to 100% °7Mo (9.6% in the natural abundance) since this
isotope is least likely to pose the activation problem among a series of

stable Mo isotopes. The second possibility is that isotope I3Mo (or all stable/
radioactive Mo isotopes) be separated isotopically (or chemically) after the
PCA components are discharged from the reactor. The former method of isotope
manupulation can completely eliminate the 93Mo activation but questions

regarding the economics and technological feasibilities relevant to such

isotopic separation remain yet to be answered.

With regard to the total activation including both y and B decays, 63Ni
is one of the most important isotopes at times of interest. Isotopes 62N1
(3.59% in abundance) and S*Ni (0.91%) give rise to the activation, and
R. Conn et at.,(g) have also suggested a Ni element tailoring to 100% 61Ni
for a type 316 stainless steel structural material. When both 27Mo and ®lNi
isotope selections are employed in ensemble, the long-term activation of the
STARFIRE design will be drastically reduced. However, it should be mentioned
that the ultimate activation level will be governed by the l%C (5730 yr, 8™ /no-vy)
activation of ~ 20 kCi/m3 (still classified as a medium-level waste), produced
from a trace element of nitrogen via the 1L*N(n,p) reaction. The implication
is that in order to fully exploit the isotopic tailoring technique, one would

need a careful control of impurity contents in the structural material.

According to Fig. 12-4, many of the radiocactive products in the ZrgPbj
neutron multiplier rapidly decay to stable isotopes in a few years after shut-
down. The remaining activation in this multiplier is determined by relatively
short-lived isotopes of 204T1 (3.8 yr, B7/EC/no~y rays observed between 0.1
and 2.5 MeV), 20Sr(28.8 yr, B~/no-y) and %0Y(64 hr, 8~/y) and by two extremely
long-lived isotopes, °3Zr(1.53 x 10© yr, 8 /no-y) and 295ph(1.4 x 107 yr,
EC/no-y). The continual presence of short-lived °0Y isotope up to a few
hundred years is due to the two-step decay chain of 90sy §790Y §f902r. It
should be noted that the very toxic 2%Sr (the MPC-water values are 3 x 107/
Ci/m3 and 4 x 10~°5 Ci/m3 for soluble and insoluble forms, respectively) is
generated in significant amounts (order of 1 kCi/m3 up to 100 yr). 1In
comparison, the tritium MPC-water is given as 3 x 1073 ci/m3. An average
annual discharge of %9Sr in replaced blanket sectors yields ~ 3 kCi up
to v 50 years. This discharge rate is compared to a typical 90sr fis-

(8)

sion produce of ~ 1.3 MCi/GWe-yr discharged from an LMFBR reactor.
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Figure 12-4. TIsotopic radioactivity contribution
of the ZrgPbj neutron multiplier.

Isotope 90gr is induced by the (n,n”a) neutron reaction with 3%7r which is

~n 17.4% in the naturally occuring abundance. This 9%zr isotope is also the
major source for the long-term activation of 93zr generated via the %zr(n,2n)
reaction. Therefore, any isotopic tailoring of Zr leading to a complete
elimination of 9%Zr can be expected to result in a ZrsPby activation level of
only ~ 5 Ci/m3 being contributed solely by the Pb activation within ~ 50 yTr
after shutdown. This observation should be emphasized not only from the stand-
point of reducing the absolute activation level but from a consideration for

the substantial production curtailment of toxic radiocactive wastes such as

905y and %3zr.

At times shortly after shutdown, the LiAlQO, breeder material contains many
short-lived isotopes such as ®He(0.8s, 8 /no-vy), ®Li(0.84s, 8~ /a), lON(7.1s,
g=/a/y), 2%Na(1l5 hr, 8-/v), 27Mg(9.5m, 8~/y) and 28A1(2.2m, 87/y). Among
those, 2%Na is the most important isotope. Beyond a few weeks after shutdown

the LiAlO, activation is determined solely by 26A1(7.2 x 10° yr, g*/EC/Y) as
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shown in Fig. 12-5. Note that there are two branches associated with the
27p1(n,2n) reaction, i.e., 27A1(n,2n) 2%A1 and 27Al(n,2n)26mAl. Unlike the
normal internal transition decay of meta-stable isotopes, 26mpt (6.3s, BY/no-y)
decays to stable isotope 26Mg with emission of B+. Therefore, the production
rate of 20A1, and hence, the LiAlO, activation level strongly depends upon the
reaction branching ratio leading to this particular isotope generation. Un-

fortunately, the reaction branching ratio is not well known(lo)

(11)

at present and
somewhat arbitrary values are assumed in the literatures. An equal pro-
bability for both reaction paths (25A1 and 28MAl production paths) is assumed
in the present analysis. When the calculated value of the 27A1(m,2n) 26Al
reaction cross section given in Ref. (10) is used, the 26A1 activation shown

below would be increased by a factor of two.

The LiAlO, activation level of ~ 2 Ci/m3 is somewhat too high to be
classified as a low-level waste (LLW) and might impact the lithium resource
unless the aluminum isotope is separated from the irradiated breeding material.

The lithium inventory in the blanket is estimated to be & 64 MT based on the
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Figure 12-5. TIsotopic radioactivity contribution
of the LiAlOs breeder,
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Figure 12-6. Isotopic radioactivity contribution
of the Ti6A14V shield.

natural lithium composition. Enrichment of the ®Li concentration to 60%,
raises the natural Li resource requirement to ~ 510 MT per reactor load, and to
~ 2550 MT over a 30-yr plant life. Of course, these resource requirements
include unnecessary 7Li of n 53%, which could be utilized in other applica-
tions (e.g., battery program). According to the UWMAK-III estimate, the
lithium resource which is considered available in the United States at up to
3X present (1976) price is ~ 107 MT. More precise evaluation of the LiAloO,
activation, which is currently somewhat uncertain due to the uncertainty in
the 27A1(n,2n) reaction branching is desirable. Recycling of LiAlO, appears
to be technically and economically feasible but needs to be addressed in

future studies in detail.

Figures 12-6 and 12-7 show radioactivity contributions in the primary
structural materials of Ti6Al4V and Fel422 in the high flux shield (HFS)
and the medium flux shield (MFS) regions, respectively. The activation in

the Ti6A1l4V shield structure steeply decreases in 10 yr after shutdown due
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primarily to the fast decays of 2%Na, “5ca (165d, B~/v), *0Sc(84d, B~/y) and
483c (44hr, B7/y). After 10 yr, the radioactivity in this material is dictated
by the impurity activation products such as 63Ni, 93™Nb, 93Mo and lhc. It
should be noted that by virtue of the comprehensive shield optimization, the
Ti6A14V - structured HFS shield exhibits an activation level of 0.1 Ci/m3 or
less ( v 2 Ci in total) within 10 yr after shutdown in spite of the fact

that the shield is exposed to a relatively high neutron-fluence of ~ 1016 p=2g71
during reactor operation. The radioactivity concentration of 0.1 Ci/m3 is
normally classified as the upper limit of LLW. As discussed earlier for the
PCA structure, some more elaboration on the impurity level control for
Ti6A14V, particularly on Ni and N impurity control would substantially reduce
the long-term activation level in this shield after the short-lived primary

activation has decayed.

As is the case with most of the iron-base alloys, the Fel422 activation
does not significantly decrease up to v 10 yr after shutdown, due to the large

55Fe—production. Another feature characterizing the Fel422 activation is the

RADIOACTIVITY CONCENTRATION MCi/m’ x 10'0

0.000000-¢ v ey

\j

. - — —
TIME AFTER REACTOR SHUTDOWN (yr)

© 1000

Figure 12-7. TIsotopic radioactivity contribution
of the FeldMn2Ni2Cr shield.
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excitation of a series of radioactive manganese isotopes such as
>3Mn(3.7 x 10® yr, EC/no-y), S*Mn(312d, EC/y) and 56Mn (2.6 hr, 8~/y). From
the long-term activation standpoint, the 53Mn isotope is the most important, al-

though the associated activation level is not more than that of !*C caused
by the nitrogen impurity, as shown in Fig. 12-7. The rapid decrease in act-

ivation to < 3 x 10~ 3 Ci/m3 ( ~ 0.8 Ci in total) within ~ 30 yr after shut-
down in this primary shield structure provides a great potential for material
recycling of the shield material which is large in volume ( & 320 m3 in MFS

only, for instance).

The radiocactivity decay of the TF-magnet superconductors, Nb3Sn and
NbTi is shown in Figs. 12-8 and 12-9, respectively. The variation of both
conductor radioactivities is more or less identical and is characterized
primarily by the two radioactive isotopes °93MNb and 94Nb (2.0 x 10% yr, 87 /y).
The unique features which distinguish one from the other are found in the re-

latively short-lived isotopes such as 123gn(129d4, B~ /y) and 125gh(2.7 yr, 87/Y)

:
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Figure 12-8. 1Isotopic radioactivity contribution
of the Nb3Sn superconductor.
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produced from Sn in Nb3Sn, and *°Ca and 455c produced from Ti in NbTi. The
fact that both conductor activation levels are below the LILW limit even at

reactor shutdown is very promising for the recycling possibility of these

resource-limited materials.

Despite the fact that 93Nb is the only naturally abundant niobium element,
the radioactivity analysis regarding this element is troublesome primarily be-
cause of the large uncertainties in the associated activation cross sections.
In addition, the fact that there are many metastable niobium isotopes such
as 92myp, 93myp, d4myp, 95mNb, etc. makes the analysis more difficult. 1In
particular, the reaction branching ratios for a sequence of the
93Nb(n,y) 24Nb/ 34 MNb (n,v) °5Nb/25mNb reactions and for the 93Nb(n,2n) ?2Nb/22mMNb

. . . . 2-18
reactions are the central issues in this 1:egard.(l )

Fortunately, in the
STARFIRE design, niobium is used only as the superconducting materials that
are located in a low radiation field. Therefore, it is likely that the impact
of these cross section uncertainties is small since the absolute magnitude of
radioactivity is quite low from a practical standpoint. The only exception in

whrich a more refined analysis would be required is related to the inboard

section of the superconducting magnet which is exposed to a non-trival neutron

fluence.

= 1000

=4

x

™

g 100

~

-

S
104

Z 3

8 -

a X

< 11

s 3

& E

Z

S w

% .14

8 \ AN

E>—-: 0011: \\ \456a

— i \\

> ] \ \

- §

3 0001 " us \\ 93m, .

g b Sc \ \

a 0.0001 1 % \ k

T \

0.00001 e ,}”. . S
1 1000

— - ——
TIME AFTER REACTOR SHUTDOWN (yr)

Figure 12-9. Isotopic radioactivity contribution
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Another important aspect of the reactor component activation analysis is
related to penetration system components and their shield materials. 1In
general, the direct radiation streaming in neutral beam ports, vacuum pumping
ports, divertors, etc. in previous tokamak designs is one of the primary
sources of the design complexities and consequent high radioactive shield
inventories. In the STARFIRE design, a serious effort has been devoted to
minimizing possible design difficulties as well as activation associated
with major penetrations at its early phases of the conceptual design. A key
feature of STARFIRE relevant to the vacuum pumping system is the elimination
of any direct radiation streaming path from the plasma to the cryopumps. The
STARFIRE design also features the selection of lower hybrid rf system over
neutral beam heating systems and limiter impurity control concept over
divertors. These design features have brought about overall shielding design
simplicity as well as substantial reduction in the high-level long-term

activation inventory regarding the major penetration shields.

Tables 12-8 through 12-10 summarize results of the radioactivity analysis

for the three penetration subsystems of the limiter, rf-duct and vacuum pumping

designs. The analysis was carried out at several key locations of each sub-
system based on the results of the multi-dimensional shielding calculations
(see Sec., 11.3). Because of the low activation characteristics inherent in
both candidate limiter structural materials of Ta-5W and V-20Ti, none of the
limiter system components exhibit any appreciable residual radicactivity be-
yond 30 yr after shutdown. An interesting feature associated with the Ta-5W
structural material is the high burn-up or transmutation rate of 18174

( ~ 99.99% in the natural abundance). Most of the 18lTa burn-up yields
18274(115d, 8~ /v) leading to a production of 182y (26.3% in the abundance)
via the B -decay. At 6 yr after reactor start-up for instance, the 1817,
burn-up rate reaches n 20% and the 182y content reaches v 500% of its
initial value. This high transmutation rate from tantalum to tungsten would
eventually result in a different structure composition. Such a composition
change is, however, expected not to appreciably impact the material integ-

rity or chemical stability.(lg) (See Chapter 8).
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Due to the fact that the grill structure of rf-waveguides is made of PCA
steel, the residual radiocactivity in this system shows a high activation level
over a long time period after shutdown. Actually, the rf-waveguide activation
is the largest long-term radwaste among the penetration subsystems. In parti-
cular, the waveguide portions embedded in the first wall/blanket region exhibit
an activation level almost comparable to that of the PCA wall/blanket structure.
Fortunately, however, the material volume of such portions to be exposed to
high neutron fluence is quite small ( ~ 2.7 m3) in STARFIRE because of the
nature of the grill structure design. The radioactivity concentration of the
rf-ducts beyond the vacuum plenum region is either comparable to or only
slightly higher than that in the outboard bulk shield region which is not

affected by the presence of the rf-penetration.

The post-shutdown activation in the shields around the vacuum pumping

ports is low. This stems from the following:

1. there is no direct neutron streaming path between the plasma
and the vacuum system;

2. the vacuum pumping ports possess multiple duct bends; and

3. the region exposed to a relatively high neutron fluence consists
of intrinsically low—activation shield materials such as Ti6Al4V
and TiH2 .

Although the iron-base shield, Fel422 is used in a large quantity as the
primary shielding medium, it does not appear to pose any long-term

activation problem largely because of its location in a relatively low
neutron-fluence region. It should be noted that the total shielding volume
for the torus evacuation system is estimated to be v 1200 m3 which is compared
to v 1450 m3 of the total bulk shield volume. This clearly indicates the im-
portance of the vacuum system shielding not only from the activation stand-
point but from the material inventory consideration. By virtue of adequate

selection of the shielding materials in the present design and the basic
design feature preventing the direct radiation flow into the vacuum ducts and

pumps as already mentioned, the majority of the vacuum system shields appear to
be promising for recycling on a reasonably short time-scale. This will be

examined in more detail shortly.

12-26



12.3 MATERIAL RECYCLING

As shown in the previous section it is conceivable that material require-
ments for construction of a very large number of reactors would eventually
pose resource availability and radwaste problems unless a capability of
material recycling is established. Economic and technological considerations
will ultimately determine the practicality of such material recycling. De-
cision on material recyclability for each piece of reactor components involves
extremely difficult problems because of its dependence on many factors such
as gemoetry of material, duration of cool-down, method of material handling,
etc. There is presently no information on the "back-end" of the fusion
material cycle that shows the relative economic, safety and technological merit
of one material versus the other in respect to waste disposal and recycling.
This lack of information forces the designer to use sgme judgment in material
selection. In STARFIRE, a general guideline, based on the activation level
after shutdown as discussed below, was adopted as one of the primary criteria
for material selection. The assumption here is that the lower the activation
level of a material after shutdown is, the higher is its potential for economic

recycling.

In general, radioactive waste can be defined by different waste categories,
and various categories have been proposed. As a general qualitative classifi-

cation of radwaste, Ref (8) cites the following:

. High-level waste (HLW): requires cooling by forced convection,
and heavy shielding during transportation

. Medium-level waste (MLW): shielding during transportation and
handling is necessary but no cooling
by forced convection. (the dose rate
at the surface of drums used for
disposal is greater than 200 mrem/hr)

. Low-level waste (LLW): no shielding, the dose rate is less
than 200 mrem/hr.
Another definition for the waste categorization is given by D. Richter
and W. Korner (20)(*) and is also cited in Ref. (8) based on an evaluation of
radwastes from fission nuclear power plants. The definition is presented in

terms of both weight-base and volume-base radioactivity concentrations, i.e.,

(*)

Accaording to Ref. (20), the radioactivity concentration between 107" and
10" ° ci/g (or Ci/kg) is not categorized. In the present analysis, this
concentration interval is classified as LLW.
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HLW: > 10 Ci/% (or Ci/kg)
MLW: 107 - 10 Ci/f (or Ci/kg)

LLW: < 107™% ¢i/% (or Ci/kg)

This classification seems useful for application to the material recycling
potential. From the recycling considerations, the LLW category offers the
best potential. This classification is simple and useful as it is based

on the curie level as the measure of radioactivity. However, there seem

to be several difficulties in utilizing this categorization as the criterion

for the recyclability potential because of the facts that:

1. it cannot distinguish the qualitative differences in radioactive
wastes, e.g., differences in decay modes such as y- and B-decays.

2. even among those of the same kind of decay mode, the decay energy
dependence is not taken into account; and

3. the weight- and volume-base criteria sometimes result in incon-
sistent classifications.

The first two aspects described above are important because decay gamma rays
are much more interactive with human bodies than are beta particles. 1In
addition, the degree of the interaction strongly depends upon its energy as
well as its intensity. Therefore, considerations of material recycling and
biological effects caused by direct contact with radioactive wastes to be
recycled, suggest a need for an explicit measure that can account for differ-
ences in decay mode, decay energy, intensity, etc. with a particular emphasis

on decay gamma emitters.

In NRC Title 10/Chapter 1/Part 20,(6) two guidelines are given regarding
the radiation exposure limits in restricted and unrestricted areas. In the
case of the unrestricted (uncontrolled) area exposure, the guideline shows

the maximum permissible levels of:

1. accumulated exposure of 0.5 Rem/yr;
2. continuous exposure of 2 mrem/hr; and
3. continuous exposure of 100 mrem/7 days;

resulting in the most restrictive permissible level of ~ 0.057 mrem/hr (from

item (1) above) as an acceptable exposure rate for the general public. Note
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that the dose level of 0.5 Rem/yr or continuous dose of 0.057 mrem/hr is just
five times a dose rate from the natural background of 0.1 Rem/yr(Zl). In the
case of the restricted (controlled) area exposure, the NRC guideline of 1.25
Rem/calendar-quarter leads to a maximum allowable dose rate of 2.5 mrem/hr
based on an occupational work of 40 hr/week and 50 week/yr. Therefore, a

reasonable criterion to be used for the material recycling seems to be:

1. a dose limit of 0.05 mrem/hr for recycling to the general public;
and
2. a dose limit of 2.5 mrem/hr for recycling for a limited use such

as recycling to fusion reactor construction.

A comparison of the waste-level classification criterion defined earlier and

the dose criterion shown here will be made shortly.

Prior to the recycliability analysis, an investigation was performed with
regard to the sensitivity of biological dose rates to the source volume size.
Figure 12-10 examines the surface dose dependence as a function of source
size based on a one-dimensional spherical model. The source of 1 photon/
em3/s is assumed to be uniformly distributed over the spherical volume.
Examples shown are the case for the PCA stainless steel as a representative
radwaste of heavy materials and the case for the LiAlO, breeder as a counter-
part of lighter materials. The decay gamma energy ranges examined are those
typical at times beyond 1 yr after shutdown. It is seen that both PCA and
LiAl0; 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 the soft gamma-ray source does not show any
appreciable variation with the test-piece size in both cases of heavy and
light materials. Clearly, such a trend toward small variation with volume
stems from the well-known characteristics of the self-shielding of gamma-rays
by the source materials themselves. The self-shielding effect is particularly
strong in heavy (high Z-numter) materials as shown in Fig. 12-11. The results
presented in Figs. 12-10 and 12-11 indicate that the biological surface dose
is not overly sensitive to the size of the piece to be handled. 1In 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 geometeries of pieces to be handled in the recycling
processes. Although this conclusion is not quite precise since the dose

dependence on geometrical shapes has not been examined yet, it is very
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Figure 12-10. Effect of decay gamma source volume
upon the surface contact biological dose.

unlikely that the shape effect would override the saturation dose level for
such a large-volume piece. This observation is, again, based on the strong
self-shielding effect which is not overly sensivive to the shapes of attenua-
ting media. The material volume for the dose calculation relevant to
material recycling analysis hereafter is, therefore, assumed to be a 1 m -

diameter sphere.

Table 12-11 classifies all reactor components according to the HLW, MLW
and LLW categorizations defined earlier. The data base for Table 12-11 is
obtained from Table 12-2. It is noticed that most of the first wall/blanket
components belong to either HLW or MLW at times of interest for recycling.

A majority of the shield components can be categorized to LLW within 30 yr -
50 yr after shutdown and many of components external to the bulk shield appear
to be recyclable at shutdown or in 1 yr at most. The only exception for such
short-time recycling among those outside the shield is the inboard section

of the TF-magnet, in particular, the high-field superconductors of Nbj3Sn.

This is simply because of the relatively thin inboard bulk shield. Because

12-30



55

5

4.5 ]
j;; L\A102 (E = 1.5 - 2.0 MeV) x 105
™~ 4‘>(________._
E e
33 ~
& 35 ~
2 h
2 N
[ ] \\
-
<
2 \
T \
S
EJJ 24 . 7\
= LiAl0, (EY =10 - 100 keV) x 10"

B = - 7\
PCA (E‘ = 1.5-2.0Mev) x 10 =

05

0.00 0705 0’.10 0'.15 320 0?2‘.3 dSO 0?35 0‘40 0.'45 0750 055
DISTANCE FROM THE CENTER OF SPHERE (m)

Figure 12-11. Spatial dependence of contact biological dose
in a sphere with a uniform source distribution.

of the fact that the reactor power is highly sensitive to the distance between
the plasma center and the maximum field point in the inboard section of the
magnets, the determination of the shield thickness as well as its composition
can not be driven merely by activation considerations. It should be noted,
however, that the volume of the high-field inboard magnet section is about

38 m3 (excluding liquid helium) which is only ~ 5% of the total TF-magnet
volume. Consequently, from the material recycling consideration, the out-
board section of the TF-magnets is of much more importance because of their
large volume. It is remarkable that all activation levels of the outboard
shield components where the largest shield volume is present ( ~ 93% of 1500 m3),
decrease below the LLW limit within 20 yr at most. This was brought about

by the shield optimization described in Sec. 11.2.2.

Table 12-12 summarizes the contact decay gamma doses converted from the
decay gamma source strengths based on the conversion method described earlier.
The decay source strength is taken from an average value in each component.

It is noticed that most of the light non-structural materials such as water-
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Table 12-11. Material Recyclability Classification Based on
Component Radiocactivity Concentrations kCi/m3.

----- H : HICH  LEVEL HASTE @ > 1.08+01 KCI/M¥%3 -~---
----- M2 BEDIUM LEVIL NAGTE ¢ 1.0E-04 - 1.0E401 KCI/M%#3 ~----
----- L LCH LEVEL WASTE ¢ < 1.0E-04 RCI/Hs¥3 -~---

Tltic AFTER REACTOR SHUTDCHN

REACTCR COIFONENT 0 1YR 5YR 10YR 20YR 30YR 50YR 100YR 500YR 16003YR
1ST HALL PCA -- H H H H H H H H H H
H20 -~ H L
NULTIPLR ZRZPE3 -- H H H M M H M H H M
210 KALL PCA -- H H H H H H H H M M
HEO0 -~ H L
IBLARKET FCA -~ H H H H H H H H H H
LIALG2 -- H M M M M M M H H H
H20 -- K L
CSLANKET FCA -- H H H H H H M H M M
LIALOZ -- H M H M H [y M M M i
HEO -- H L
REFLECTR FCA -~ H® H H H H H H H M M
GIAPHITE-- L
H20 -~ H L
IBLK-JKT PCA -~ H H H H H M M H M M
CSLK-JKT FCA -~ H H H H H H H M H M
HEADER  FCA -- H H H H H H H M H M
HZ3 -- H L
ISLD-JKT FEMG22 -- H H H H H #" M H H M
OSLD-JXT FE1422 -- H H H H M M H M H H
ISHIELD1 FE1422 -- H H M M M M M L
TULCSTEN-- H M H H i L
K20 -~ M L
ISHIELD2 FEV422 -- M H H M M M L
B4C -~ M L
H20 - M L
OSHIELD1 TI6AL4V -- M M M L
TIH2 -- H M M L
B4C -- H L
H20 -- H L
OSHIELD2 FE1422 -- H M M H L
B4C -- M L
HZ0 -~ M L
OSHIELD3 FE1422 -- M L
ISLD-JK2 FEN422 -- H H M H H L
AIR cc2 - L
IHAG-DIR FE422 -- M M M H M L
OMAG-DIIR FEI422 -- M L
INAG-HET 30488 -- M H M M M L
OlAG-HET 30458 -~ L
IMAGHETT COFFER -- M M H M L
36458 -- M M M H L
K33sH  -- M M H M M H L
G-10 - L
IMAGKET2 303358 -- M L
COPFER -- M L
N3TI - M L
G-10 - 1
IHAG-HE2 30488 -- L
OilAGNETT 36558 -- L
COPPER -- L
Nadsy  -- L
G-10 - L
OMAGHET2 CGPFER -- L
3¢iss -- L
1224 -~ 1
G-10 - i
SUPT-CYL 6-10 - 1
CH/EF COFPER -- L
3048 -- L
H3TI == L
G-10 -~ L
L

BLOGHALL CCHCRETE--
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- . Table 12-12. Contact Biological Dose of Reactor
”’\ Components Dose
(Rem/hr)

TIME AFTER REACTOR SHUTDCWR

REACTOR COMPOMENT ] R S5YR 10YR 20YR 30YR S50YR 100YR 500YR 1090vR
1ST RALL PCA -- 4.77€E 07 3.9 06 1.39E 06 6.86E 05 1.83t 05 4.86E 04 3.46E 03 3.77¢ 00 3.74E 60 3.45E 07
H20 -- 1.27e ¢7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MULTIPLR 28%5FB3 -- 5.50¢ €5 2.42E 06 5.0%E-03 64.64E-11 1,13£-35 2.29E-54¢ 0.0 0.0 0.0 0.0
2HD RALL FCA ~- 1.83% 07 1.40E 06 5.06f 05 2.528 05 6.7CE 04 1.70E 04 1.27E 03 2.CC0F 00 1.936 00 1.$32 €2
K20 -~ 4.5%2 06 0.0 8.0 0.0 6.0 c.0 0.0 0.0 0.0 0.C
IBLANKEY FCA -- 5.2%2 €6 4.47€ 05 1.649E 05 7.39E 0% 1.97¢ 0% 5.24€ 03 3.728 02 6.656-01 6.63E-01 6.52:-01
LIALO2 -~-- 7.27E 05 2.05 [ 00 2.85E 00 2.84F 00 2.84L 00 2.8%E €3 2.85E 00 2.86 00 2.L%E €0 2.82E 83
H20 -- 1.37e8 05 0.0 0.0 8.0 8.0 6.0 0.0 0.0 0.0 0.0
O3LARKET FCA -~ 3.34E €& 2.82E 05 9.358 04 4.63E 04 1.23% 04 3.35F 03 2.33€ 02 4.23z-01 4.23%-01 6.13E-$
LIALO2 -- 6.61E €5 1.77¢ GO 1.77¢ 60 1.77¢ 00 1.77e 00 1.776 60 1.776 00 1.77€ 00 1.77e 60 1.77E 63
H20 -- &.6%e 05 6.0 0.0 6.0 0.8 8.0 0.0 6.0 6.0 0.0
REFLECTR FCA -- 5.01E 05 9.52E 03 2.782 03 1.36E 03 3.62C 02 9.65€ 01 6.97E 00 1.27e~01 1.26E-01 1.24E-01
GRAPHITE-- 0.0 6.0 0.0 0.0 0.0 6.0 0.0 8.0 6.0 c.0
120 -- 2.65E 04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.2
IBLK~JKT FCA -- 1.07e 0§ 7.152 04 2.26€ 04 1.12E 04 2.978 €3 7.92f (2 5.€4E 01 2.11E-01 2.10E-01 2.GOE-01
GOLK-JKT PCA -- 2.96E 05 3.85E 03 1.132 03 5.558 02 1.48E G2 3.94E 01 2.87¢ 00 3.356T-02 8.326-62 B.14E-C2
READER  PCA -- 2.73E 05 2.55€ 03 7.45t 02 3.67€ 02 9.705 01 2.61E 01 1.958 00 9.632-02 9.54E-02 G.3%E-02
K20 -- 7.21E (3 ¢0.C 0.0 0.0 6.0 6.0 0.0 6.0 0.0 0.0
ISLD-JKT FE1422 -- 2.01E C6 6.S%E 04 4.10E 03 9.76E 02 2.51€ 02 6.6SE 01 4.758 00 2.07E-14¢ 6.74E-26 1.29€-B%
OSLD-JXT FE1422 -- 6.442 €5 2.00¢ 03 1.1CE €2 2.6C8 €1 6.86z 00 1.83E 00 1.302-01 D5.6SE-15 1.858-27 3.B2E-Z5
ISHIELDT FE1422 -- 9.G4E 63 4.32€ 02 2.57€ 01 6.032 080 1.50E 00 4.17E-01 2.56E-02 1.290-16 4.208-23 §.CJE-57
TURGSTEN-- 1.11E 01 3.54£-01 2.55z-02 1.23E-02 3.44E-03 9.28€-04 7.73c-05 1.248-05 1.238-05 1.2%e-C5
H20 -~ 9.6 02 0.0 0.0 0.0 0.8 0.0 0.0 0.0 c.0 ¢.0
ISHIFLD2 FE1422 -- 1.C0E 03 5.3%E 01 3.15E 00 7.44E-01 1.91E-01 5.056-02 3.62£-03 1.53E-17 5.13£-2% 9.79E-E8
B4C - -- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0
H20 -- 1.18£ 02 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0
OSHIELD1 TISAL4V -- 2.67E 03 2.60E 01 3.852-02 1.31e-02 3.506-03 1.01e-03 1.71E-04 1.07e-04 1.C7E-C4 1.07E-C4
TIH2 -- 2.04E 03 2.5%€ 01 1.75e-04 6.02E-11 7.145-2% 8.47E-37 1.19e-62 0.0 0.0 6.0
B4C -- 0.0 0.0 0.0 0.0 6.0 6.0 0.0 8.0 0.0 0.0
R20 -- 5.06r 02 0.0 0.0 - 0.0 - 0.0 0.0 0.0 0.0 0.0 8.0
OSHIELD2 FE1422 -- 5.65¢ 00 2.80€-01 1.56E-62 3.48E-03 8.936-04 2.37e-04 1.68E-05 7.35E-20 2.39E-31 4.B5E-60
B4C -- 0.0 0.0 0.0 0.0 0.0’ 6.0 0.0 0.0 6.0 ¢.c
K20 -~ 6.54£-01 0.0 0.0 0.9 0.0 0.0 0.0 0.0 6.0 g.0
OSHIELD3 FE1422 -- 1.04£-01 $.51e-04 5.25e-05 1.15e-05 2.94E-06 7.82£-07 5.55E-08 2.42e-22 7.88E-34¢ 1.50e-62
ISLD-JK2 FE1422 -- 5.118 01 2.45€ 00 1.39E-01 3.17e-02 &.13e-03 2.176-03 1.54E-04 6.72E-19 2.15E-30 6.146E-59
AIR co2 -- 1.20-07 ¢.0 0.0 0.0 g.0 0.0 0.0 8.0 6.0 0.0
IMAG-DWR FE1%22 -- 5.52f 01 1.59€ 00 9.04E-02 2.05E-02 5.26E-03 1.40E-03 9.96E-05 4.35E-19 1.41E-30 2.4%E-%
OMAG-DKR FE1422 -- 4.5%8£-02 3.18E-05 1.755-06 3.83E-07 9.84:Z-08 2.62C-03 1.86E-09 8.128-2% 2.64E-35 5.C4E-44
IMAG-HET 30485 -- 1.04f 01 3.72t-01 9.05E-02 4.31E-02 1.150-02 3.05E-03 2.17E-04 4.49E-03 .45E-03 §&.33E-C5
OMAG-HET 304SS -- 4.268-03 1.23E-05 4.20e-06 2.035-06 5.556-07 1.4S5e-07 1.652-08 1.06E-12 1.05E-12 1.63E-12
IMAGHET1 CCPPER -- 5.01E-02 4.39E-02 2.59E-02 1.34E-02 3.55E-03 9.43t-04 6.73:-05 2.94E-19 9.558-31 1.82€-53
3488 ~-- 1.99E 00 3.12£-02 7.88E-03 3.78E-G3 1.CCE-03 2.68E-04 1.90E~05 3.75C-09 3.73E-03 3.65E-(9
N33SH  -- 1.8CE-01 1.838-03 1.82e-03 1.83E-03 1.888-03 1.83E-03 1.87E-03 1.85E-03 1.85E-03 1.L1E-03
6-10 -- 3.14E-02 0.0 c.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IMAGNETZ 30488 ~-- 1.91E-02 5.208-05 1.536-05 7.47E-05 1.995-06 5.29E-07 3.76E-08 5.65t-12 5.65E-12 5.55g-12
COFFER -~ 7.28E-05 6.33E-05 3.76E-05 1.94E-05 5.17€-06 1.336-05 9.78E-08 4.27€-22 1.35E-33 2.435£-62
NBTI -~ 1.628-C4 9.622-05 9.61E-06 9.61E-06 9.61:-06 9.61E-06 9.69E-CS 9.52E-06 9.45E-05 9.23E-C6
6-10 -- 4.56£-05 0.0 0.0 0.0 6.0 c.0 0.0 0.0 0.0 6.0
IMAG-HEZ2 304SS -- 1.05E-04 9.53e-03 3.82E-08 1.935-0S 5.132-09 1.37e-09 9.70E-11 7.36e-15 7.34E-15 7.21E-15
OMAGHET?T 304558 -~ 8.756E-04 1.1SE-06 ¢&.37E-07 2.1%2-07 5.828-083 1.85C-03 1.10E-09 9.67E-14 9.53E-14 $.44E-14
COPPER -~ 1.25E-06 1.05E-06 6.45£-07 3.336-07 8.87E-03 2.366-03 1.63£-09 7.33E-24 2.33E-35 6.54E-%4
K33 -~ 5.07g-05 8.S535E-07 8.93E-07 §.93E-07 8.94E-G7 8.94E-07 8.93E-07 8.3LE-07 8.75E-07 B8.64E-07
G-10 -- 6.85e-07 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 g.¢
CHMAGNET2 COFPER =-- 3.56E-05 3J3.12E-09 1.84£-09 §.43E-10 2.528-10 6.735-11 4.73£-12 2.09£-26 6.72E-38 1.25E-65
30488 -- 7.84E-C5 4.8SE-09 2.01E-09 1.01E-09 2.70E-10 7.20€-11 5.11E-12 3.41E-16 3.35E-16 3.33£-15
N3TI -- 1.07e-08 3.72e-09 3.72e-09 3.72£-09 3.71E-09 3.71E-09 3.71Z-09 3.6SE-09 3.652-09 3.SCE-09
G-10 -~ 2.03£-09 0.0 c.0 8.0 0.0 0.0 0.9 0.0 6.0 0.0
SUPT-CYL G-10 -- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CH/EF COPPER -- 3.10E-12 2.71E-12 1.60£-12 8.25E-13 2.205-13 5.85E~1% 6. 16E-15 1.82E-29 5.90t-41 0.0
304SS - -- 2.10E-0S8 6.212-12 2.352-12 *T.45E-12 3.87E~13 1.03E-13 7.332-15 6. 34E-19 4.31E-19 4.2%E-19
KBTI -~ 1.25t-11 6.97e-12 6.17E-12 6.17E-12 6.17E-12 6.17e-12 6 166-12 6.11E-12 6.07E-12 5.95E-12
G-10 -- 1.83e-12 0.0 0.0 0.0 0.0 8.0 .0 8.0 0.0 0.0
BLOGWALL CONIRETE-- 6.81€-04 1.83£-07 1.764E-09 2.50E-11 1.588-13 1.53e-13 1 53£-13 1.52e-13 1.52e-13 1.852E-13
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coolant, graphite reflector, boron-carbide shield and G-10 insulation show a
a rapid dose decrease shortly after shutdown. This reflects the fact that
these materials contain mostly B-decay products and/or substantially short-
lived y-emission decay products. The reactor building wall consisting of
ordinary concrete with 5 v/o Fe-reinforcement has an average dose rate of
0.7 mrem/hr at shutdown and exhibits a significant decay in a year after
shutdown. Again, it is seen that the major high-level long-term activation

is confined mostly to the first wall/blanket region.

Using the results of this dose analysis, a material recycling-potential

classification based on the 2.5 mrem/hr limit criterion is shown in Table 12-13.

Interestingly enough, the result based on this criterion is very consistent
with that in Table 12-11 derived from the LLW limit criterion. Some
differences between the two classifications exist, of course, because of the
differences in the activation characteristics such as decay mode, decay energy
spectrum, self-shielding effect, etc. ©Note that the analysis shown in

Tables 12-11 and 12-13 does not include the B-decay dose, leading inevitably
to an underestimate of the contact biological dose. Although it is very
likely that most of the beta-particle emission yields only a skin dose for
human bodies, and hence, shielding against the B-radiation is of less im-
portance from the material handling standpoint, a complete

material recycling and radwaste management analysis should include the B-dose
effect. A large difference in the classifications found in the ZrgPbsy waste,
which is dominated by the B-decay products, is obviously brought about by the

lack of such B-component in the biological dose evaluations.

In the present analysis, the two results of Tables 12-11 and 12-13 are
combined for the recycling-potential classifications, taking whichever the
more restrictive. According to this classification, all major reactor com-
ponents (excluding the water-coolant and the graphite reflector) in the first
wall/blanket (total volume of ~ 300 m3) are non-recyclable without remote
chemical/isotopic material treatments. Of this 300 m3, about 180 m3 is
occupied by LiAlO,. There are strong incentives to recycle LiAlQ, or its
lithium content. The biological dose rate in LiAl0, decays to ~ 2 - 3 rem/hr
within a few months after shutdown and remains nearly constant for a very long

time. Therefore, all processes performed in recycling LiAlO, will have to
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Table 12-13. Material Recyclability Classification Based on
Component Surface Biological Doses‘@s

TIME AFTER REACTOR SHUTCO!N

REACTOR COMPORENT 0 1YR 5YR 10YR 20YR 30'R 50YR 100YR 500YR 10C0YR
1ST HALL PCA ~- N N N N N N H H N N
120 - N R
HULTIPLR ZR5PB3 -- N N N R
2KD HALL PCA -~ N N N N N N H N N N
H20 -- N R
IBLANKET PCA -- N H N N H N H N N N
Lrate2 -- N N N N N N N H N N
H20 -~ H R
O3LANKET FCA -= H N N H N N N N N N
LIAL02 -- N N N N N N N N H N
H20 == N R
REFLECTR PCA -- N N N N H N N N N N
€RAPHITE-- R
H20 == N R
ISLK-JKT FCA e N N H N N N N N H
O3LK-JKT FCA == N N N N N N N N N R
HEADER  PCA - N N N N N N N N N N
HZ0 -~ N R
ISLD-J¥T FEYG22 -- N H N N N N N R
OSLD-JKT FE1422 -- N N N N H N N R
ISHIELDT FE1422 -- N N N N N N N R
TUNGSTEN-- H N N N N R
H20 -- N R
ISHIELD2 FE1422 -- N N N N N N N R
B4C -~ R
H20 - N R
OSHIELD TI6ALGY -- N N N N N R
TIH2 -- N N R
B4C -~ R
H20 -- N R
OSHIELD2 FE1422 -- N N N N R
B4C -- R
H20 - N R
OSHIELD3 FE1422 -- N R
ISLD-JK2 FE1422 -- N N N N N R
AIR co2 -~ R
IHMAG-DIR FE1422 -- N N N N N R
OMAG-DIR FE1422 -- N R
IMAG-HEY 304SS -- H N N N N N R
OMAG-HET 30488 -- N R
IMAGHETT CCPPER -- N N N N N R
3048 -~ N N N H R
N33SN  -- N R
6-10 -~ N R
IMAGNETZ 30488 -- N R
COFPER -~ R
NBTI -~ R
6-10 -~ R
IMAG-HE2 30488 -- R
OHAGNETY 30458 -- R
COPPER -- R
N33SH  -- R
6-10 -~ R
OMAGNET2 COPPER =-- R
30488 ~- R
NSTI -- R
G-10 -- R
SUPT-CYL G-10 -~ R
QH/EF COPPER -- R
30488 -- R
N3TI -~ R
G-10 -- R
BLDGHALL COHCRETE-- R

(a)R = The contact biological dose rate at the surface of 1 m-diameter sphere is
below 2.5 mrem/hr; the potential for recycling is high.

(b)N =The biological dose rate is greater than 2.5 mrem/hr; the potential for
recycling is low.
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adapt the known radiation protection measures. Notice that the long-term
radioactivity in LiAlO» comes only from aluminum—26. All bulk shield com-
ponents and components external to the shield can be recycled within 30 yr

after the component replacement or reactor decommissioning. Many of the com-

ponents would be recyclable even to the general public. Exceptions for such

short-time recycling include the Fel422 structure in the inboard bulk shield,
taking ~ 100 yr, the inboard magnet helium vessel made of 304 SS and the Nb3Sn
superconductors both taking v 50 yr before decaying to 2.5 mrem/hr. Note

that the total volume of components that can be recycled within 30 yr is

n 2400 m3 (excluding the water-coolant, the reactor building and the pen-
etration subsystem components) and the volume of the three non-recyclable
components mentioned above (taking more than 30 yr for recycling) is only

v 29 md.

As shown in Table 12-14, all of the limiter components and vacuum pumping
shields can be recycled in 30 yr at most after they are removed from the re-
actor. A high-level long-term activation is found only in the PCA grill com-
ponents of the rf-wave launcher, particularly in those components near the
first wall. While these PCA structure materials will take 1000 yr or more
before they decay to 2.5 mrem/hr their volume is only ~ 2.7 m3 (v 21 MT in
weight). The Fel422 shield around the rf-waveguides in between the blanket
and shield, i.e., in the plenum region is also highly activated and needs
nv 200 yr to decay to 2.5 mrem/hr. The most outstanding feature regarding the
major penetration system activation in STARFIRE can be seen in a significantly
short-time requirement for the vacuum pumping shield material recycling. The
highest activation induced in the Fel422-base shield around the pump chamber
will take only v 20 yr prior to its recyclable classification. Excluding the
water coolant in the vacuum system shield, a radwaste of ~ 1000 m3 ( ~ 6500 MT)

has a potential for recycling within 20 yr after reactor decommissioning.

In summary, the STARFIRE reactor yields ~ 1400 m3 ( ~ 7300 MT) of low

recycling-potential ( > 2.5 mrem/hr after 30 yr) and ~ 4500 m3 ( ~ 25000 MT)
of recyclable materials at the end of its 30 yr plant life, based on the

blanket sector replacement interval of 6 yr. The water coolant and the re-
actor building are eliminated from this evaluation. Again, it should be noted

that more than 60% of the 1400 m3 low recycling-potential inventory consists
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(a)

Table 12-14. Time Requirement a

for Material Recycling of Limiter,
rf and Vacuum Systems

Component Volume (m?3) Weight (MT) Time (yr)
(A) Limiter System(b)
LIMA/Ta-5W 10 20 (30) ¢
LIMB/Ta-5W .0 16 20 (30)
LIMC/Ta-5W 0.3 5 10 (20)
(B) rf System(d)
RFA/PCA 0.1 1.1 > 1000
RFB/PCA 2.1 16.3 > 1000
RFC/PCA 0.5 3.8 1000
RFD/PCA 7.3 57.4 30
Shield 1/Fel422 2.3 18.0 200
Shield 2/Feléd22 3.1 24.0 0
(C) Vacuum System(e)
Duct Shield 1/Ti6Al4V 6.6 30 10
TiH, 86.0 334 10
B,,C 19.9 50 1
Duct Shield 2/Fel422 134.2 1065 5
B,C 28.8 72 0
Pump Chamber Shield/Felé422 244 .1 1938 20
B,C 52.3 131 0
Pump Shield/Feléd22 344 .1 2732 20
B.,C 73.7 184 0
(a) Based on the limit criteria of 10~% kCi/m3 and 2.5 mrem/hr.

(b) See Section 11.3.2
(e) V-20Ti structure case.
(d) See Section 11.3.3
(e) See Section 11.3.1
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of the medium level waste (order of ~ 1 Ci/m3) of LiAlO, containing only a
single activation product of 26Al. Approximately one third of the rest of

the radwaste volume ( ~ 407% in weight) is the ZrgPby neutron multiplier having
medium activation level of 100 Ci/m3 beyond 50 yr after its decommissioning.
The ultimate non-recycling high level radwaste discharged from the STARFIRE
reactor over the 30 yr operation is ~ 290 m3 ( ~ 2300 MT) contributed solely

by the PCA steel structures.

12.4 DECAY AFTERHEAT

So far the analysis has been focused more or less on the long-term re-
actor activation. Another important aspect of the reactor activation involves
the radioactive decay shortly after reactor shutdown. The short-term activa-
tion has two major design impacts upon:

1. post-shutdown decay heat removal under normal and off-normal

conditions; and

2. reactor accessibility after a short reactor cool-down period.

Although the STARFIRE plans call for fully remote maintenance, a shielding
design effort has been devoted to realization of a reactor room dose of

~ 1 mrem/hr within 24 hr after shutdown. Such a dose level allows personnel
access into the reactor building with all shielding in place. A degree of
confidence in improving the plant availability factor by allowing some
maintenance tasks to be carried out in contact or semi-remote mode provides

a good incentive for enhancing reactor accessibility.

As the reactor accessibility has been studied in detail in connection to
the shielding optimization (Sec. 11.2.2), the analysis in this section is
centered on the decay afterheat problem. Since the decay heat in each reactor
component must be designed for, each component has its own importance.

In addition, long-term radwaste storage requires knowledge of the magnitude of
decay heat for each component. However, the analysis in this section is
focused on the decay-heat evaluation for key components in the first wall/

blanket where the magnitude of the decay heat is generally the highest.
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Figure 12-12 shows the variation of the decay heating rate with time for
the reference STARFIRE blanket design. The reactor is assumed to have been in
operation for five full year at a neutron wall load of 3.6 MW/m? (18 MW-yr/m?
integral wall loading). The heating rates shown are those averaged over the
individual component volumes from both B- and y-decays with the y-ray transport
taken into account. The ZrgPbs multiplier generates higher heating rate than
the PCA first wall, maintaining a heating rate of ~ 1 MW/m3 over 24 hr
after shutdown. This reflects the decay of 89zr (half-life of 78 hr) emitting
a single B-ray of 0.90 MeV, a major y-ray of 0.91 MeV (intensity 99%) and four
minor-intensity y-rays of 1.62 MeV, 1.66 MeV, 1.71 MeV and 1.74 MeV. Because
of the relatively large atomic numbers of Zr and Pb most of the gamma rays as
well as the B-particles are absorbed in the multiplier region itself. 1In the
PCA first-wall and second-wall, the most dominant isotope contributing to
the heating during the first day after shutdown, is 56Mn (2.6 hr) emitting
B-rays of 2.84 MeV (47%), 1.03 MeV (34%), 0.72 MeV (18%) and 0.3 MeV ( ~ 1%)
along with major y-rays of 0.85 MeV (99%) and 2.5 MeV ( ~ 1%). The substantial
decrease of the decay heating in the wall within a few hours after shutdowm
reflects the rapid decay of S6Mn. As the decay B-spectrum of S6Mn is relatively
hard, the B-heating contribution to the total is almost equilivant to or

slightly higher than the y-contribution up to ~ 6 hr after shutdown.

The LiAl0, breeder decay heating comes primarily from: (1) 2%Na (15 hr)
with emission of 1.39 MeV B-ray and two major y-rays of 1.37 MeV (100%) and
2.75 MeV (100%); (2) 27Mg (9.5 m) decay accompanied by two B-rays of 1.75 MeV
(58%) and 1.59 MeV (42%) and by two major gamma rays of 0.84 MeV (intensity
73%) and 1.0l MeV (relative intensity 40%*); and (3) 28A1 (2.2 m) which decays
with 2.87 MeV B— (100%) and 1.78 MeV y-rays. The sizable heating decrease
observed between shutdown and 1 min after shutdown in LiAlO, is due mainly
to the 16N (7.1 s) decay which is accompanied by the 10.4 MeV (26%) and 4.3 MeV
(68%7) B-rays as well as the two major y-rays of 6.1 MeV (68.8%) and 7.1 MeV
(relative intensity 6.9%). In the LiAl0, breeder zone, therefore, one can see
a sizable B-heat contribution by 16N up to ~ 1 min after shutdown. After
the decay of 1°N, the breeder heating is contributed mostly by the decay-v

interactions with this material.

*Relative to the major y-intensity.

12-39



1

0 im
10 F'\'l T i I T

MULTIPLIER

FIRST YJALL N

\ \
\
\
SECOND WALL \\\\\\\\\\\\ \
10" \ -

BLANKET
(FIRST 0.15m)

BLANKET
{SECOND 0.15m)

DECAY HEATING, MW/m®

BLANKET
(THIRD 0.15m)

10 L!\‘_L |
0 10 10 i0* 0
TIME AFTER SHUTDOWN, s

Figure 12-12. Time dependence of decay heating in
the ZrgPby multiplier system.

During the course of the STARFIRE blanket design study, a blanket concept
based on a neutron multiplication by beryllium was investigated. Figure 12-13
shows the variation of the decay heat with time in such a beryllium-multiplier
blanket design. The Be zone heating shows a vivid contrast to the ZrsPbj
case indicated in Fig. 12-12. The difference is attributable solely to the
fact that the Be multiplier does not produce any significant activation except
for an extremely low concentration of 10pe (1.6 x 10° yr, 0.55 MeV-B/no-vy)
induced by the %Be(n,y) reaction and for the very short-lived pure B-emitting
isotope of ®He(0.8s). The associated B-energy of ®He is ~ 3.5 MeV. Because
of such a short-term activation, the Be decay heat decreases to a trivial
level in a few seconds after shutdown. Beyond that time period, the Be mul-
tiplier decay-heating is determined by y-rays flowing in from the neighboring
regions. Since the PCA walls surrounding the multiplier have large y-ray
absorption cross sections, the resultant heating profile exhibits a deep-well

shape in the multiplier zone within a minute after shutdown.
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Figure 12-14 shows the total decay-heat load in the system as a function
of the post-shutdown time. Also shown in the figure is the Be-~multiplier
case. The total decay-heat in the ZrsPbjy system is ~ 88 MW at shutdown
which is ~ 2.2% of the total reactor thermal power. This decay-heat is re-
duced to ~ 40 MW within 24 hr, followed by a steep attenuation beyond that
time period, reflecting the 897r decay. Many of the earlier work relevant
to decay-heat analysis for fusion reactors have shown a maximum decay heat
load of about 1% of the operational reactor power. 1In the STARFIRE reference
design, approximately half of the decay-power comes solely from the ZrsPbj
decay. The 2.2% decay power fraction is still significantly lower than a
typical PWR core(zz) case in which the decay power reaches several percents
of the total power. The impact of such a high decay power associated with
the ZrsPby multiplier design has been carefully addressed in the first wall/
blanket design (see Chapter 10). Figure 12-15 and Table 12-15 summarize the
results of the decay heat analysis on a longer time-scale. These results

provide a useful information base for designing the heat removal systems

supplied during maintenance operations and in the waste storage facility.
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12.5 REACTOR ROOM ATMOSPHERIC ACTIVATION

In order to inert the reactor building for protection against possible
fire hazards, several candidate gases have been considered in STARFIRE. This

section examines the impact of the inert gas selection upon the reactor room

activation. Three different gases of air, nitrogen and carbon-dioxide (each

at one atmosphere; 14.7 psia at 70°F) are studied based on the 1.2 m-thick out-
board bulk shield design(*) described in Sec. 11.2.2. Shown in Fig. 12-16 is
the activation increase after reactor startup at a neutron wall load of

3.6 MW/m? and its decay after shutdown following five full year operation.

The primary CO, radioactivity is due to the !'®0(n,p)!®N reaction. As the l®N
isotope has a short half-life of 7.1 s, its radioactivity decays very quickly
(in about 10 minutes). Beyond this time period, the CO, activation is deter-
mined by the Ihc radioactivity ( ~ 10—14 Cci/m3) induced by the 13C(n,y) re-—
action. The isotope %C is also produced in both air and nitrogen via the (n,p)
reaction with 1L”N, which is the largest naturally abundant isotope (99.76%) of
nitrogen. Unfortunately, 14¢ has a 5730 yr half-1ife and this is, in fact, the
reason for the long residual activity in air and nitrogen. The current maximum ﬂ
permissible concentrations (MPCs) on air dillution are also plotted in Fig. 12-16.
The residual radioactivity for both air and N, atmospheres is only a factor of

4 - 5 lower (a factor of ~ 2 higher in the case of the 1.1 m-thick shield design)
than the 1%C MPC. 1In addition, the activation of argon in the air makes a

large contribution during reactor operation and for a short time after shutdown.
The half-life of “lAr is 1.8 hr and hence, it is negligible for times greater
than ~ 1 day after shutdown. Perhaps the C in COy could be routinely re-

moved from the building atmosphere by using activated charcoal filters or by
chemical reactions, for example. TFurthermore, in the case of N,, the equili-
brium 1%C activation level associated with such a routine removal would be sub-

stantially lower than that shown in Fig. 12-16 (as the case for a stagnant gas

*Note that the reference outboard shield thickness has been selected as 1.1 m.
Changing the thickness from 1.2 m to 1.1 m will increase the activation
shown here by a factor of ~ 10.
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Figure 12-16. Activation of the candidate inert
gases in the reactor building.

irradiation over 5 full power years). However, the amount of material which
would have to be disposed because of the routine removal, would add to the
long-term activated material inventory. Another potential problem concerning
I14¢ activation is, similar to tritium, adsorbineg onto surfaces of reactor

components and walls, and diffusing into them.

Based on the results shown here, it appears that the decision to inert

the reactor building with CO, is justified from activation and fire prevention

viewpoints.
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