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SUMMARY

In order to realize the full 'po.tenti;'al of fusion as an environrnentally :
benign source of energy, it is necessary to avoid the difficulties of clisposihg of
high-level waste by déep geological burial. Because of the large fluxes of high
energy neutrons in a typicai fusion design, activation of structural fnaterials can
result in highly radioactive componenfs x;vhich may not satisfy low-level waste
disposal criteria. _

| Extrapolating the current physics_ data base and.adapting blanket designs
that are being developed in the US, Europe, and Japan based on advanced
materials, a set of demonstration feactor designs were developed which satisfy
common physics and engineering constraints. Because of different material
properties, the dimensions of the reactors var.ied;. when constrained to meet the
same engineering and physics hmitsl.

~ For each design, calmlaﬁons of various waste dispoéa-i pa-rametérs were

pe.rformed.. The reattoré were modeled neutronically ﬁsing the dhe-dimensiénal
discrete ordinateé transport code, ONEDANT with Ss quadrature and the
MATXS10 cross section library, which contains 30 neutron and 12 photon groups
with P4 scattering. The neutron activation calculations were performed with the
REAC*3 code and the associated cross sections which were specifically

developed for high energy fusion neutron activation calculations. The

. |




ix

Micros}ﬁeld code ans used to calculate co‘ntacf dose rates based on the REAC*3
photon emission rates. | |

For each design, the specific activity, total activity, life cycle waste |
volume, contact dose rate and a waste disposal rating based on detailed isotope
specific near-surface burial limits were evaluated for compariéon with
representative low-level waste criteria that might be expected for fusion wastes.

Some designs will satisfy near-surface burial criteria, while others would
undoubtedly be classified as high-level waste. Existing austenitic stainless steels
clearly would not satisfy low-level waste criteria. Of the advanced mateﬁals
under development, vanadium alloys seem the most promi§ing for sati’sfying |
low-level waste disposal criteria, although ferritic steel alloys might also qualify
as low-level waste. Silicon carbide appears to be marginal in this respect. The
martensitic -steel (MANET) and the manganese steel VA64 consiglered in this
evaluation clearly wouid not satisfy low-level waste criteria, but both of tljese
materials are .understood to have low-activation versions that are bc_eing

considered and possibly under development.




CHAPTERI

INTRODUCTION

The future of fusion as a source of power rrel_iés‘on its scientific and
techmcal feasibility and its social acceptabllnty The developrnent of
experimental and demonstration facnhhes is currently underway to evaluate the
scientific and technical feasnbﬂnty_ of fusion power_. In ord_er to realize the full
potential of fusion as an environmentally benign source of energy, and hence to- _
achieve accéptability,‘it is desirable, probably necessary, to avoid the difficultii_es
of disposing of high-level waste (HLW) by deep repository burial; thus avoiding
the problems currently faced by fission reactors. Because of the large fluxes of
high energy neutrons in a typical fusion design, activation of structural materials
can result in highly activated components which may not satlsfy low-level waste
(LLW) disposal criteria. This could be an impdrtant issue for the societal
acceptability of fusion power.

There are a variety of materials being considered for fusion reactor
designs. However, these generally have been designed without regard to LLW
or other key disposal criteria. At present, it is unclear if it is possible to deéign a
 reactor that will completely satisfy the LLW criteria. In fact, ﬂ1e LLW criteria that
will be épplied to fusion are themselves uncertain.

This analysis looked at a number of possible demonstration reactbr

(DEMO) designs based on common physics assumptions, but different structural




and breeding materials and coolants. The _desi.gns. were evaluated to determine if
these materials would satisfy LLW disposal criteria. A number of activation
parameters were evaluﬁted, including, waste disposal rating, specific activity,
total activity, volume, and contact dose. B |

Reactor designs were developed for 'selvé:f'a-l possible tokamak
delhonstration reactors, all bésed on the iniémediéte/advanced physics design
basis (29), which could be established by the operétio-l'il-of the International
Thermonuclear Experimental Reactqi' (JTER) (1). Four reference designs were
based on the different blanket designs whiéh are b_eing.developed in Europe,
Japan, and the USA for the DEMOs. A ]apanese,- water-cooled, solid. breeder, .
ferritic steél structure design {2) was chosen. .The'Européan, water-cooled,
lithium lead breeder, MANET (Marfensite for NET) structure design (3) was a
second device. The final two reference designs chosen were based on U.S.
blanket designs. The first was a lithium-cooled, vanadium alloy structure
design being studied bj Argonne National Laboratory (4). The second was a
helium-cooled, solid breeder, silicon carbide structure design which was studied
in the ARIES-I project (5) . A number of variants on one of these reference
designs was also considered. .

All reactors were designed to operate at the same fusion power level {1500
MW).and the same design lifetime (10 EFPY) so that results will be directly

~comparable. The physical dimensions of the different designs were determined

to satisfy a common set of physics and engineering design constaints (6).
Common physics parameters and the thermo-mechanical properties of the
structural materials and coolants were used for all designs. The reactors were

designed to assure that stress limits, radiation damage limits, and other




parameters were not exceeded and th'a_f. a stable, confined plasma can be
maintained at the specified poﬂwer level. This results in designs that were quite
dissimilar in size because of the widely different thermo-mechanical properties
of the différént materials; The resulfing-refefence designs are intended to be
representative of designs of demons:tration reactors at the specified power and,
therefore, properly characterize the waste streams that would result and allm&

for direct comparison between the different designs.
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CHAPTERII

COMPUTATIONAL PROCEDURE & COMPUTER CODES

In order to model the reactor and perform the desired calculations four
| separate codes were required. These codes perform the neutronics calculations,

the fusion reactor design parameter determination, the activation calculations,

and the dose calculations.

The neutronics code used Was the ONEDANT code (7) This is a one

dimensional discrete ordinates transport code. An Sg angulér quadrature was

used. The cross section library used was MATXS10 (8,9), which was developed

specifically for high-energy neutron transport calculations. The cross sections set

is a P4 scattering set and consists of 30 neutron groups and 12 photon’ groups.
Fusion reactor design parametérs were calculated using a code which
determines the dimensions of the various reactor components so that the reactor
will be able to maintain a stable, confined plasma and meet the various
engineefing constraints (6). This code used as input the reactor power level,
plasma physics parameters, and material properties. Plasma physics parameters
corresponding to the intermediate advanced tokamak mode (10) were used. The code
determined the stresses at key locations and assured that the ASME code
standard were met (<1/3 Ultimate Strength and <2/3 Yield Strength). The
minimum thickness of the various components was determined from stress, heat

removal, tritium breeding, and radiation shielding constraints. The calculated

.




dimensions were used in the neutronics calculéticm. Radiation damage lifetimes
were also computed using displacement cross sections from MATXS10 and
neutron fluxes calculated with ONEDANT. |

The neutron activation analysis was performed using the REAC*3 code
(11). This code and its associated activation cross sections were devéloped

specifically for high energy neutron activation analysis in the fusion
environment. It includes an extensive 175 energy group activation cross section
library. The 30 group neutron flux from ONEDANT was lethargy interpolated to
form the 175 group fluxes. This code was then used to calculate the radioactive
inventories for specified times and operational scenario.

The Microshield code (12) was used to perform the contact dose rate
calculations. One parameter of interest in this work is the contact dose rate of a
uﬁiformly contaminated semi-infinite slab. The REAC*3 code outputs the decay

photon emission rate by energy group and the Microshield code was used to
| detefmine a semi-infinite slab contact dose rate response function for each of the
decay photon energy groups and material. The response function was then
folded with the REAC*3 output to détérmine the contact dose.

Figure IL1 shows a schematic of the process used in this analysis. The
figure shows the interrelationship between the various codes and results derived

from each. The parameters are defined in chép_ter V.
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CHAPTER HI

REFERENCE BLANKET DESIGNS

The pr.incipal blanket design options bemg developéd for the DEMO in
the United States, Japan, and Europe were chosen as the basis for the references
designs. These reference designs were based on a ferritic steel/water/lithium
oxide /beryllium blanket d_esi-gn,__a martensitic sfeel/ water/lithium lead blanket
design, a vanadium/lithium blanket-design, and a silicon carbide/helium/
lithium zirconate/beryllium blanket design. In addition, several variants of the
water/lithium oxide/ Eje_ryllium blankét design with different structural
materials were considered. The materia_lé and designations used for each design
are given in table II.1. Table 1.2 includes some of the basic parameters used for

the original designs. All material properties are given in chapter IV.

Mori et al. (2) discussed a blanket design for a steady state tokamak .
reactor. Their design is water-cooled and uses a solid lithium oxide (Li;O) |
_breedef,' and beryllium (Be) neutron multiplier. The first wall isa tﬁbe bank with
ferriﬁc steel {(FeS) structure and cooled with pressurized water (H;O). Behind thé
first wall is a replacéable breeding blanket which consists of solid Li,O pebbles, a

Be multiplying region and intermittent cooling tubes. Behind the réplaceable |




blanket is a permanent breeding blanket intended to last the life of the plant. The

details of the blanket deéign are shown in figure IIL1.

IILB. Reference MS/ Liy7Pbgs /HoQ Blankgt Degngn (R2)
Giancarli et al. (3) have developed a design for the Next European Torus
(NET). The first wall design consists of a pressurized water tube bank. The |
structural material is a martensitic steel (MS) and referred to as Martensite for

NET (MANET). The blanket is constructed of the same structural material,

liquid lithium lead (Li;7Pbgs) breeder, and pressurized water coolant in MANET

tubes for coolant. The Lij7Pbgs is circulated slowly to extract the tritium. The

details of the blanket désign are shown in figure I1L.2.

Ehst et al. {4) have developed a liquid lithium-cooled design using a

‘vanadium (V) alloy for the structural material. The first wallis a slab of this .

alloy with lithium (Li) coolant flowing behind it. The blanket consists of lithium

flowing through coolant channels defined by the vanadium structure. Behind
the blanket, there is a neutron reflector which consists of calcium okide (Ca0),
lithium coolant, and vanadium structure. The details of the blanket design are

shown in figure II1.3.




IILD. Reference SiC/Li;ZrOs/He Blanket Design (R4)

AIRIES project developed a design AIRTES-I (5) using silicon carbide (SiC)
structure and heliurn (He) coolant. The breeding material is solid lithium
zirconate (Li;ZrQOj), with isotopically tailored Zr to reduce off-site exposure
during an accident. This design incorporates a Be neutron multiplier to achieve
sufficient tritium breeding rétio (TBR). The details of the blanket design are

shown in figure 104,

- TILE. Blanket Design Variants
In order to obtain a more direct compatison of differént possible structural
materials, variants of the FeS/Li;O/H70 blanket design Rl described in section
IILLA with other structural materials, were considered. The materials studied
were stainless steel 316 (316SS), the manganese steel alloy VA64, the proposed
improved stainless steel known as PCA, and the vanadium alloy V-4Cr-4Ti. The
first three are all austenitic steels and may be used in experimental, and early

fusion reactor designs, because of a better understanding of their properties.




“Table TH.1

~ Blanket Design Igent_iﬁcatiog_ _

10

Breeder

Multiplier |

‘Structure! | Coolant
R1 (2) FeS/ Ferritic H,O Li»O Be
Li,O/H,O Steel L
[ R2(3) |MS/Li;7Pbgs/| MANET | H,O | Lijslbg | Pb
H,O
R2 (4) V/Li V-4Cr- | Lithium | Lithium none
I 4Ti2
R3(5) |SIiC/LinZrOs/| Silicon Helium | LisZrQOs ‘Be
: He Carbide2 {
Vi \'Zi V-4Cr- H,O | LiO " Be
LizO/H;0 4Ti2 -
V2 31655/ 31655 - H>O Li,O Be
LixO/H,O
V3~ PCA7/ | PCA H,0 Li,0 Be_
Li,O/H,0
V4 VA64/ VA64d H,O Li>O Be
' Li-O/H>0 :

‘1. Dispersion strengthened copper is the structural material for the divertor plate in all designs.

2. Structural material in the vacuum vessel and shield is the ferritic steel.

Design Parameters for Original Blanket Designs

Table HI.2

FeS/ [MS/1Li;7Pbgs/ V/Li | [SiC/LipZrOs/
Li,O/H,0O H,O _ He

Major Radius 6.3m 6.0m 6.75 m
Minor Radius | 182m 10m 160 m
Fusion Power | 3000 MW 2200 MW 1950 MW 1925 MW
Average First | 3.0 MW/m”2 | 2.2 MW/m"2 | 50 MW/m"2 | 3.1 MW/m"2

Wall Load :

Peak First | 5.0 MW/m"2 40 MW/m"2

Wall Load :

" Reference 2 3 4 5
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~ CHAPTERIV

MATERIALS PROPERTIES:

This chapter des_éribes all material cdmpqsitiohs and thermo-mechanical
and radiation damage properties that were used in this research. It also gives
brief discussions of why some choices were made. ThermO—méchanical
properties are given in table IV.1 and compositions in table IV.2. In a fusion
reactor, activation will be a primary concern. Materials must bé chosen, and
impﬁrities controlled, to reduce activation. For this reason the results for thé _
structural materials are given for both the pure (as designed) materials, and with
representative level of unintentional impurities. This will show- the lowest |
possible activation rates and the effects of the specified impurities. The

impurities used are also included in table IV.2.

| IV.A. Sj;mgm. ral Materials
Redu fivation Ferritic Steel o

Low alloy steels aré considered as possible llow activatioﬂ materials and
are being actively developed in the US, Japan, and Europe. The reference
structureil material in the Japanese design (2) is of this type. The material
properties were taken from the Nuclear Systéms Materials Handbook (13) for the
material HT-9m. According to Klueh (14), go'od agreement in materials |

properties exists between this material and the reduced activation steels. Gelles
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(15) reports on irradiatiqn .dalﬁag_t.ef}of f_érritic steels that they are damage resistant.
to 200 displacements p’e\f" atom (dpa). In the Japanese design, the operating
temperature is less than__SbO C. The composition was taken from Bloém (16)'.

* Martensite for NET(MANETils the reference matetial in the design of the
Eurqpean lithium-lead'blahket design (3). All prdpertiés and thé'co.mpositi'oh
were taken from the NET database (17). In the absence of data, a radiation
damage lifetime of 200 dpa was chosen to facilitate comparison with the reduced
activation ferritic. The operating tempefature in this design V\Iras 500 C (3).
VA4Cr4Ti | |

This material ié. currently under development in the. US as a low-activation
structural material. The properties for this material were gathered through
personal communications (18). A damage lifetime of 200 dpa is used, which is
expected to be a reasonable value (18). Table IV.2 contains the alloy composition
(19). Since the primary motivation for development of this alloy is low |
activation, it is expected that impurities will be maintained at low levels and an
impurity level of 1 ppm Nb was assumed (18). |

ili id _

The properties of silicon carbide were taken from the AIRIES-T report (5).
The mechaniéal I;roperﬁes were given in this report, which indicated that silicon
carbide can operate at over 1000'C. In this report, a radiation lifetime of 200 dpa
was used, and this same value was used in the present work. Impurity
concentrations, which were used in this analysis, were given in the AIRIES-I
report. Fetter (20) ga\.ze a different set of impurities, both are included in table
IvV.2.
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- 316 Stai teel
This material has been used éxténsively in ir_tciustry and a large database
of its properties exists. This material exhibits h'igh swelling rates at high.
temperatures and is therefore limited to operation below 400 C. Radiation
damage will limit operation, with an e:ﬁ_peci’ed lifetime of about 60 dpa (18).. The
mechanical properties and composition were taken from the ITER-CDA -
materials database (21). | |
This matgriq:l is a_.modifi,gd s_taiﬁ]gss steél to improve radiation damage
resistance. Pfoperties of this material Wére not available. The 31655 properties
were assumed. The‘ Composition' was}aken from Kinzig (22). In the absence of
data and since PCA is designed specifically to improve radiation damage
resistance, an irradiation. lifetime of 100 dpa was assumed tb show the effect of
increased lifetime.
VAss |
VA64 is a manganese stabilized austenitic sfainless steel which is an
alternativé to 316 stainless steel. Zucchetti and IZ'ublena {23) and Piatti and
Schiller (24) studied the properties of several manganese steels. Piatti and
Schiller found that VA64 had a "noticeably high thermal stress resistance” and
‘this was the Ireason for selecting VA64. Piatti and Schiller found that swelling
behavior of high manganese austenitic steels are similar to type 3165S. Thus, the
same value of 60 dpa, as for 316SS, was used for the radiation damage lifetime . |

The stress limit was taken from Piatti and Schiller and all other properties were

taken from Zucchetti and Zublena.
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Each of the reference deéigns used a different breeding material to
produce the required tritiurn. The compositions are given in table IV.3.
Lithium Oxid

The Japanese reference blanket design (2) uses solid Li;O for tritium
breeding. The sol_id' breeder is in pebble form at 85% theoretical density and a
70% packing factor. The Li-6 is preseht_ at 7.5% in naturally occurring lithium
(25). Impﬁrity concentrations were taken f_rorﬁ ‘_Holdren £26).

The European reference Blanket design (3) uses the eutectic Li17Pbgs liquid
metal. The lithium is enriched to 90% Li-6 (3). Impurity concentrations were
given by Holdren (26)' and by Fetter (20). Thereisa large discrepancy between
them. Both are given in table IV3 The impﬁrity concentrations from Holdren
were used since this is the more recent work and Fetter was cited in the Holdren
paper.

The Argonne reference blanket design (4) uses pure lithium in liquid
metal form as both the breeder and coolant. The lithium is not enriched. The

impurity concentrations were taken from Fetter (20).

I
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i rc
The AIRIES-I ré:_ference blanket design (5) uses solid LizZrO; for tritium
breeding. The solid breeder is in pebble form at 90% theoretical density with an
80% pa-cking factor. To reduce activation, the zirconium is isotopically tailored.
The tailored corri'position (5) is 99.908% Zr-92; 0.057% Zr-90; 0.013% Zr-91;
0.019% Zr-94;-_0.003% Zr-96. The Li-6 was enrichéd to 80%. The impurity

concentrations were also taken from this report.

In the Japanese reference (2) design and the AIRIES-] reference design (5),
beryllium (Be) wés_ adcied as neutron multiplier to increase the tritium breeding
ratio (TBR). In the Japanese design, the beryllium is present in solid blocks. In
the AIRIES-I design, it is present in-.pebble form at 90% theoretical density and a
80% packing factor. The ilﬁbu-:;ity concentrations were taken from Fetter (20).

The composition of beryllium is included in table IV 4.

IV.D. Divertor Material - Dispersion Strengthened Copper

The divertor will be subject to extremely high heat loads and one of the
leading candidate materials is the dispersion strengthened copper, which is
being developed for ITER (21). Copper has very high thermal conductivity and
by dispersion strengthening with alumina (AlO3), it is expected to be able to
withstand this intense loading. Tﬁe properties were taken froni the ITER-CDA
materials database (21). The radiation damage lifetime of 150 dpa was chosen

based on the report by Zinkle and Fabritsiev (27). In this report, .they found that

swelling was still minimal at values up to 150 dpa. An operation temperature of
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500 C was cﬁosen based on Zinkle and Fabritsiev, in vlvhich they found that
"based on the available data, dispersion'strengthened copper (Cu-AlO3) may be
used up to temperatures in excess of 500 C". The impurity concentrations for
copper were taken from Holdren (26). The compositibn is included with the

structural materials in table IV.2.

TableIV.l

Structural Material Properties

HTOm | MANET | V4G 5 31655 | VAG62 | DScopper
(131415 | 17 agy'i | o) 82y | @329 | @127)
US(Pa) 396E+08 | 4.94E+08 | 4.40E+08. 485E+08 | . 2 50E+08
YS(Pa) 307E+08 | 4.26E+08 | 2.70E+08 1.65E+08 | 2 20E+08
Stress Limit | 1.02E+08 | 1.42E+08 | G.00E+07 | 1.40E+0B | 5.50E+07 | 2706+08 | B8.33E+07 |

{Pa) :
Expansion 1.23E-05 | 122E-05 | 1.04E-05 | 440E06 | 1.80E-05 | 1.64E-05 1.85E-05
Coeff. (1/K)

Elongation TBIE+11 | 1.81E+11 | 1.12E+11 | 3.64E+11 | 1.66E+11 | 1.67E+11 | O.93E+10
Modulus (Pa} o :

Thermal 30.0 26.2 34.0 150 148 252 2883
Conductivity :
(W/mXK)
Poisson's ratio | 0.30 0.30 0.37 016 | 027 0283 | 033
Temp (C) 500 500 600 1000 400 500 500

dpa limit 200 200 200 - 200 60 &0 150




Table IV.2

" Structural 'Material'-'Coi:Tlpositions

Ferritic Steel (1-9)_-11_,- ‘MANET(17) - V-4Cr-4Ts (19). " ‘Silicon Carbide (5) -
- 757 g/em”3: Tk 776 g fomh3 5398 g/cm"B i 250 g/cm"S

- ow/oll w/o . /o ajo
Fe Remainder |Fe Remainder fi° Remamder [Sl 50
C 0.08-012 ||C 0.13)|Cr 4“(: 50
Si 001006 | 106 Ti 4 Impurities
Cr 7.5-8.5 0.87| Si 0.05 AIRIES-T | . Fetter

3 )T N V- J
w1822 |l u'npuntles | wppm|  appm
v 0.15-0.25 0.22 1] 1|
Ta | 0.01-0.06 0.16 3] 02
Impurities w/o|l Si 0.37 | - 0.045
(16)
Mn | <05 (0.5) 0.82 0.06
P <001 .01ffs 0:004 0.04
S <0.01 (0.01)][P 0:005 |- 0.02
Mo LAP {4 ppm) 0.0085{ 1
Ni <01 (0.1) N 0.003 0.002
Nb LAP (.5ppm) || 0.054 || 0.003
N <0.001(0.001) |[- 0.01 0.01
Al” |LAP 0.02)] 0015 0.00003
0.053 | 0.08




TableIV.2 (cont)

Structural Matérial:CQmpdsitions |

31655 (21)_ VA64(23) | - PCA(22) || .D.5 Copper(21)
7.86 g/cm”3 772g/cm*3 || 7.97g/cm?3 - 7.97 g/cm”3
— —w7e ]

Fe Remainder :|| 1 ' Remainder |[Fe | Remainder || Cu = | Remainder
Cr 174 Cr 20,76 |[Ni _ 16| AlLO; | 02w/o Al
Mn 1.8[|Ni - 0.25||Cr 14 impurities (26) | w/o
Ni . 12.3|[Mn 1059/ Mn 2| Zx 0.15
Mo - 25]|si ~ 0.12|Mo 2|l Fe 0.0022 |
Co - o_.ﬁls' ~0.006|iSi -05'(5 0.0012 ]
Cu 02| 0.024 ] Ti 0.3 Ag 0.0012
Si o.g‘ Mo 104V 0.1} Ni 0.0005
B 0.001|| V. 1w 0.05{| As 0.0005
C 0.024|[N 0.5][ Al 0.03]{ Sb 0.0005°
N 006[[C 0.62][Co 0.03|[Pb 0.0005
S 0.002 [ Nb ~ 1.2][Nb 0.03 lis‘e _ 00002
P 0.027] Co 0.03][Cu 0.02]f Sn 0.0001
Al 0.001 ]| As 0.02][ Te - 0.0001
Impurities (23)_|_w/o N - 001 || Bi 0.0001
Ifsn - 0.005|[P ~0.01 [ Mn - 0.00005
I Ba 0.0002 || Ta 0.01]
[5m " 0.00005|/B - 0.005
[ Bi 0.0005 || C 0.005
e | -
b 0.00005(/S 0.005
[ Eu 0.00002 |[ Zr 0.005
Ir 0.00001 [[ 5n - 0.005|) .
Ag 0.00005 || Sb 0.001 ||
) - Ba 0.001 ||
‘Tb 0.001
Ir. 0.001
Pb 0.001
'Bi 0.001
| K 0.00031
| Cd - 0.0002
“ " Ag 10.0001

22




Table IV.3

Breeding Material Compositions
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Lithum Oxide (26) || Lithium (@)

(Li20)

(Li)

"Lithium Zirconate l’
(LinZrO3) (5)

~ Lithium Lead B

(Li17Pbg3)

210/ em3

053¢/

cm3

951 g/cmA3

w/o

4.16 g/em3 4"
a/o

83

. 1004 Zr

16.7

o
Li

17

90% Li-6

ities

w/oj Li

333

"~ BO% Li-6 ] .

| Holdren

(26}

Fetter
_(20)

000110

impurities

0.005 [} impurities- | -

0.1

0.031K

0.05

0.008]| Ca

0.05

0.004 | C1

0.03

0.02] Fe

0.03

003

0.03

000012 | -

0.0003

0.03

0.026

0.001

001}

0.00018

Fb
Na
0.0002 || Al
Mn
Ni

0.01

5i

0.01

"0.00018

Cu

0.0

0.0

000

0.005

0.005

0.003

0.003

0.003

0.003

~ 0.003

0.0003

.10.002

0.002

0.001

0.001

0.001

0.001

0.001

0.001 |

0.001

0.001

~0.0002 |

0.001

S 0.001]

0.001
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Table IV.4
Other Material Compositions
Beryllium (20) J| Calcium Oxide (19) || = Aluminia<(28) Lead(20) . | -
{Be) | (Ca0) - {AhOg) (Pb) -
185g/em3 || 3315g/em3 || 397g/em”3 1135 g/cm3

w/ol| a/o| o a/o “w/o
Be 100]| Ca ' S 504 A1 404 Pb 100
impurities | pr!g‘ O S0H O 60]| impurities | wppm
Li : 3N - Cu 2
B 2 —1_ [ 10
C 1000 | Sb 31 -
N 300 | 1[ i 0
T | I
T | ||
Si - 600| M
Ca 200 _'
Cr 100}
(Mn | 150 '
Fe o 600 1]

1Co o 5 .

Ni . 300 e J|7
Cu © 100 ‘” '
Mo 20| I 1l
cd 2] - ||
Pb 201 jl I
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"~ CHAPTER V
" WASTE DISPOSAL PARAMETERS

- There are many activation parameters that can be evaluated. The .

parameters of interest in this analysis were parameters related to ra'dioa'cti_v:é

- waste disposal. The reason for focusing on waste disposal was because this is the

key to fusion realizing its potential as an environmentally benign enérgy source
and avoiding thé long-term/deep repository -Waste-disposal issue that is
currently faced by fission reactors. -Th‘e_ most effective method-of handling waste
is to redu-ce and/or eliminate it ﬂudugh an effective deSigh and 'choi.cé.-qf-
materials. | ' - | |

While there_'éi‘e;no'accepted national or 'mtemaﬁonél criteria for the
disposal of fusion wastes, the criteria presently used for other forms of
radioactive wésfe provides some perspective for fusion radioactive waste
disposal. The low-level waste criteria for s’_e'verél coun_ﬁ'iés (29) are liste'd;i;i’ table
V.1. There are several parameters which play a major role in current radioactive
waste Iiandling and disposal. These parameters are ﬁaste disposal rating, -
specific activity, total activity, contact dose, life cycle volume, and deep disposal
index.
| Since there are no large fusion néutron'_sourées'in ex15tt=nce, re g‘@l&tory
limits for disposal of the majority.of. isotopes that will be produéed do not éxist.

The waste di:sposal rating (WDR) is defined in terms of the maxim_ui‘n allowable
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dose that could be received by an inadvertent: iht:rud-er'to:an abandoned waste
site. Fetter (30), based on the nuclear regulatory commission (NRC) intruder
dose scenario (31), calculated the concentration of each isotope which would
result in a 500 mirem/yr whole body dose or 1500 mrem/yr dose to a single
organ to an inadvertent intruder. In the inadvertent intruder seenario, there is
construction of a house on the waste disposal site after the period of institutional
control, assumed to b.e 100 years. Construction workers are exposed to gamrha'
radiation from the'.was'te and inhale suspended waste particles. If the waste is
still stabilized, they recognize it as radioactive waste and construction steps after
6 hours. Class C (31) waste, whieh is the most radioa(:tive class of waste sﬁll
considered low-level, is assumed to be stabi’l_i'zeﬂ for 500 years. If the waste is no
l-onger stabilized, the house is .completec_l with constriction taking 500 hours.
The house is then occupied and the residents of the house are exposed to direct
gamma rad-iation, suspended waste particles, and grow half of their food on the
waste site. B | o

From this type _df'_analy_sis, the limiting specific activities for the various
radioisotopes cari be established and the correponding critical concentrations can
be calculated. The WDR is then defined as the ratio _of the actual concentration to

the critical concentration summed over all radioisotopes present. Thus,

satisfaction of the dose limits to an inadvertant intruder corresponds to WDR <1.

Table V.2 lists the critical concentrations of the various radioisotopes

~ taken from the lower limit of values -'given in Fetter (30). -These values wete

calculated for activated metals. The results will be lower for wastes which are not
activated metals because of lower stability of these wastes. These were used as

the near-surface burial limits, and the specaﬁc activities of the chfferent
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components in each design were 'cl-etérmine'd by REAC*3 (11). Usihg these
values, the waste disposal rating (WDRY) for each component v\_ras determined.
The waste disposal rating was often dominated by a few elements and
therefore could be reduced c.lrastica-lly' if these elements could be replaced, if
alloying elements, _:or.eliininated if .imp.ur-iti_es. The WDR of the structural
materials incl?ﬁdi-ng impurities will be givén by element in chapter VII. The
values given are:ﬂie amount of the WDR due to that specific element. This
allowed deteﬁninatién of the ke.y' elements for achieving a LLW classification.
The life cycle volume, as the namé implies, is the total waste volume

generated during the life of the reactor. It is the component volume times the

number of that component used d.ur'ihg the life of the plant, based on lifetime

consideration such as radiation damage. | |

The deep disposal index is a param.e_’tér.which gives some sense ofthe |
relative hazard of the high level waste. The deep disposal index is ca_lculat?di by
sﬁmming the life cycle volunie multiplied by the waste disposal ratihg for all
components with a WDR greater than 1.0.

The specific of total activity of the waste gives only a general
representation of the waste hazard, but these values are often quoted. In some
countries, these parameter may form the basis for waste classification (29). The
total activity was calculated by taking the specific activity, calculated with
REAC*3, and m’ulﬁplying by the life cycle volume. For components which are
replaced this is an overestimate because of the decay from the time of
replacement to the end of the plant life. |

Since tritium (T,,,=12.3 years) is not nnportant on the long time scales of

concern for waste dlsposal it is not included in the activation calculattons

e Ve eran o= = Ry
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When handling radioactive material is being considered, one of thé'rﬁﬁsf
important pérameters is the contact dose. This determines the amount of -
shielding required, if remote handling is required, if the material can be -réCYCIed,
etc. Therefore, this is a strong factor in"defemjinix_‘ig‘ the cost of handling and |
transporting the waste. The contact dose is defined as the photoﬁ dose at tﬁe '
surface of an _u:ﬁformly .contaminated semi;ihfihite slab of the material. Contact
dose is alsb a basis for waste classification in some countries (29). |

All parameters are calculated based on several assumptions. The" .
following is a list of these "assi.lmp_tions. Solid breeding materials are not

recycled. Allrliquid materials are removed and handled separately. Water is

- treated and released to the environment. Lithium and lithium lead are used for

the life of the plant and the quantity used is twice the volume present in the
reactor. They are then disposed of as radioactive waste. All components are

disposed of as units. No credit is taken for dilution. The entire blanket reg'-'i'o:ﬁ

.inside the vacuum vessel is removed at each blanket replacement.
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" Table V.1

- Low-Level Waste Criteria (29)
[Country " [Waste [ Criteria_
‘USA i Isotope Specific
Japan Solid ~ [1-103 Ci/m?
- |Liquid . |10-3-106Ci/m3
'Gaseous 10-6-10-% Ci/m3
JUK. Alpha <0.11Ci/t
. Beta, Gamma <0.32Ci/t
France " | Tsotope Specific
[FRG |Isotope Specific
Sweden " |Alpha 0.27 Ci total site
Beta, Gamma 270 Ci.total site
USSR |Solid  Alpha ~]0.01 - 0.0001 Ci/t
Beta” 0.1-0.001Ci/t
Garmma 0.3 - 0.0003 mSv /hr
o | Liquid <102Ci/m3
IAEA~  |Sold <2 mSv /hr
proposal. | Liquid 10-3-10-6 Ci/m3
Gaseous <10-10Ci/m3

29
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Table V.2 :
Near-Surface Disposal Specific Activity Limits (30)

lsotope Limit |} Isotope ) Half-life |- . Limit Isotope | Half-lifi ¢ Limit -
| (Gi/mn3) | (yrs) | (Cifmn3) (yrsj . | (Ci/m?"3)

h 3 ~ TMSA" § sn¥2liin | 5.50E<01 | '7.00E+Q5 || pb210 | 2.23E+01 | "3.00E+07
be 10 | 500E+03 || sn126 | 1.00E+05 | V.0GE-01 || bi207 | 3.22E+01 | 9.00E+03
c 14 | 570E403 | 6.00E+02 || 129 | 157E+07 | 2.0QE. 3.00E+#06 | 1.00E+00
2l26_| 7.20E+05 | S.O0E-2 || cs135 | 3.00E+06 0E: 1.02E02 [ 3.00E+03
5132 | 1.OAE+02 | 6.00E+02 || ¢s137 | 3.00E+01 | 5.00E+0 " 160E+03 | 1.00E-01
36 | 301E+Q2 | TO0E+01 || 1al37 | 6.00E+4 EH SBOE+06 | 3.00E+07
ar39 | 2.69E+02 | 2.00E+04 || 1a138 | 1.06E+11 | 1.50E-O1 2.18E+01 | 5.00E+05
ard2_| 330E+01 | 2.00E+02 || pmids | 1.77E+01 OF 40 7.30E+03 | 2.00E+00
k 40 | 1.30E+09 | J.00E+00 | pmld6 | 5.50E+00 OE<0 ~ 740E<04 | 3.00E-01
cadl | 1.03E+U5 | 1.00E+04 || sm146 | LO3E+06 | 1.70E+ " 1.40E+10 | 1.00E-01
ti4d | 4.70E+01 | 2.00E+02 “ smi47 | 1.0BE+11 | 170E-0 6.28E+04 | 7.00E-01
mn53 | TMSA; | T30E+04 ]| smi51 | 9.00E+01 6.89E+01 | 3.00E+01
fe60 | 1.00E+05 | LOOE-01 té_m 50m || 3.60E+D1 | 3.00E+03 1.59E+05 | 2.00E+01
co60 | 5.30E+00 | 3.00E+08 | eul52 | 1.33E+01 | 3.00E+05 2.45E+05 | 9.00E+01
ni59 | 7.50E+05 | 9.00E+02 || eul54 | 8.80E+00 | 5.00E+06 704E+08 | 2.00E+00
ni63 | 1.OOE+02 | 7.00E+05 || gd148 | 9.80E+01 | 2.08E+D5 ~ TMSA' | 1.20E+03

se79 | 6E0E05 | BOOERO [ gdl50 | 1.80E+06 | 2.00E+03 [ TMSA'"_| 6.30E+00 |
kr81 | 2.10E+05 | 3.00E#01 || b¥57 | 1.50E+02 | 5.00E+03 1.15E+05 | 1.00E+0D

kr85 | TMSA' | 6.00E+08 || tb158 | 1.50E+02 | 4.00E400 2.10E+06 | LOOE+00 |
87 | TMSA® | 1.30E:01 || dyi54 |, 1.00E+07 | 1.00E+03 B77E+01 | 7.00E+04
st90 | 2.85E+01 | 8.00E+05.|[ holébm |, 1.20E+03 | 2.00E-01. | 241E+04 | 1.00E+03
zr93 | TMSA" | 1.70E+04 [[ ul76 || TMSA' | S60E-O1:: 6.60E+03 | 1L.ODE+03
nb 91 | 6.80E+07 | 2.00E+02 || hf178m [} 310E+01 | 9.00E+03 |' " 1.44E+01 | 2.00E+03
nb92 | 3.60E+07 | 2.00E:01 || RABZ || 9.00E+06 | 2.00E0F| ([ 373E+05 | 1.OGE+03
nb93m | TMSAT | 2.40E103 || rel8ém |} 2.00E+05 | 2.00B+01 |t B.0BE+07 | 9.00E-01
nb94 | 2.00E+04 | 2.00E:01 || rel87 '|| IMSA' | 1.00E+00) I 432E+02 | 5.00E+01
mo93 | 3.506+03 | 4.00E+03 || 0s194 | TMSA' | 7.10E+09 || 141E+02 | 3.00E+02
tc97 | 2.60B+06 | 4.00E:01 ;“?‘irfgjzm' T 241E202 | LOOE+00! || 7A0E+03 | 2.00E+00
tc98 | 420E+06 | 1.00E«02 || ptio0 | TMSA' | 6.50E-02 || 285E+01_| 6,00E+02
tc99 | 2.13E+05 | 6.00E-02 || pt193 | 5.00E+01 | 2.00F+08! 1.81E+01 | 5.00E+05
pd107 | 6.50E+06 | 9.00E+02 || hgl94 | 5.20E+02 | 5.00E-O1|| cm245 | B.50E+03 | 5.00E+00
agl08m | 1.27E+02 | 3.00E+00 || pb202 | 5.30E+04 | 6.00E-01:) cm246 | 4.B0E+03 | B.00E+02
cdl113m | TMSA' | 2.00E+09 || pb205 | TMSA' | 1LOOE¥03 Il cm248 | 3.40E+05 | 8.00E+02

1. Theoretical Maximum Specific Activity :(T MBSA} does not exceed dose limits to inadvertent intruder.




CHAPTER VI

MODEL COMPARISONS

The rien_ifrbﬁics model used was a one-dimensional cylindrical
representation of a toroidal fusion reactor centered on the plasma centerline. | '.
This is referred to as the toroidal model. This model is shown in figure VL1.

One of the important quantities calculated was the ti‘ilium breedi'ng ratio
(TBR). In order to verify the neutronics model, the results were compared w1th
the TBR values reported for the 0r1g1na1 reference designs. For each reference
cle31gn, a different model was used. In one case a 3-D Monte Carlo method was
used and in the others various 1-D representations were used.

For the Argonne design, a 1-D cylmdncal representatlon of a toroidal

fusion reactor centered on the flux core centerline was used { 19). This is referred

to as the poloidal model and is shown in figure 2. To compare cross section sets,

the ANL poloxdal model was run using the MATXSlO cross sections. In the ANL
calculations, a 'I'BR of 1.222 was reported (19). Using the same polcndal model a
TBR of 1.243 was calculated. Then the TBR was cal culated using the t0r01da1
model which yielded a TBR of 1.203. '

' In the European design (3), a very detalled 3-D Monte Carlo- calculaﬂon |
was performed for a model including divertor, ports, etc. A TBRof 1.190 was
reported. In this analysis, using the toroidal model, a TBR of 1.380 was
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calculated. This model assumes full coverage of the torus by the bléthl;et, and
therefore overestlmates the actual TBR.

In the ]apanese design (2), the same type of polcndal model that was used
by Argonne appears to have been used. A TBRof 1.420 for the full torus was
reported. Based on the results reported, the value for the outboard bianket alone
was 1.336 (nuinber of tritium produced in outboard blanket / ‘number of fusion
neutrons incident on outboard blanket). In this analysis, using the tormdal '

model, the calculated TBR of the outboard blariket was 1.335.

In the AIRIES—I study a 1-D toroidal model appears to have been used (5). |

They calculated a TBR of 1.214. In this analysis, the calculated TBR was
calculated to be 1.222. _' _ | o

The resuits of this companson are tabulated in table VL1. In this analysm,
the TBR was an impottant parameter for scaling the blanket size. In ‘comparing.

the calculated results with the values reported for the reference designs, it was

judged that agreement to be sufficient to confirm the adecjuacyr-of- the model for

this purpose. Sufficient blanket thickness was chosen to achieve a TBR of 1.20
using the one-dimensional toroidal model. ‘This takes into account the_effectlof '
divertors, ports and other regions unavailable for tritium breeding and to still

allow for a TBR significantly in excess of unity. \




[

Tab-l'e VL1

“TBR Comparison
[ Design | Reference | Calculated | -Model | Blankets |
. TBR TBR Used | Modeled
Japanese | . 1420 Poloidal | Inboard &
2 _ Model | OQutboard |
1.336 1.335 | Toroidal | Outboard
_ _ ~ Model - .
Argonne | 1.222 - 1.243 Poloidal . | Inboard &
(19} ' _ Model Outboard
1203 | Toroidal | Outboard
| __ Model
European 1.190- . | 3-D Monte Iniboard,
3 - Carlo Qutboard &
: _ L - Divertor
11380 “Toroidal Outboard
' _ Model
AIRIEST | 1214 1222° | Toroidal | Outboard
(5) ' ‘Model
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Kinzig et al. (22) performed activatisn calculations on a PCA /lithium
design. The r¢$u1ts included total inventory and contact dose; and waste |
disposal rating could be inferred. Exact d_'et.a'ilé of their model were not available.
Table V1.2 lists a comparison of the results. The 'Kinzig values listed in table V1.2
were estimated fr-om figures in that work (22). ‘ |

In genéralll the waste 'di5posa1 ratings for the various components showed
good agreement and in general were within the accuracy with which the values
could be estimated from Kinzig's flgures

There were some differences betweer-a the contact doses, with this analySIS

having consistently higher results. Most of the time, this analysis yielded results

2-4 times higher , but the maximum difference was .40 times higher. The contact

dose in the blanket was higher than in the first wall in.Kinzig. This could not
occur with the model used in this analysis and clearly fepresents a difference in
modeling (i.e. other materials present, or activation for longer than stated).

| The contact doses in the first wall showed good agreement at all times.
The values were typically within the accuracy with which the values could be
estimated from the figures in Kinzig.

The results of this comparison are shown in table V1.2. This compa%risdn- _

generally supports the adequacy of this model. Reference design results-ére..

compared with values given in the reference reports when available.
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Table V1.2
- Activation Comparison

. First Wall - BCA - Blanket - PCA Manifold #IL- PCA

[Shutdown| Kinzig | Calculated | Kinzig | Calculated | Kinzig | Calculated
. | Time _(22) : . _ | |

Contact lhour | 1.20E+07 | 144E+08 | 3.00E+07 | 6.22E+07 | 1.00E+06 | 1.36e+07
Dose 1day | 5.50E+06 | 1.25E+08 | 1.55E+07 | 2.97E+07 | 2:10E+05 | 7.04e+06
(mSv/hr) | 1week | 5.00E+06 | 6.71E+07 | 1.50E+07 | 3.01E+07 | 2.00E+05 | 5.87e4+06
1 month | 4.00E+06 | 5.74E+07 | 1.30E+07 | 2.36E+07 [; 1.50E+05 | 6.12e+06
1year | 1.10E+06 | 1576+07 | 3.00E+06 | 5.91E+06 | 8.00E+04 | 1.17e+06
30 years | 9.00E+03 | 1.14E+05 | 2.80E+04 | 4.66E+04 | 9.00E+02 | 9.87e+03

Waste 559 710 307 425 193 213

. Manifold #2 -

" Shield -

" Fe-2Cr-1V Fe-2Cr-1V
Shutc_lown - Kinzig Calculated_;: szlg '_ Calt::ulated
Time - N _ . :
Contact | Thour: | 2.50E+05 | 8.39E+05: | 3.00E+04 | 8.89E+04
Dose 1 day 4.10E+04 | 1.57E+05 | 2.40E+03 | 9.48E+03
(mSv/hr)| 1week | 4.00E+04 | 1.52E+05- | 2.20E4+03 | 7.84E+03
1 month | 3.50E+04 | 1.37E+05 | 1.80E+03 | 5.81E+03
1 year 2.00E+04 | 541E+04 | 4.00E+02 | 8.42E+02
30 years | 6.00E+00 | 8.13E+01 | 4.00E+00 | 8.43E+00
Waste 1.4 2.59 0.6 0.2
Disposal
Rating

o
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~ CHAPTER VII

~ DEMONSTRATION REACTOR DESIGNS

Each design was sized according to the material p_rdpei‘ft_ies by adjustirig

dimensions to::satisfy physics and engineering constraints. The calculationa}

- model was developed by Stacey (6). The méde;l'itéfates on the various physics

and engineering .c@nsi:rai-nts to determine the minimum inajor radius devfce .-tl'.lat
will satisfy these constraints. |

The structural components of the central solenoid, téroidal ﬁeld-’ﬁoi]‘?énd
support structure were sized to satisfy ASME code -requireinents for SSSI6T;N',- '
taking into account reduction of the stress allowable S_, due to crack growth for
cyclic operation. Adequate conductor cross section was allowed to accommodate -
the ITER-EDA Qutline De513n current density (32) and a maximum toroidal field
of B=12 T. The number of pulses used for the stress allowable reduction is
determined from the total operating ti.me and the pulse length of 10* sec, plus 10*
shakedown pulses.

The flux core was sized to provide the volt-seconds réquired to indu'ce. _

and maintain the plasma current dilring the burn pulse, taking into account
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bootstrap (33)'and' ﬁonéinductive (34) current drive, and allowing for 50%
reduction in sfafm.p fésisﬁVe volt-seconds due-to__étarfup assist. Anupper limit
of 80% bootstrap current was imposed to take-into accounf the necessity to
provide some non-inductive current dlrive to tailor current profiles. The pulée
length was determined to minimize. majc':'r radius ft/'qm a tradeoff between fhe
increasing flux core needed .for longer puises and the increasing magnet
structure needed for a larger number of pulses. |

The shield was sized to limit peak nuclear heating and ﬁeutro’n fluence in
the inboard TF coil to 1 mW/em® and 2x10% n/m?, ;-eé,pgctively (35). The blanket
was sized to attenuate 95% of the nuclear 'én'e-lrgy'flux and to achieve-a (1D
model) tritium breeding ratio 2 1.20 in order to insure tritium self-sufficiéncy.

. The vé;cuum vessel, located between the blanket and the shield, was sized
to withstand an overpressure of 10 atmospheres.

The first wall heat removal elemént and strongback were sized to satisfy
ASME code stress élllowable under coolant and disruption pressures. The
plasma minor radius must be large enough to satisfy the g, constraint and also
to result in a first wall peak heat flux below the ASME co_clel thermal stress- o

limited value. A tube bank model that has been adjusted to match mqr_e-exéct

- models and a peaking factor of 2.0 were used for the heat flux ‘calculations.

_The major radius was then determined by summing the constituent
thicknesses and addmg 10 em to allow for gaps between the first wall and

toroidal fleld coil.
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The plasma temperature was set at T = 10keV and the plasma density was
determined from the specific fusion power. In order that each design point
would have the same confinement potential, the plasma current was then

calculated, using the ITER89P scaling law (33) with the appropriate confinement
enhancement factor, H, to yield an energy.cbnfmemeﬁt time t = 3.0s, which |
provides some margin for power bal'ahce and the 1 obtained from the scaling
law. The solution is constrained to satisfy the specified Bn-linﬁt. A 10% He
concentr.ation_plus an oxygen impurity Z . = 1.5 are assumed. The ITER form of
the physics constraints (33) and the 'geheral'ITER désign procedures (35) have.
been followed. - | |
The cofn-position_s'and resulting radial d:i:r:iiensidns of the éomﬁbhénts-iﬁ
each design afe given in tables VIL1.a-b. "fhe reéulﬁng v'alués of key pafameters' _
for the DEMO's are given in table VIL2. |
‘Table VIL3 lists the évemge neutron load to the first wall, divertbr wall,
and divertor plate for each design. The blanke:t, vacuum vessel, and shie_ld are
subject to thé attenuated first wall l:oadQ The calculated lifetime for the first 1.i'vvall,'
divertor wall, and diveftor plate are also giveﬁ.’ The vacuum vessel and shield

are designed to last for the entire 10.0 effective full power years (EFPY) of

operation for the demo design being modeled.







