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STARFIRE is a design for a conceptual commercial tokamak electrical power plant based on the deuterium/ 
tritium/lithium fuel cycle. In addition to the goal of being technologically credible, the design incorporates safety and 
environmental considerations. STARFIRE is considered to be the tenth in a series of commercial fusion power plants. 

STARFIRE has a 7-m major radius reactor producing 1200 MW of net electrical power from 4000 MW of thermal power, 
with an average neutron wall load of 3.6 MW/m :~ . The aspect ratio is 3.6 and a D-shaped plasma with a height-to-width 
ratio of 1.6 and average toroidal beta of 0.067 is used. The maximum magnetic field is 11T. Availability goals have been set 
at 85% for the reactor and 75% for the complete plant including the reactor. 

The major features for STARFIRE include a steady-state operating mode based on a continuous rf lower-hybrid current 
drive and auxiliary heating, solid tritium breeder material, pressurized water cooling, limiter/vacuum for impurity control, most 
superconducting EF coils outside the TF superconducting coils, fully remote maintenance, and a low-activation shield. 

1. Introduction 

The objective o f  the STARFIRE study is to 
develop a design concept for a commercial  tokamak 
electric power plant based on the deuter ium/tr i t ium/ 

* On leave from The University of Missouri-Rolla, Rolla, 
MO 65401, USA. 

** Present address: School of Engineering and Applied 
Sciences, University of California, Los Angeles, CA 
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lithium-fuel cycle. The key technical objective is to 
develop an attractive embodiment  of  the tokamak as 
a power reactor consistent with credible engineering 
solutions to design problems. Another  goal of  the 
s tudy is to give careful at tent ion to the safety and 
environmental features of  a commercial  fusion reac- 
tor.  This paper describes the major features of  the 
reference reactor concept.  A detailed report ,  includ- 

ing a description o f  the entire plant and a cost esti- 
mate,  will be issued in October 1980. 

The basic guidelines for STARFIRE assume the 
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successful operation of a tokamak engineering test 
facility (ETF) and a demonstration power plant. 
STARFIRE is considered to be the tenth plant in a 
series of commercial reactors. It is, therefore, 
assumed that a well-established vendor industry exists 
and that utilities have gained experience with the 
operation of fusion plants. 

A major feature for STARFIRE is a steady-state 
operating mode based on a continuous plasma current 
drive. An rf lower-hybrid current drive option has 
received the most attention in the study. The poten- 
tial advantages of steady-state reactor operation are 
numerous and are discussed in detail in the next sec- 
tion. 

Availability goals have been established as 85% for 
the reactor and 75% for the complete plant including 
the reactor. These goals provide a basis for design of 
maintenance equipment. The maintenance scenario 
incorporates the current utility practice of shutting 
down annually for one month and a four month shut- 
down approximately every five to ten years. 

An important design consideration is the choice of 
the plasma impurity and alpha-particle removal con- 
cept. Initial investigations indicate that modest pum- 
ping of helium with a limiter/pumping system (~25% 
of the alpha-particle flux) coupled with about a 1.5-T 
margin in the maximum toroidal field should elimi- 
nate the need for a divertor. This result is based on 
the provision that a significant portion of the alpha- 
particle heating power can be radiated to the first 
wall rather than be deposited on the limiter. In 
general, a non-divertor option is greatly preferred 
from an overall reactor engineering point of view. 

Another key design consideration is the location 
of the equilibrium field (EF) coils. The basic design 
approach is to locate almost all the EF coils outside 
of the toroidal field (TF) coils. All such EF coils 
would be superconducting. A limited number of seg- 
mented copper coils are located inside the TF coils, 
but outside of the blanket and shield. 

Safety has played a major role in considering 
various blanket options. Solid tritium breeders are 
being emphasized in this study. In addition, efforts 
are being made to minimize the tritium inventory in 
the plasma exhaust processing systems and the radio- 
activity induced in the materials in the magnets and 
shield. 

Section 2 presents the rationale for key design 

choices and provides an overview of the STARFIRE 
reference design. Section 3 describes the highlights 
of the major reactor subsystems and the maintenance 
approach is discussed in section 4. Details of the 
STARFIRE study are given in ref. [1]. 

2. Overview of the reactor concept 

This section presents an overview of the STAR- 
FIRE reference design. Section 2.1 reviews the key 
considerations in the design point selection and 
section 2.2 describes the major features of the refer- 
ence design. 

2.1. Design point  selection 

Extensive system and trade-off studies were per- 
formed to support the selection process for the major 
parameters and design features of the STARFIRE 
commercial reactor. A summary of key results is 
presented in this subsection. 

2.1.1. Reactor power 
A survey of anticipated utility requirements in the 

STARFIRE time frame indicated power units of 1000- 
1500 MWe are most desirable. The fusion power was 
selected as 3490 MW which results in 4000 MW ther- 
mal power and 1200 MW of net electrical output. 

2.1.2. Plasma burn mode 
Theory and experiments indicate the possibility 

that toroidal plasma currents may be maintained in 
tokamaks with noninductive external momentum 
sources to the electrons. This suggests that steady 
state may be an achievable mode of operation for 
tokamaks. Steady-state operation offers many 
technological and engineering benefits in commercial 
reactors. Among these are: (1) component and 
system reliability is increased; (2) material fatigue is 
eliminated as a serious concern; (3) higher neutron 
wall load is acceptable; (4) thermal energy storage is 
not required; (5) the need for an intermediate coolant 
loop is reduced; (6) electrical energy storage is sig- 
nificantly reduced or eliminated; and (7) an ohmic 
heating solenoid is not needed, and external place- 
ment of the EF coils is simplified. It has been esti- 
mated that the combined benefits of steady state can 
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result in a saving in the cost of energy as large as 30%. 
The penalty for steady-state operation comes 

primarily from potential problems associated with a 
noninductive current driver; in particular: (1) the 
electrical power requirements; (2) the capital cost; 
and (3) reliability and engineering complexity of the 
current driver. In STARFIRE, a lower-hybrid (LH) rf 
system is utilized for the dual purpose of plasma 
auxiliary heating and current drive. The penalty asso- 
ciated with the LH current drive is " 1 2 - 1 5 %  of the 
nominal cost and power requirements. Therefore, the 
choice of steady state as the operating mode in 
STARFIRE results in a net saving in the cost of 
energy of ~15%. Much larger savings are potentially 
realizable if the performance of the LH current driver 
can be further improved or substantially better alter- 
natives for the current driver are de~,eloped. 

2.1.2 Reactor size 
Two principal parameters that greatly influence 

the desirable reactor size are: (1) the maximum 
achievable fusion power density, Pp averaged over the 
plasma volume; and (2) the maximum allowable neu- 
tron wall load, Pnw. The fusion power density, Pp, 
varies as/3~B~, where/3 t is the ratio of the plasma to 
the magnetic pressure and B t is the toroidal field at 
the plasma geometrical center. The plasma/3 t is 
limited by stability considerations and is taken in this 
work as 0.24/A, where A is the aspect ratio. The 
maximum magnetic field is limited by technology 
constraints. The niobium-titanium superconductor is 
practically limited to a maximum field of ~10 T 
while Nb 3Sn is capable of generating higher fields. 
Although present experience with Nb3Sn is limited, 
the progress in the current technology development 
program justifies the assumption that the Nb3Sn tech- 
nology will be available in the STARFIRE time frame. 
It should be noted, however, that accommodating the 
electromagnetic forces associated with high fields 
adds significantly to the reactor engineering com- 
plexity. 

The fusion power density in the plasma, Pp, and 
the neutron wall load,Pnw, cannot be selected 
independently as they are correlated by the following 
relationship: 
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LHS scale is for  na/nDT = 0.01 and t he  RHS scale is for  na/ 
n D T  = 0 .15  ( P f =  3 2 0 0  M W , / h  = 0 .24 /A ,  A~3S = 1.2 m,  A v = 

0.1 m,  T e = 8 k e V ,  K = 1.6.) 

where Pf is the reactor fusion power, A w is the sur- 
face area of the first wail, and V is the plasma volume. 
Fig. 1 shows the maximum toroidal field B m required 
as a function of aspect ratio, A, for Pf = 3200 MW, 

= 1.6, j3 t = 0.24/A, scrape-off thickness, A v = 0.1 m, 
and inner blanket/shield thickness, Alas = 1.2 m. The 
scale on the left side shows the Bm required if a very 
efficient impurity control system is utilized such that 
the alpha-particle concentration, n~/nDT = 0.01. The 
scale on the right shows the B m required if a lower 
alpha-particle removal efficiency is assumed so that 
na/nDT = 0.15. As will be discussed later, accepting 
low alpha-particle removal efficiency permits the use 
of a simple limiter/vacuum system for plasma purity 
control and exhaust. 

The maximum allowable neutron wall load is a 
function of the structural material, coolant, and 
design of the first wall. Limitations on the maximum 
structural temperature and thermal stress are often 
important constraints and these are sensitive to the sur- 
face heat load on the first wall. Steady-state plasma 
operation reduces fatigue as a constraint, thus per- 
mitring higher neutron wall load, higher thermal 
stress designs. On the other hand, radiating most of 
the alpha-particle heating power to the first wall 
increases the surface heat load and lowers the allow- 
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Fig. 2. Cost o f  energy as a function of  neutron wag load. ] w  
is the integral neutron wall load in MW-yr/m 2 and t d is the 
tota! d9wntime in days for replacement o f  the structural 
material. Results are based on fusion power o f  3200 MW, 
aspect ratio o f  3.6, plasma elongation of  1.6, and/~t = 0.067. 

able neutron wall load. Other considerations that 
limit the neutron wall load are the coolant pumping 
power and the structure lifetime. Fig. 2 shows the 
cost of energy as a function of the neutron wall load 
at two values of the integral neutron wall load, I w, of 
5 and 20 MW-yr/m 2 and at two different values for 
the total cumulative downtime, ta, for replacement of 
the structural material. For Iw = 5 MW-yr/m 2 and td = 
125 d, the neutron wall load should be kept at 
~ 2 - 2 . 5  MW/m 2. For 1 w = 20 MW-yr/m 2 the cost of 
energy (COE) decreases significantly as the neutron 
wall load is increased from 1 -2  MW/m 2. A smaller, 
but significant, saving in COE is realizable by 
increasing Pnw from 2 - 3  MW/m 2. A slight change in 
COE is noticeable in the range Pnw ~ 3 - 4  MW/m ~. 
These results assumed water coolant and modified 
austenitic steel structure in the first wall. Structural 
materials with better thermomechanical properties 
and radiation damage resistance can show a more 

pronounced saving in COE at higher neutron wall 
loads. The average neutron wall load in STARFIRE is 
selected as 3.6 MW/m 2 with an average surface heat 
load of ~0.9 MW/m 2. Poloidal variations in the sur- 
face heat load and neutron flux result in a peak-to- 
average ratio of ~1.2. 

With the fusion power and neutron wall load 
selected, the surface area of  the first wall is determined 
and the plasma elongation and aspect ratio are the 
only two parameters required to completely describe 
the plasma geometry. A D-shaped plasma with a height- 
to-width ratio (K) of 1.6 was selected. This was found 
to be nearly the upper limit on elongation if the 
important design goal of locating most of the coils 
external to the TF coils is to be achieved. A detailed 
tradeoff analysis was performed to determine the 
optimum aspect ratio [2]. The most dominant effects 
tend to be the higher stability limit for/3 at lower 
aspect ratio and the reduced electrical power require- 
ment for the H plasma current driver at larger aspect 
ratio. An aspect ratio of 3.6 yields the minimum 
COE. For the STARFIRE conditions, this results in a 
plasma major radius of 7 m and a half-width of 1.94 
m .  

2.1.4. Energy conversion 
Solid lithium compounds are selected for the 

tritium breeder blanket in STARFIRE as they offer 
safety advantages compared to liquid lithium. The 
most attractive coolant candidates with solid tritium 
breeders are water and helium. A comparative study 
of the two coolants was performed. The study proved 
to be rather complex as there are approximately 15 
technical areas of the reactor affected by the coolant 
choice. Nevertheless, the study showed clear advan- 
tages for the choice of water for the conditions of 
STARFIRE. Key points from the study are sum- 
marized below. 

Helium cooling is an advanced technology with 
potentially higher conversion efficiency than pressur- 
ized water. However, a key problem that must be 
clearly recognized is that there is no structural 
material identified at present that can operate at high 
temperature, is compatible with helium, and has good 
resistance to radiation damage. Structural material 
temperatures <500°C are not capable of utilizing the 
full potential of helium. With modified austenitic 
stainless steel, the maximum coolant exit temperature 
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is 475°C with helium and 320°C with water. The 
obtainable thermodynamic efficiency depends on the 
steam temperature which in turn depends on the 
pinch-point temperature difference in the steam 
generator. To keep the cost of the steam generator 
reasonable, a pinch point of ~10°C is normally main- 
tained with water and "~50-100°C with helium. The 
gross thermodynamic efficiency, 7, is in the range of 
36-39% for helium coolant and 34-36% for pressur- 
ized water. 

Another major difference between the two 
coolants is the pumping power requirements. These 
are low with pressurized water, typically ~0.3% of 
the thermal power. The pumping power for helium is 
generally large and is approximately inversely propor- 
tional to the square of the helium pressure and coo- 
lant temperature rise. Helium coolant pressures much 
in excess of 1000 psi require extrapolation in techno- 
logy. The magnitude of the coolant temperature rise 
is severely limited by the constraint on the maxi- 
mum coolant exit temperature discussed above. It 
was estimated that the pumping power for helium at 
1000 psi is/> 3% of the thermal power. 

In STARFIRE, stipulation of a solid breeder 
blanket is an important feature. All useful solid 
breeders that satisfy the tritium recovery and material 
compatibility constraints require a neutron multiplier 
and have much lower tritium breeding potential than 
liquid lithium. The relatively large percentage of the 
structural material required with the helium coolant 
does not permit development of blanket designs with 
a reasonably conservative margin in the tritium breed- 
ing ratio. It was concluded from the neutronics 
analysis that a blanket breeding region must be 
placed on the inner side of the torus. This conclusion 
strongly impacts the helium/water comparison in 
view of the negative effect of void space in the inner 
blanket on tokamak reactor performance and econo- 
mics. For a given plasma geometry, beta, and maxi- 
mum toroidal field, the fusion power varies with the 
inner blanket/shield thickness, A~S, as 

a - Av - AiBS)4 , 
Pf ~ \ R  - R 

g 

where R is the major radius, a is the plasma half- 
width, and A v is the scrape-off thickness. For 
STARFIRE,R = 7 m, a = 1.94 m, and A v = 0.2 m. 
The required blanket/shield thickness with water 

Table 1 
Summary of key points in the water and helium coolants 
comparison for STARFIRE 
(Reference parameters: R = 7 m, a = 1.94 m, zx v = 0.2 m, 
Bm= 11.1 T, #t = 0.067) 

Water Helium 

Pressure (psi) 2200 1000 
A~3 S (m) 1.20 1.38 
Bo (T) 5.80 5.52 
Thermal power (MW) 4000 3273 
Coolant exit temperature (°C) 320 475 
Gross thermal efficiency (%) 36 39 
Gross electric power (MW) 1440 1305 
Coolant pumping power (MW) 15 95 
rf electric power (MW) 150 150 
Other auxiliary power (MW) 75 75 
Net electric power (MW) 1200 985 
Cost of primary coolant loop (MS) 45 102 
$/kWe (relative) 1.0 1.26 

coolant is A~S = 1.2 m. 
Helium requires A~S = 1.2 + 5, where 5 is the 

equivalent thickness of the void space for the helium 
coolant in the inner blanket. Solid breeder blanket 
module designs were developed in sufficient detail 
to permit reasonable estimates of 6. Typically, for 
1000 psi helium, 6 was found to be ~0.38 m with 
0.I 8 m void in the blanket region and 0.2 m 
equivalent void space for manifolds and headers. The 
void space can be reduced by increasing the helium 
pressure. Furthermore, clever routing of the coolant 
manifolds and locating the headers further away from 
the midplane will substantially reduce 5, but will also 
significantly increase the coolant pumping power 
requirements• 

Table I shows a comparison of STARFIRE perfor- 
mance with water and helium coolants. The void 
space thickness with helium cooling is taken as 0.18 
m and has a substantial impact on the results of.the 
comparison. For the conditions considered here, the 
net electrical power output is 1200 and 985 MW with 
pressurized water and helium, respectively. The cost 
of the primary coolant loops (pipes, pumps, and 
steam generators)'is much more expensive with 
helium than with water. The net effect is that the 
costper  unit power is "~26% higher with helium than 
with water for the typical conditions in STARFIRE. 
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Several other areas of comparison between the two 
coolants were considered but they were found to be 
less important than the areas discussed above. 

2.2. Reactor description 

The reactor cross section is shown in fig. 3 and the 
major parameters are listed in table 2. The major 
reactor features are shown in the isometric drawing of 
fig. 4, All superconducting EF coils axe located out- 
side the twelve TF coils and four small segmented 
copper coils are located inside for plasma stability 
control. The shield provides the primary vacuum 
boundary. Twelve shield access doors are provided to 
permit removal of twenty-four toroidal blanket 
sectors. The cooling lines and rf ducts protrude 
through the shield doors so that high-pressure coolant 
disconnects can be located outside the vacuum 
boundary where small leaks could be tolerated. 

Plasma startup is accomplished by electrically 
breaking down the deuterium,tritium gas using a 
"-3-MW electron cyclotron resonant heating (ECRH) 

system, inducing 1 MA of plasma current with OH 
coils and building up and sustaining the 10-MA 
plasma current using an rf system. Plasma fueling is 
accomplished via gas puffing or possibly pellet or 
plasma gun injection. 

During plasma operation the plasma impurities, 
including alpha particles, are removed using a limiter 
system and continuous vacuum pumping. The limiter 
consists of segments which form a continuous 
toroidal ring at the reactor outer midplane. The 
limiter is subjected to a peak heat flux of 4 MW/m 2 
and is cooled with 150°C water which is used for 
feedwater heating. As particles impinge on the 
limiter, ~30% are directed into a slot behind the 
limiter. These particles are then pumped through a 
vacuum plenum region between the blanket and 
shield into 24 vacuum ducts at the top and bottom of 
the reactor. Forty-eight cryosorption/cryocondensa- 
tion pumps are used. Twenty-four of the pumps are 
operated while the remaining twenty-four are 
rejuvenated. Pumps are rejuvenated hourly to mini- 
mize tritium inventory. 
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Fig. 3. STARFIRE reference design - cross-section. 
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Fig. 4. STARFIRE reference design - isometric view. 

The first wall is an integral part of the blanket 
structure. The blanket is segmented toroidally into 24 
sectors to permit removal between TF coils. Two 
different sector sizes are used to permit location of 
the high-pressure coolant line disconnects outside the 
vacuum chamber. The first-wall and structural 
material is PCA stainless steel that operates at 
~425°C maximum temperature when subjected to an 
average neutron wall load of 3.6 MW/m 2. The first- 
wall blanket is cooled by heavy water with inlet and 
outlet temperatures at 280°C and 320°C, respectively. 
This permits operation of the LiAIO2 solid breeder 
material within a broad temperature range to enhance 
tritium release without sintering. A helium purge 
stream is used to extract the tritium. 

The first-wall/blanket sectors also provide mount- 
ing for the 12 ECRH and 12 lower-hybrid waveguides, 
the fueling ports, and the limiter system. The wave- 
guides and fueling ports are located on the sector 
between TF coils. The first wall, limiter, and wave- 

guides are coated with beryllium to minimize the 
effects of sputtered impurities on the plasma. The 
first wall/blanket, limiter, and waveguide assembly 
are designed for a 20 MW-yr/m 2 life. Blanket sectors 
are manifolded separately to permit leak detection 
and islolation. 

The shield provides neutron and gamma-ray 
attenuation and serves as the primary vacuum 
boundary for the plasma. The shield is assembled 
from 12 sectors and 12 shield rings. Dielectric breaks 
are located in six sof the shield rings near the outer 
surface of the shield to limit the radiation dose to 
10 ~° rads. The Kapton dielectric seal is factory 
installed and designed for life-of-plant operation. 
Removable shield doors are located between TF 
coils to permit blanket sector removal. The shielding 
is ~ l - m  thick to reduce the gamma dose level to 
<10 a rads so that elastomer door seals can be used. 
Redundant seals and dielectric breaks are used to per. 
mit leak detection and isolation. 
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The reactor magnet system consists of  12 TF coils, 
8 superconducting EF coils, 4 normal conducting EF 
coils, and 6 OH coils. Two of  the OH coils are com- 
bined with the EF coils to simplify assembly. No 
intertwined superconductors are used and the normal 
coils are segmented to permit maintenance. The TF 
coils have a common vacuum dewar at the inner coil 
leg and separate vacuum dewars on the outer leg. TF 
coil overturning moments are reacted" through the 4 K 
center post and room temperature shear panels 
between adjacent TF coil outer legs. The room tem- 
perature TF coil case also supports the EF coils and 

the shield assembly. The vacuum pumps utilize an 
additional support  frame. 

3. Key reactor design features 

The following subsections describe certain high- 
lights of  the reference STARFIRE reactor design. 

Emphasis is placed on the rf current drive systems, 
the limiter/vacuum system, and the first-wall/blanket/ 
shield system. 

3.1. Plasma current drive and heating 

In the time since the earliest proposal [3] to create 

a steady-state tokamak with wave-driven currents, the 
lower hybrid wave has received the most extensive 
study [4,5],  and on this basis it was selected for the 
STARFIRE design. Theory indicates the local wave- 
power dissipation and current density are related as 

Table 2 
STARFIRE major design features 

Net electrical power (MW) 
Gross electrical power (MW) 
FusiOn power (MW) 
Thermal power (MW) 
Gross turbine cycle efficiency 

(%) 
Overall availability (%) 
Average neutron wall load 

(MW/m 2) 
Major radius (m) 
Plasma half-width (m) 
Plasma elongation (b/a) 
Plasma current (MA) 
Average toroidal beta 
Toroidal field on axis (T) 
Maximum toroidal field (T) 
No. of TF coils 
Plasma burn mode 
Current drive method 
Plasma heating method 
TF coils material 
Blanket structural material 

Tritium breeding medium 
Wall/blanket coolant 
Plasma impurity control 

Primary vacuum boundary 

1200 
1440 
3490 
4000 

36 
75 

3.6 
7.0 
1 . 9 4  

1.6 
10.1 
0.067 
5.8 

11.1 
12 

Continuous 
rf 
rf 
Nb a Sn/NbTi/Cu/SS 
Austenitic steel 

(modified, PCA) 
Solid breeder 
Water 
Low-Z coating + 

lirniter and vacuum 
system + enhanced 
radiation + field 
margin 

At inner edge of shield 
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j 
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Fig. 5. Equilibrium pressure (dashed), toroidal (chain-dash), 
and poloidal (solid) current density. 
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antenna broadcasts wavelengths in the toroidal direc- 
tion with a spectrum characterized by an index of 
refraction in the range nl to n~ + An. Consequently, 
for a given current density, the rf power is reduced by 
generating current in low-density plasma, and by 
radiating a narrow band spectrum with low n~. 
Obviously, the rf power is also minimized by operat- 
ing with the lowest plasma current possible. 

A plasma equilibrium was selected which meets 
our criteria; the total current is only 10 MA, and the 
current density is peaked near the plasma surface, in 
the region where the electron density is low. This 
equilibrium was tested for ideal MHD stability with 
the ERATO [6] and BLOON [7] codes. For the 
aspect ratio (A = 3.6) and elongation (~ = 1.6) charac- 
terizing the D-shaped plasma cross section of 
STARFIRE, the plasma was found to be stable to at 
least the design value of ~t = 0.067 against inter- 
change, ballooning, and low-mode number kinks, 
provided the blanket reproduces the effect of a 
close-fitting conducting jacket around the plasma. 
The safety factor profile is monotonic so the resistive 
double-tearing mode is not a problem. For a fixed ~t, 
operation at high temperature and low density is 
desirable since the rf power is proportional to ne [5]. 
We assume operation will occur in the hot mode [10] 
with Te = 17 keV, Ti  = 24 keV, and ne = 1.2 × 1020 
m -3. Additionally, the temperature profile is assumed 
to be fairly broad (corresponding to rf heating near 
the surface) while the density profile is quite narrow, 
further reducing n e in the edge region where the cur- 
rent density is peaked. 

The calculation of lower hybrid wave propagation 
and damping determines the values of n~, An, and 
minimum required rf power, Prf, to achieve 10 MA of 
current with a depth of penetration corresponding to 
that of the surface .current equilibrium. The wave fre- 
quency is set at twice the local lower hybrid 
frequency at the deepest point of wave penetration, 
to avoid parametric instability, and n l"is set equal to 
the minimum allowed by the accessibility criterion 
[8]. For the STARFIRE density profile, the antenna 
must deliver Prf = 63 MW at 1.4 GHz with n~ = 1.20, 
and An = 0.62. Fig. 5 displays the pressure and cur- 
rent density profiles as calculated from a cylindrical 
equilibrium model. 

The BrambiUa waveguide array [9] is ideally suited 
for current drive applications. The travelling waves are 

launched by phasing adjacent guides by 120 deg. 
Thus, three guides, each with a narrow opening (in 
the toroidal direction) of 4.0 cm and with 0.7 cm of 
metal septum, define the average wavelength in the 
toroidal direction. The spectral width, An, is 
established by limiting the number of guides (in the 
toroidal direction) in one array to thirteen. The verti- 
cal guide dimension is 20 cm, in order to transmit the 
TElo mode, and eight banks of these arrays are 
stacked in the poloidal direction, forming a 0.62 m × 
1.78 m module. One module is situated between each 
of the twelve toroidal field coils of the reactor. Aver- 
aged over the total antenna area, the wave intensity at 
the plasma may reach as high as 1 kW/cm 2. Higher 
intensity could possibly result in nonlinear plasma 
response, although the plasma physics of this point is 
not well understood. At these modest power levels, 
multipactor breakdown is not a concern. 

The power supplies and rf system elements are 
located outside the reactor building. These elements 
are connected to the reactor by 12 rf duct assemblies 
that have 104 slots in each duct. The duct assembly 
will be mounted to the blanket sector as shown in 
fig. 6. The duct will be constructed from PCA stain- 
less steel. PCA stainless steel was chosen because it is 
being used in a similar environment in the first wall. 
Welds near the plasma will be minimized by using a 
machined partwithin "5  cm of the first wall. The 
interior of the steel ducts is coated with copper to 
minimize the power losses through the guide. Near 
the first wall, an additional coating of beryllium is 
added to the copper to minimize the effects of 
sputtered impurities. 

The grill assembly will be cooled'by 40°C water. 
The maximum structural temperature is "310°C. The 
grill assembly protrudes through the shield door 
where a mechanical disconnect is located that permits 
removal of the directional coupler and rf window as 
part of an elbow. Removal of the elbow permits 
access to the blanket/shield for maintenance. A win- 
dow is included in the duct elbow to prevent electron 
cyclotron breakdown in the slots. The TF coil field 
profile requires the window to be within 3 m of the 
TF coil leg. The window material is sapphire 
(alumina), which.has been shown to withstand 1021 
n/cm 2 before serious degradation occurs. Neutronics 
analysis has indicated this fluence will be reached in 
10 yr of reactor operation. This indicates that win- 
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Fig. 6. Waveguide system, including Brambilla array at reactor wall. 

dow replacement at the 6-yr blanket replacement 
interval is appropriate. A second window is located at 
the reactor building wall to provide an additional 
barrier against inadvertant breach of containment. 

The power flow in the rf system is determined 
both by the power reflected back into the waveguides 
from the plasma and by the losses in the system hard- 

ware. The theory of the BrambiUa array predicts the 
reflection coefficient for each waveguide in an array, 
which is a function of the electron density near the 
waveguides. We have assumed a simple model of the 
edge d~nsity, assumin~a vacuum from the quide open- 
ings out to a distance, 6, beyond which the density 
increases linearly, with ~Tne = 1.0 X 101 z cm-4. It may 
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Fig. 7. Lower-hybrid wave spectrum, including sidebands. 
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Fig. 8. Power flow diagram for rf system with reflected power recovery, assuming a tube development program; efficiencies indi- 
cated by quantity 'n'. 

be necessary to place small secondary limiters of width 
~6 near the antenna modules in order to tailor the elec- 
tron edge profile for optimum coupling. While 
decreasing 8 reduces the reflected power, it also puts 
a larger portion of the radiated power into spectral 
sidebands (see fig. 7). These sidebands, generated by 
wave interference, do not drive significant current 
and merely represent a sink of rf power, so their 
presence is unwelcome. 

For the required e r f  = 63 MW to drive currents, 
enough power is lost to the sidebands when ~ = 1.6 
cm that a total PWG = 110 MW must be absorbed in 
the plasma. 

Fig. 8 diagrams the power flow and attenuation 
for the rf system. Waveguide and window losses are 
insignificant, with the circulators and phase shifters 
representing larger losses. For the substantial reflec. 
tion coefficients encountered by the Brambilla array, 
it is important to directly recover the returning 
power, and crossed-field amplifiers (amplitrons or 
magnetrons) appear to be the tubes best suited to our 
needs [10]. These low-gain amplifiersx)ffer high effi- 
ciency operation at a rating of a few hundred kilo- 
watts. With a development program, it seems prob- 
able that the plasma current in STARFIRE can be 
driven with less electrical power than the reference 
value of 150 MW. 

The burn cycle envisioned for STARFIRE consists 
of four phases. Breakdown is accomplished by pulsing 

clean deuterium-tritium gas into the previously 
evacuated torus and applying ~3 MW of ECRH power 
for "1 s. This ionizes and heats the plasma to several 
hundred eV temperature level. Next, the previously 
charged, superconducting OH coil is discharged 
through a dump resistor, thereby inducing ~1 MA of 
plasma current. The next period (60 s) is the main 
current ramp and heating phase. The lower-hybrid 
rf drive is applied to the plasma and slowly increased 
up to full power. This gradually heats the plasma and 
brings the current up to the full value of 10 MA in 60 
s. During the entire startup period, the EF current is 
gradually raised to its full value, in order to keep the 
plasma in MHD equilibrium. The required EF power, 
which is supplied through a rectifier/invertor SCR 
supply, is low enough to be taken off the grid with- 
out need of on-site electrical storage. The plasma 
burn period is of the order of 6 mo to 1 yr, depend- 
ing on required shutdowns for maintenance opera- 
tions. During the burn, rf is applied continuously and 
small variations are made in the inside copper EF 
coils to coritrol the plasma position. Thermal control 
of the plasma is maintained by small variations in the 
rf power and small amounts of injected impurities 
(e.g. xenon). Normal shutdown is accomplished by 
stopping the refueling, reducing the rf power, and 
gradually letting the plasma current decay. An emer- 
gency shutdown capability is also planned to shut 
down the plasma in ~3 s. 
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3.2. Impurity control, vacuum and tritium systems 

3.2.1. General considerations 
The impurity control, vacuum, and tritium sys- 

tems are strongly interrelated. The STARF1RE stra- 
tegy has been to develop these systems so as to satisfy 
the following goals: (1) have manageable heat loads in 
the medium where the alpha and impurity particles 
are collected; (2) have a reasonable arrd reliable 
vacuum system that minimizes the number and size 
of vacuum ducts; (3) have a high tritium burnup to 
minimize the tritium inventory in the fuel cycle; and 
(4) have engineering simplicity compatible with ease 
of assembly/disassembly and maintenance. 

The impurity control system for STARFIRE uses 
a limiter/vacuum system together with a beryllium 
coating on the first wall and limiter. In addition, the 
toroidal field coils are designed with enough field 
margin to accommodate a moderately high concentra- 
tion of helium in the plasma. In order to minimize 
the heat load to the limiter, most of the alpha-heating 
power to the plasma is radiated to the first wall by 
injecting a small amount of xenon along with the 
deuterium-tritium fuel stream. The xenon atoms 
result in enhanced line-and-recombination X-ray 
radiation over most of the plasma volume. The 
helium removal efficiency of the limiter/vacuum sys- 
tem is intentionally kept fairly low for two reasons: 

(1) to ease the limiter design; and (2) to minimize the 
tritium inventory tied up in the vacuum system. 

Previous conceptual design studies have shown 
that requiring very high removal efficiency of the 
alpha particles and impurities from the plasma results 
in a complex vacuum system with a large number of 
large size vacuum ducts. This causes substantial neu- 
tron and gamma-ray streaming which results in concern 
about radiation effects in the vacuum pumps as well 
as other reactor components; the need for substantial 
shielding of the vacuum ducts, pumps, and other 
components; and activation of a large volume of 
materials. Furthermore, a complex vacuum system 
with enhanced radiation complicates reactor main- 
tenance. The complexity of the vacuum system can 
be eased considerably by requiring a low helium 
removal efficiency. A removal efficiency as low as 
10% is normally sufficient for a moderate helium 
equilibrium concentration in the plasma to permit 
steady-state ignited plasma operation. For fixed plas- 
ma beta, geometry, and fusion power, the increase in 
plasma pressure due to the alpha and impurity par- 
ticles is compensated for by an increase in the mag- 
netic field (field margin). Coating all surfaces exposed 
to the plasma by a low-Z material is necessary to keep 
the field margin to an acceptable level. Lower-par- 
ticle removal efficiency implies higher tritium 
recycling and fractional burnup. 

! 

Fig. 9. Limiter arrangement. 
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The three approaches described above (enhanced 
plasma radiation, low-Z coating and low-particle 
removal efficiency) can be adapted to improve 
almost any impurity control/plasma exhaust system 
with varying degrees of  success. In contrast, the 
engineering complexity and impact on reactor main- 
tainability vary strongly from one impurity control 
concept to another. The presently known concepts 
for the different types of divertors and divertorless 
systems were evaluated. It has been concluded that 
the reactor engineering requirements are best satsified 
by the limiter/vacuum system. The system shown in 
fig. 9 utilizes a toroidal limiter, centered at the mid- 
plane, for concentrating the alpha particles and 
impurities diffusing out of the plasma. The limiter 
consists of a front face, two 'leading edges' and a slot 
region formed between the leading edges and the first 
wall. The slot region leads into a limiter duct region 
that penetrates through the blanket and opens into 
a plenum region. The plenum region is of sufficiently 

large size so that it provides for spreading the radia- 
tion leakage from the limiter duct into a larger sur- 
face area of the bulk shield; and the conductance of 
the plenum region is large enough, to permit locating 
the vacuum ducts in the bulk shield sufficiently 
removed from the midplane that radiation streaming 
from the limiter duct in the blanket to the vacuum 
pumps is acceptable. Table 3 presents a summary of 
the major features of the limiter/vacuum system and 
the following subsections present more details about 
the system. 

3.2.2. Scrapeoff  zone physics 
The function of the limiter is to concentrate all of 

the charged particles diffusing out of the plasma, and 
to permit removal of some of them. The tip of the 
limiter, on the front face, defines the start of the plas- 
ma-edge region or 'scrapeoff zone'. The charged par- 
ticle flux in the scrapeoff zone and hence to the 
limiter falls off as e-X/SP where x is the distance from 

Table 3 
Major features of the limiter/vacuum system 

Helium production rate (s -1) 
Helium reflection coefficient, Ra 
Hydrogen reflection coefficient, R D,T 
Alpha particle concentration, na/nDT 
Beryllium (low-Z coating) concentration, nBe/nDT 
Toroidal-field margin at plasma center (T) 
Scrape-off region thickness (m) 
Limiter (one toroidal limiter centered at midplane) 

Structural material 
Low-Z coating material 
Coolant 
Coolant inlet temperature (°C) 
Coolant outlet temperature (2 pass) (°C) 
Maximum coolant pressure, MPa (Psla) 
Total heat removed from Umiter (MW) 

(90 MW transport, 56 MW radiation plus neutrals and 54 MW nuclear) 
Maximum heat load (at leading edge) (MW/m 2) 
Coolant channel size 
Wall thickness (mm) 
Ratio of maximum effective stress to the allowable 
Maximum material temperature (coolant side) (o C) 
Maximum material temperature (coating side) (°C) 
Maximum nuclear heating rate (MW/m a) 
Atomic displacements (dpa/yr) 
Helium production rate (appm/yr) 
Hydrogen production rate (appm/yr) 

1.24 × 1021 
0.75 
0.90 
0.14 
0.04 
0.85 
0.2 

tantalum alloy 
beryllium 
water 
135 
165 
2.8 (400) 
200 

4 
8mm×4mm 
1.5 
0.9 
235 
350 
79 
14 
<5 
37 
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the tip and 8p is the e-folding distance for particles. 
The value of 6p can be estimated by considering a 

particle that, on its orbit around the torus, has just 
missed hitting the limiter tip. In order to return to 
the vicinity of  the limiter, the partial must make one 
revolution poloidally and q revolutions toroidally, 
where q is the safety factor at the plasma edge. In 
doing so, the particle diffuses outward in minor 
radius and hits the plasma at an average (root mean 
square) distance of ~p from the tip. This distance is 
given by 6p = Dx/-b~lr, where D± is the diffusion coeffi- 
cient characteristic of the edge region, and r is the 
'flight time' for the particle to return to the limiter. 
For a path length L ,and  for a velocity V#, along the 
field line, r = L/I1//. Using a Bohm diffusion coeffi- 
cient (with an ion mass of 2.5 amu): 

D±(m2/s) = 0.0625 Te(eV) (1) 

gives 

8p(m) = 3.176 X 10 -3 ~ Te 1/4 . (2) 

For the STARFIRE limiter system, L = 2*rRi.q 
where R L = 9 m is the major radius of the limiter and 
q = 5.1, giving L = 288 m. Using the value ofBo = 5.8 
T in the plasma center as an average B for use in eq. 

(2) and using an edge temperature of Te = 600 eV, 
then gives a value of 6p ~ 10 cm for the particle 
e-folding distance. 

Based on the consideration that the plasma tem- 
perature in the scrapeoff zone may fall off at the 
same rate as the particle flux, then the energy or 
power flux, which is proportional to the product of 
density and temperature, should fall off at twice this 
rate, i.e. as e-X/a E, where 6 E = 1/2 6p is the energy 
e-folding distance. The particle transport power to 
the limiter is 90 MW. Based on this value and the 
limiter geometry, the power flux to the limiter is 
given by: 

q = 16 sin 0 e -xlaE (MW/m 2) , (3) 

where 0 is the angle that the poloidal field line (which 
is nearly vertical at this location) makes with the 
limiter, and 6 E = 5 cm. 

3.2.3. Limiter design 
The limiter/vacuum system uses a toroidal limiter, 

1 m high, centered at the midplane and located at the 
outer periphery of the plasma. The toroidal limiter 
consists of  56 sectors. Each sector has a mushroom- 
shaped cross section that consists of  symmetrical top 
and bottom flat ribbon sections joined to the coolant 

I- 0.5 m 
SECTION A-A 1 

, . ~  7mm o I70mm r- 
O. m 

Fig. 10. Schematic of limiter design showing dimensions. 
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inlet and outlet headers. The mechanical design is 
shown in fig. 9 and the limiter and coolant channel 
dimensions are given in fig. 10. 

The heat load on the limiter consists of three com- 
ponents: (1) transport power flux given by eq. (3); 
(2) heat flux from plasma radiation and neutrals 
n0.9 MW/m 2; and (3) volumetric nuclear heating of 
~40 MW/m a. A maximum surface heat load of 4 MW/ 
m 2 occurs at the two leading edges (one at the top 
and one at the bottom) where 0 = 0. Moving the 
leading edge closer to the first wall reduces the peak 
heat load but also reduces the number of alpha and 
impurity particles that can be pumped. The location 
of the leading edge at x = 7 cm was determined from 
a tradeoff analysis. 

A detailed assessment of material candidates that 
included radiation effects, thermal:hydraulics, and 
stress analyses was performed. The relatively high sur- 
face heat load and the intense radiation environment 
require a structural material with good thermo- 
mechanical properties and resistance to radiation 
damage. The use of liquid metal coolants permits 
several excellent structural materials, particularly the 
refractory alloys, to be considered. Since liquid 
metals were excluded because of perceived safety pro- 
blems, only water offers an attractive limiter coolant. 
The choice of water as a coolant limits the structural 
material options somewhat. These options will be 
discussed in some detail shortly. A tantalum alloys is 
selected as the primary structural material with 
vanadium and copper alloys as backup options. Both 
tantalum and vanadium permit useful heat recovery 
for energy conversion while with copper the permis- 
sible coolant pressure and temperature are so low that 
useful heat recovery is not feasible. 

The water coolant speed is taken as ~8 m/s to 
assure a heat transfer coefficient of/>104 Btu/hr-ft 2 
°R. In addition, liquid subcooling of 55°C is assumed 
to prevent transition from subcooled nucleate boiling 
to film boiling at the leading edge. The coolant tem- 
perature rise and pressure drop per pass are 15°C and 
0.2 MPa, respectively. The design is based on a double 
pass (two sectors) with coolant inlet temperature of 
135°C into one sector and a coolant exit temperature 
from the adjacent sector of 165°C. The maximum 
(inlet) coolant pressure is 2.8 MPa. The 200-MW heat 
from the limiter is used for feedwater heating in the 
power conversion cycle. 

The critical area of the limiter from a thermal 
stress standpoint is the leading edge which receives 
the highest surface heat flux. The design of the leading 
edge must ensure that stresses are low enough to 
preclude failure over the lifetime of the limiter. 
Detailed stress analysis shows that the maximum 
effective stress due to combined temperature effects 
and coolant pressure is "~315 MPa at the leading edge 
for a limiter outer wall thickness of " 1 - 1 . 5  mm. This 
is "90% of the allowable stress for TA-10W. 

3.2.4. Lirniter materials 

The limiter structural material must withstand a 
strenuous set of operating conditions. It must be 
capable of withstanding a high surface heat flux in a 
high neutron field, and it must be chemically compa- 
tible with the water coolant and plasma environment. 
In order to extract useful heat from the hmiter, the 
structural material must also possess adequate high- 
temperature strength. The lifetime of the limiter 
should be equal to that of the first wall and blanket. 
Several materials, which can potentially withstand the 
peak heat flux, have been evaluated for uses as the 
limiter material. 

Several materials can be eliminated from con- 
sideration because of one or more unacceptable 
properties. Pure copper is known to exhibit a high 
degree of swelling in the range of 200-400°C [11], 
and it rapidly loses its strength above 200°C. Alloy- 
ing is likely to reducethe swelling and to increase the 
strength in copper, but the improvement would be 
offset by a significant decrease in thermal con- 
ductivity [12]. These properties limit the use of 
copper and copper alloys to low temperatures where 
useful heat recovery is not possible. Even though low 
temperature operation of copper is possible, the high 
swelling reported in pure copper would result in an 
unacceptably short lifetime. Both tungsten and 
molybdenum are extremely susceptible to an increase 
in the ductile-brittle transition temperature (DBTT) 
with irradiation [ 13,14] and both materials are diffi- 
cult to fabricate. The resulting low ductility with 
irradiation in tungsten and molybdenum has 
eliminated them from consideration. 

The remaining materials, tantalum, vanadium, and 
niobium, are susceptible to corrosion in high-tempera- 
ture water and to hydrogen embrittlement. The 
maximum operating temperatures of these materials 
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are determined by their reactions with the environ- 
ment and not by the loss of strength with tempera- 
ture or the effects of radiation. Vanadium alloys are 
the most resistant to radiation damage, but they 
have the lowest thermal stress resistance of the 
materials considered. The response of niobium and 
tantalum to radiation and the chemical environment 
are expected to be similar, but tantalum alloys 
exhibit a superior thermal stress resistance. 

From these considerations, tantalum and vana- 
dium alloys appear to have the greatest potential as 
limiter materials. Based upon its ability to withstand 
higher heat fluxes and its adequate properties in other 
areas, tantalum has been selected as the first choice 
for the limiter material with vanadium as the backup. 
The primary concerns in the use of  tantalum are the 
effects of radiation and corrosion. The limited avail- 
able data indicates that tantalum alloys should be 
resistant to water corrosion for temperatures <250°C 
[ 15 ]. The effects of hydrogen from the plasma on 
tantalum should be minimal since the equilibrium 
value of hydrogen concentration at 250°C and 10 -3 
torr hydrogen pressure (the maximum pressure 
envisioned) is only ~40 wppm. This concentration is 
substantially below that required to embrittle the 
material at room temperature. In addition, it is 
expected that the low-Z coating and/or the oxide 
layer on the tantalum surface will act as a barrier to 
hydrogen permeation. In order to avoid hydrogen 
permeation from the coolant, the water chemistry 
should be carefully controlled. Radiation swelling in 
tantalum is not expected to be a problem at the lower 
operating temperatures of the limiter, but there is 
some evidence that tantalum is embrittled by irradia- 
tion [13]. Radiation embrittlement represents the 
most serious concern to the successful operation of a 
tantalum limiter, although it is not clear whether this 
embrittlement is due entirely to neutron radiation or 
whether interstitial contamination also contributes to 
the embrittlement. If, in the future, the embrittle- 
ment proves to be an insurmountable problem then a 
vanadium alloy would be selected as the limiter 
material. 

3.2.5. Vacuum system 

The STARFIRE vacuum system is designed to 
minimize neutron streaming while still providing 
adequate pumping. It consists of the following com- 

ponents (see fig. 3): the two limiter slots, the limiter 
duct, the plenum region, the vacuum ducts, and the 
vacuum pumps. The limiter slots (fig. i 0) are defined 
as the 0.1 -m gap between the back of the limiter and 
the first wall. The limiter duct is 0.4 m in height and 
it extends through the 0.7-m blanket and shield to 
the plenum region. The plenum region is the space 
between the blanket and the shield and is 1.0 m in 
width (approximately 20 cm is used for coolant mani- 
folding) and approximately 12 m high. The limiter 
slots, the limiter duct, and the plenum extend circum- 
ferentiaUy around the outside of the torus. There are 
24 vacuum ducts 6 m long × 1.0 m diameter and 48 
compound cryopumps (24 on-line at any given time), 
each with a helium speed of 120 m3/s. 

Based on the equations derived for particle and 
energy flux in the scrape-off region, and on the 
limiter dimensions, as shown in fig. 10, the front face 
of the limiter will receive about 60% of the particle 
flux and 80% of the energy flux. The slot region will 
receive about 30% of the particle flux, the remaining 
10% going to various parts of the first wall. The par- 
ticle flux consists of the deuterium-tritium ions, 
helium ions, beryllium ions originally sputtered from 
the coating, and electrons. The ions of all species 
that hit the front face of the limiter, are neutralized 
and return to the plasma (although they may recycle 
quickly from the plasma edge). The only particles 
that can be pumped are the 30% entering the slots. 
Fortunately it appears that almost all of the helium 
entering the slot will be pumped. 

The helium ions entering the slot region are 
neutralized on the back limiter surfaces. Some of the 
helium atoms are scattered directly into the vacuum 
slot where they are eventually pumped. Helium atoms 
traveling back up the slot (whether coming directly 
from the limiter or recycling from the vacuum sys- 
tem) are nearly all ionized by the incoming stream of 
hot electrons. Once ionized, they are accelerated back 
to the limiter by the pre-sheath electric field that is 
set up in the slot region. An additional mechanism 
[16,17] for trapping helium may also be the colli- 
sions between helium atoms and the incoming ions. It 
is also possible that the plasma streaming into the 
limiter will maintain a pressure gradient which may 
help trap the helium. For these reasons the trapping, 
or 'inversion probability' K of helium should be 
nearly unity, although the exact values require 
further analysis. 
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On the other hand, hydrogen trapping in the slot 
region should be much less. This result is due to the 
fact that while helium does not charge-exchange at 
these temperatures deuterium-tritium neutrals can 
be ionized by electrons and can also charge-exchange 
(cx) with deuterium-tritium ions with about equal 
probability. Although the ionized deuterium-tritium 
will be trapped, like helium, the neutrals created from 
cx (or from a sequence of cx events) can escape. 
Therefore, the inversion probability for deuterium- 
tritium will be much lower than for helium. 

The reflection coefficient, R, for species i, is given 
by R i = 1 - Fei,  where F is the fraction entering the 
slot and e is the transmission probability. 

Table 4 lists the vacuum system conductances and 
the reflection coefficients for deuterium-tritium and 
helium using analytical formulas for the various con- 
ductances and for inversion probabilities of KHe = 

0.95, K DT = 0.5, and F = 0.3. The conductances of 
both the limiter duct and the plenum region are two 
orders of magnitude greater than that of the vacuum 
ducts in the bulk shield. The speed of the compound 
cryopumps is an order of magnitude greater than the 
conductance of the vacuum ducts. The effective con- 
ductance of the vacuum system (490 m3s -1) is there- 
fore very dependent on the geometry of the vacuum 
ducts. A Monte-Carlo calculation was also used to 

Table 4 
STARFIRE limiter/vacuum system 

Limiter slots conductance, C l 
Limiter duct conductance 
Plenum conductance 
Vacuum ducts conductance 
Total helium pump speed 
Effective conductance, C R 
Conductance ratio, "r = C1/CR 
Particle fraction into limiter slots, F 
Inversion probability, g, helium 
Transmission probability, e, helium 
Reflection coefficient, R, helium 
Inversion probability, K, deuterium- 

tritium 
Transmission probability, e, deuterium- 

tritium 
Reflection coefficient, R, deuterium- 

tritium 
Fractional burnup, tritium 

3700 m a s -z 
17 000 m 3 s -1  

25 000 m a s -1 
620 m a s -i 

2900 m a s -1 
490 m a s -1 

7.6 
0.3 
0.95 
0.8 
0.75 

0.5 

0.3 

0.9 
0.35 

1.0 

-i 0.8 
El 

~ 0.6 L 

z 
0 
~ 0.4 

00CT y / - - P  i 

- L , . o  m _ 

_  -P,OB BI.,TY PARTICLE EN E,   LENO  _ 

P-PROBABILITY PARTICLE ENTERS CRYOPUMP 

[ I I 1 
0.2 0.4 0,6 0.8 1.0 

INVERSION PROBABILITY 

Fig. 11. Limiter/vacuum system Monte-Carlo calculation. 

determine the transmission probability and these 
results are shown in fig. 11. As shown, the Monte- 
Carlo results agree well with the analytical calcula- 
tion. The Monte-Carlo calculations also showed that e 
was sensitive to the vacuum duct diameter. Monte 
Carlo calculations made by Seki et al. [18] for a 
poloidal divertor channel, with similar geometry also 
show similar results. 

The reflection coefficients listed have the follow- 
ing implications. At equilibrium, the removal rate of 
helium by the limiter/vacuum system is equal to the 
generation rate by fusion. For the STARFIRE param- 
eters, and for RHe = 0.75, this gives a helium concen- 
tration of "14% of the deuterium-tritium density. 
The large value ofR T (also RD) results in a very high 
fractional burn,/>0.35, in the plasma. Thus, the 
tritium fuel is efficiently used. 

The vacuum concept satisfies the design objectives. 
The limiter/vacuum concept appears to preferentially 
remove helium from the system, and thus reasonable 
purity control is achieved while maintaining a very 
high fractional burnup of tritium (35%). The geome- 
trical configuration was chosen such that conduc- 
tance is maximized while neutron streaming is mini- 
mized. 

3.2. 6. Tr i t i um cons idera t ions  

As noted above, the limiter/vacuum system 
achieves a very high fuel utilization efficiency, having 
a tritium fractional burnup of 35%. As a result, 
tritium flow rates in the fuel cycle (table 5) are very 
low, about 1 kg/day, or 250 g/GWth-day. By com- 
parison, most previous reactor designs have a much 
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Table 5 
Tritium parameters 

Mass f low rates 
Fractional burnup (%) 
Tritium burned (g/day) 
Tritium fueled (g/day) 
Tritium exhaust (g/day) 
Tritium bred (g/day) 

35 
530 

1510 
980 
560 

Tritium inventories (g] 

Vulnerable Not vulnerable 

Solid breeder 
Purge stream 
Tritium recovery 
Vacuum pumps 
Fueling 
Fuel processing 
Storage 

m 

0.2 
200 
150 

< 50 

5000-10000 

100 
1000 

Total <400 6000-11 000 

lower fractional burnup, 1-10%, and the correspond- 
ing fuel cycles have to process 1-10 kg/GWth-day. 
Clearly there is a strong incentive to maximize frac- 
tional burnup. 

The fuel cycle scenario (fig. 12) illustrates the 
major tritium handling components, their functions, 
and their logical locations. Vacuum pumping, tritium 
breeding and recovery, and plasma fueling compo- 
nents are all physically located in the reactor build- 
ing. Fuel reprocessing components are located in a 
separate tritium facility building, as noted in fig. 12. 
The components in fig. 12 have been analyzed and 
the tritium holdups estimated. Of particular impor- 
tance to reactor safety are those components which 
have the potential for accidental release of a signifi- 
cant portion of their tritium inventory. Accordingly, 
inventories in these components are defined as 
'vulnerable' tritium inventories (table 5). For 
example, the tritium in the solid breeder is held 
rather tenaciously and since the breeder does not have 

REACTOR BUILDING TRITIUM FACILITY BUILDING 

Fig. 12. Tritium fuel cycle scenario for STARFIRE. 
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the potential for vigorous exothermic chemical reac- 
tions, it is relatively nonmobile; and although there 
is a large inventory in the solid breeder (5 -10  kg), 
the probability of release is very small. Similarly, the 
stored tritium is kept in a barricaded storage vault 
and is not considered to be vulnerable. Fuel pro- 
cessing components are located in gloveboxes and 
secondary containments in the separate tritium 
facility building, and are also relatively nonvulnerable. 
By contrast, fracture of a cryopump or a line leading 
from such a pump could potentially release its tritium 
inventory to the reactor building. There are 
emergency air detritiation systems designed to 
process the atmosphere within the reactor building 
and remove the tritium in a timely fashion. The 
vulnerable and nonvulnerable tritium inventories are 
listed in table 5. The total vulnerable inventory is less 
than 400 g, or <100 g/GWth. Because of the high 
tritium fractional burnup, and the efforts made to 
design components for minimum vulnerable tritium 
inventory, this number is very low in comparison 
with other reactor designs. 

3.3. First-wall/blanket design 

The technological and design aspects of various 
first-wall/blanket concepts have been considered in 
the selection of a reference design for STARFIRE. 
The approach used in the present study involves the 
identification of key technological constraints of can- 

didate tritium-breeding blanket concepts, establish- 
ment of  a basis for assessment and comparison of the 
critical problem areas and design features of each con- 
cept, and development of a reference design for 
STARFIRE. Major emphasis has been placed on 
safety and environmental acceptability, with primary 
goals that include low tritium inventory in the 
blanket, minimal long-lived activation products and 
minimal stored energy. An a priori decision was made 
to focus the present study on concepts that utilize 
solid lithium compounds for the tritium-breeding 
material. The materials selection and design implica- 
tions of the various first-wall/blanket components are 
summarized and the major design options that lead to 
the optimized design for STARFIRE are presented. 
Since the main function of the limiter and low-Z coat- 
ing relates to impurity control, most aspects of these 
components have been discussed in the previous sec- 
tion. 

3.3.1. Materials selection 

The development of the reference STARFIRE 
first-wall/blanket design involved numerous tradeoffs 
in the materials selection process for the breeding 
material, coolant, structure, neutron multiplier, and 
reflector. With the limited scope of the present paper, 
only the major parameters and properties that impact 
materials selection and design criteria are discussed. 
Additional details are given in the STARFIRE design 
report [ 1 ]. Table 6 summarizes the primary candi- 

Table 6 
Candidate and reference first-wall/blanket materials 

Breeder Coolant Structure Neutron multiplier Reflector 

A. c~-LiA102 Pressurized water 

B. -r-LiA102 Pressurized water 
Li~TiO 3 
Li2SiO3 

Austenitie SS (adv. alloy) ZrsPb 3 Carbon 

Ferritic steel Be D20/SS 
Zr H20/SS 
BeO ZrC 
Pb-Bi eut. SiC 

PbO 
Pb 
Bi 

C. LiTPb 2 Helium Ti alloy 
Li20 V alloy 
Li 2 ZrO 3 Ni alloy 

A - Reference material for STARFIRE. 
B - Other primary candidate materials. 
C - Materials assessed but not  candidates for STARFIRE. 
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Table 7 
Predicted temperature limits for adequate tritium release from solid breeding materials 

Unirradiated Irradiated 

Breeding material Melting temp. (°C) Tmi n (°C) Tma x (°C) Tmi n (°C) Tma x (°C) 

Li20 1700 360 1000 410 910 
LiA102 1610 450 1000 500 850 
Li2SiO 3 1200 370 900 420 610 a 
Li2Si 760 430 550 480 420 
LiA1 700 250 500 300 380 
LiTPb 2 726 270 530 320 390 

a 510°C ff significant burnup of lithium occurs. 

date materials considered for STARFIRE and indi- 
cates the materials selected for the reference design. 

3.3.1.1. Tritium-breeding material. The STARFIRE 
study has focused on the use of solid tritium breeding 
materials; and hence, liquid lithium, liquid lithium 
alloys, and molten salts have not been considered. 
Important criteria considered in the selection of 
potentially viable solid breeding materials include 
chemical stability, compatibility, neutronics 
properties, and tritium release characteristics. The 
a-LiAlO2 is selected on the basis of  the best combi- 
nation of these materials requirements. It is one of 
the most stable compounds considered and com- 
patibility should not be a major problem. Adequate 
breeding is attainable with the aid of  a neutron mul- 
tiplier and the tritium release characteristics are 
nearly as good as any of the candidate compounds. 
The primary advantages of a-LiAlO2 compared to 
7-LiA102 relate to the higher density, which will 
result in a thinner breeding zone, and the fact that a 
is the stable phase at temperatures below ~900°C. 
The major disadvantage of Li2TiO3 is a lack of data 
base. A slight potential advantage of this compound is 
its lower long-term activation compared to the 
aluminate. The silicate is similar to the above com- 
pounds, but because of its lower melting temperature 
its chemical stability and compatibility characteristics 
are not as good. 

Table 7 summarizes the allowable operating tem- 
perature ranges for the candidate compounds that 
have been predicted from available thermodynamic 
data [19]. The low-temperature limits, which are 

defined by tritium diffusion kinetics in the solid, are 
based on very small (~1 btm) grain size. The upper 
temperature limits are based on sintering character- 
istics of the solids which would close interconnected 
porosity and increase the diffusion path. Allowances 
for radiation-induced trapping of tritium at the lower 
temperatures and radiation.induced sintering at the 
higher temperatures are indicated. 

The ceramics are preferred over the intermetallic 
compounds for the reference solid breeding material 
because of the larger allowable operating tempera- 
ture ranges. On the basis of this criterion, Li20 and 
LiA102 appear to have an advantage. However, the 
calculated solubility of tritium in Li20 at these tem- 
peratures and at reasonable T20 partial pressures in 
the tritium-processing stream (>10 -t Pa) is much 
greater than 100 wppm. Since this concentration 
translates to more than 35 kg of tritium in the blan- 
ket, Li20 is not considered a viable candidate. 

3.3.1.2. Coolant selection. Coolant selection for 
STARFIRE focused primarily on the tradeoffs 
between water and helium. Liquid-metal coolants 
were not considered in the present study and, except 
for a lower operating pressure, molten salts have little 
advantage over water. Since this advantage is 
outweighed by the disadvantages of  higher melting 
temperatures and greater compatibility problems, the 
salts are not considered prime candidates. Although 
steam was given some consideration, any advantages 
over pressurized water or helium are minimal. The 
characteristic advantages of pressurized water coolant 
over helium, which lead to the selection of pressur- 
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ized water for the reference coolant were discussed in 
section 2.1. 

Heavy water (D20) has several advantages com- 
pared to H20. Processing of tritium from the water 
coolnat is less difficult for D20 and deuterium 
leakage from the first-wall coolant into the plasma 
chamber is less detrimental than hydrogen. Another 
important advantage of D20 relates to the lithium 
burnup and energy distribution in the solid breeder. 
As discussed in more detail in later sections, the D20 
gives a more uniform burnup and energy distribution. 
The major disadvantage of D20 is its high cost. This 
led to the selection of H20. 

3.3.1.3. Selection o f  the structural material. Six 
classes of materials generally considered as candidates 
for the first-wall/blanket structure are austenitic stain- 
less steels, high-nickel alloys, titanium alloys, vana- 
dium alloys, niobium alloys, and ferritic steels. 
Although the structural materials limitations were an 
important consideration in the selection of other 
blanket materials, the justification given here for the 
structural material choice is based on the specified 
coolant and breeder material. Nickel alloys are 
eliminated primarily on the basis of poor radiation 

damage resistance (embrittlement), no physical 
property advantage (thermal stress factor), and 
limited mechanical property advantage at tempera- 
tures required for water coolant. Titanium alloys are 
not considered viable candidates for the first-wall 
region because of their affinity for hydrogen. Vana- 
dium and niobium alloys were eliminated because of 
their poor corrosion resistance in water and limited 
mechanical advantage at low operating temperatures. 

The major focus has been on the tradeoffs 
between austenitic stainless steels and the ferritic 
steels. Table 8 summarizes the comparative advantage 
of an advanced austenitic stainless steel and a ferritic 
steel for the structural material. In addition to the 
design specific considerations listed in table 8, the 
major drivers in the selection of the austenitic stain- 
less steel relate to its ease of welding, its nonmagnetic 
properties, and the potential increase in the 
DBTT of ferritic steel after irradiation. 

3.3.1.4. Neutron multiplier. In order to achieve 
adequate tritium breeding with the primary candidate 
breeding materials, a neutron multiplier must be 
incorporated into the blanket. The most promising 
neutron multiplier materials are listed in table 6. The 

Table 8 
Comparative analysis of advanced austenitic stainless steel versus ferritic steel 

Advantages o f  austenitic stainless steel 
Ease of  welding 
- no post-weld heat treatment 
- higher reliability 
Mechanical properties less sensitive to composition and heat treatment 
Lower DBTT 
Lower corrosion mass transfer in water 
Non-magnetic 

Advantages of  ferritic steel 
Lower radiation swelling 
Lower radiation creep 
Better physical properties - thermal conductivity and thermal expansion 
Moderately lower activation 

Design specific considerations 
Steady-state operation tends to reduce physical property (thermal stress factor) advantage of  ferritic steel 
Water coolant and lower structure temperature tends to reduce radiation damage advantage of  ferritic steel 
Long-term activation (>30  yr) results primarily from molybdenum (~1% in ferritic steel; 2% in austenitic steel) 
Burnup of  solid breeder poses additional blanket life time limitation 
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lead and bismuth are acceptable in most respects, but 
the lead-bismuth eutectic alloy is preferred to either 
lead or bismuth. The lead-oxide is less desirable 
because of its very low thermal conductivity, high 
mass (relatively large thickness required), and com- 
patibility problems. The beryllium oxide is con- 
sidered the optimum multiplier for concepts in which 
the multiplier is homogeneously mixed with the 
breeder. The primary concern with zirconium is the 
marginal multiplication. That for lead-bismuth is the 
fact that it is a liquid metal which has some com- 
patibility problems at high temperatures. Beryllium 
provides high multiplication but is subject to radia- 
tion swelling and relatively high burnup, produces sig- 
nificant gas from transmutations, and produces rela- 
tively high burnup gradients in the blanket. A major 
advantage of beryllium is its light weight and rela- 
tively thin multiplier zone requirement. An attempt 
to find a material with the benefits of lead but which 
is solid at anticipated operating temperatures led to 
the consideration of the compound ZrsPb3. Although 
the data base is limited, this material reportedly melts 
at 1400°C and has a calculated density of 8.9 g/cm 3. 

3.3.1.5. Reflector. Primary candidates for the reflec- 
tor are H20 or D20 contained in austenitic steel, 

graphite and carbides such as SiC or ZrC. The H20/ 
stainless steel provides the thinnest reflector region. 
Graphite requires a thicker reflector zone but results 
in minimal activation products. With both the water 
and graphite, an austenitic steel with low molyb- 
denum content is proposed to reduce long-term 
activation. Stable carbides are considered to mitigate 
the potential for carburization of the steel at high 
temperatures. 

3.3.2. Design o f  blanket modules 

Several design concepts have been considered for 
integrating the breeder, structure, coolant, neutron 
multiplier, and reflector into an optimized blanket 
design. The addition of each of these components 
significantly impacts the design and material compa- 
tibility problems that must be considered. Three 
blanket concepts were analyzed in the selection of 
the reference design for STARFIRE. The first con- 
cept utilizes a separate neutron multiplier zone 
between the first wall and the breeder region. The 
second concept utilizes a heterogeneous arrangement 
of several neutron multiplier and breeder regions 

behind the first wall followed by a separate breeder 
region. The third concept utilizes a homogeneous 
neutron multiplier/breeder region directly behind the 
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Fig. 13. Schematic diagram of STARFIRE blanket concept. 
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first wall followed by a separate breeder region. This 
last concept requires compatible breeder/multiplier 
materials, which probably limits the multiplier to 
beryllium oxide. Similar first-wall and reflector 
designs are proposed for all three concepts. The 
second concept is more complex from a design point 
of view and probably requires a larger structural frac- 
tion to separate the breeder regions from the multi- 
plier regions. The first concept with the separate 
multiplier region is selected for the reference design, 
primarily because a more uniform lithium burnup and 
energy generation rate can be obtained in the blanket. 

This advantage allows longer blanket life before 
changeout and simplifies the heat transfer problems. 

Fig. 13 is a schematic diagram of the blanket cross 
section showing the water-cooled austenitic stainless 
steel first wall, the ZrsPb 3 neutron multiplier zone 
separated from the breeder region by a water-cooled 
panel, the water-cooled LiA102 breeder region, and a 
graphite reflector. First-wall blanket design parame- 
ters are summarized in table 9. 

3.3.2.1. First-wall and blanket structure. The water- 
cooled austenitic stainless steel first wall is a panel 

Table 9 
Summary of blanket design parameters 

First-wall/blanket parameters 
Structural material 
Structural wall thickness (mm) 
Maximum structural temperature (°C) 
Coating/cladding 
Coating/cladding thickness (mm) 
Coolant 
Coolant outlet temperature (°C) 
Coolant inlet temperature (o C) 
Coolant velocity (m/s) 

Breeding region 
Structural material 
Maximum structural temperature (°C) 
Breeder material 
Theoretical density (g/cm 3) 
Effective density (%) 
Grain size (10 -6 m)" 
Maximum temperature (°C) 
Region thickness (m) 
Coolant 
Coolant inlet temperature (o C) 
Coolant outlet temperature (o C) 

Neutron multiplier 
Material 
Maximum temperature (°C) 
Thickness (m) 
Density (g/cm 3) 

Reflector 
Material 
Thickness (m) 
Maximum temperature (°C) 
Structure 
Structure temperature 

Advanced austenitic stainless steel 
1.5 
<450 
Beryllium 
1.0 
Pressurized water 
320 
280 
10 

Advanced austenitic stainless steel 
425 
~-LiA102 
3.4 
60 
0.1 
850 
0.4 
Pressurized water 
280 
320 

ZrsPb3 
900 
0.07 
8.9 

Graphite 
0.15 
<900 
Low molybdenum stainless steel 
<450°C 
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coil-type construction and is an integral part of the 
blanket module. The coolant temperature is main- 
tained between 280 and 320°C throughout the first- 
wall and blanket. For the average neutron wall load- 
ing of 3.6 MW/m 2 the average surface heat flux on 
the first wall is 0.92 MW/m 2 with a peak-to-average 
value of ~1.2. The maximum structural temperature 
in a 1.5-mm thick stainless steel wall is 450°C for the 
reference conditions. For these low t.emperatures, 
an estimated wail design life of ~20 MW/m 2 is con- 
sidered reasonable for an advanced austenitic stainless 
steel. 

The proposed panel coil-type construction pro- 
vides integral cooling of the blanket wall and avoids 
the necessity for a large number of tube welds in the 
high radiation zone. Since fabrication by a roll- 
bonding process does not greatly affect the microstruc- 
ture of the steel, radiation damage in the weld region 
should not differ substantially from the bulk material. 
Also, the panel coil structure is perceived to have less 
vibration problems than an unsupported tube bank. 

A ~ l - m m  thick beryllium coating or clad on the 
first wall serves to protect the plasma from the high-Z 
wall material. This thickness will provide sufficient 
material to withstand the surface erosion for the 
blanket lifetime of ~6 yr. A slightly thicker beryllium 
coating may be required on the inboard wall to accom- 
modate the projected number (~10 per wall lifetime) 
of  plasma disruptions. 

3.3.2.2. Tritium breeding zone. The ~40-cm tritium- 
breeding zone consists of a packed bed of a-LiAlO~ 
with 1-cm diameter stainless steel coolant tubes 
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Fig. 14. Diagram fl/ustratmg tritium removal scheme. 

spaced appropriately throughout the zone to main- 
tain a maximum breeder temperature of 850°C. The 
tube spacing increases from ~2 cm at the front of 
the breeder zone to 5 - 1 0  cm at the back. The 
coolant inlet temperature is 280°C with an outlet 
temperature of 320°C. The relatively low tempera- 
ture of the austenitic stainless steel tubes (<400°C) 
and the oxide film on the water side of the tubes pro- 
vide an adequate tritium barrier for inleakage into the 
coolant. The LiAlO2 is perforated with ~2 mm 
diameter holes through which low-pressure (~1 atm) 
helium passes to recover the tritium from the breeder. 
The LiA102 is ~60% dense to facilitate percolation 
of tritium (as T20) to the helium purge channels. 
Fig. 14 is a schematic diagram that illustrates the 
tritium removal scheme. Tritium generated within 
LiA102 grains diffuses to the surface of the grams, 
desorbs from the grain surface as T20, migrates along 
interconnected grain boundary porosity to the sur- 
faces of  the breeder particles, and finally percolates 
through the particle bed to the helium purge channels 
where it is carried to the processor. 

Maximum lithium burnup in the blanket region 
will be "~25% for a first-wall lifetime of 20 MW-y/m 2. 
In addition to changing the stoichiometry of the 
breeder material, breeding characteristics and the 
energy generation profile in the blanket will be 
affected. When a neutron multiplier is used, the 
tritium breeding comes almost exclusively from 6Li. 
Therefore, highly enriched lithium (>50% 6Li) is used 
to minimize the lithium and tritium inventories. 
Although some tradeoffs are possible, a limit of ~20 
MW-y/m 2 is reasonable for the breeder. This restric- 
tion tends to limit the value of a longer lifetime struc- 
ture for a solid breeder blanket. 

3.3.2.3. Neutron multiplier. The proposed ZrsPb3 
neutron multiplier provides some of the benefits of  
a lead multiplier while maintaining the design simpli- 
city of the solid state materials. These advantages 
~nclude a more uniform burnup and energy genera- 
tion rate in the blanket region. The maximum lithium 
burnup in the blanket region is ~50% higher with a 
beryllium multiplier. Burnup of the multiplier is also 
reduced with the heavier elements (zirconium and 
lead) since the n, 2n reaction simply leads to the for- 
mation of another isotope of the same element in 
most cases. A multiplier zone thickness of  ~7 cm is 
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required to provide sufficient multiplication. The 
back side of the first wall and a water-cooled panel 
between the multiplier and breeder zones provides 
cooling for the 7-cm slab. Approximately 30% of the 
neutron heating is deposited in the multiplier zone 
with maximum temperatures of the ZrsPb3 calculated 
to be "900°C. Additional blanket structure will be 
required to support the ~5 X l0 s kg (500 tons) of 
neutron multiplier. 

3.3.2.4. Reflector, manifoM, and structural support. 
The reflector consists primarily of "~15 cm of 
graphite. The 20-cm support structure to which the 
blanket modules are attached also serves as the con- 
tainment for the graphite reflector. In order to con- 
serve space, the manifolding for the blanket is 
imbedded in the graphite reflector. The manifolding 
with appropriate additional channels serves as the 
coolant for the reflector region. A modified austenitic 
steel with low molybdenum content is used in this 
low-flux region to reduce the long-term activation. 

3.3.2.5. Total module. The total blanket module, 
with a thickness of 68 cm, consists of a 1-cm thick 
first wall, a 7-cm thick neutron multiplier, a 40-cm 
thick breeding zone, and a 20-cm thick reflector that 
contains the blanket support structure and the mani- 

folding. The modules are 2 - 3  m wide by " 3  m high 
depending on the location within the reactor. The 
module walls and all support structures in the high- 
radiation zone are fabricated from an advanced low- 
swelling austenitic stainless steel. All internal struc- 
ture is integrally cooled to remove the nuclear heating 
and maintain the structure below 400°C. 

For plasma stability, an electrical conducting path 
equi~,alent to 2 cm of stainless steel is required near 
the first wall. The conductivity of the first wall and 
the neutron multiplier meets this requirement in the 
modules. Between modules, a conducting path in the 
wall of the module to the back of the blanket and 
across a jumper to the next module is provided to 
complete the electrical circuit. 

3.3.3. Power conversion system 
The power conversion system, shown schemati- 

cally in fig. 15, is utilized to convert the reactor ther- 
mal energy to electrical power. Two separate heat 
removal circuits are utilized, one for the first wall/ 
blanket and the other for the limiter. The power 
deposited in the limiter (200 MW) is used for feed. 
water heating while the recoverable power (3800 
MW) from the first wall and blanket is used to 
produce steam at 299°C and 6.3 MPa. The steam is 
then used in a turbine-generator unit for producing 
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1440 MW of electrical power. The net electrical 
power is 1200 MW with 240 MW recirculating power 
for the rf system, coolant pumps, and other reactor 
subsystems. 

3.4. Radiation shielding 

The functions of  the shielding system are: (1) to 
protect reactor components from radiation damage 
and nuclear heating, as well as reduce induced activa- 
tion that may result in maintainability and disposal 
problems; and (2) to protect workers as well as the 
general public from radiation exposure at all times 
during operation, shutdown, scheduled maintenance, 
and unscheduled failures. The shield system in 
STARFIRE consists of the blanket, primary bulk 
shield, penetration shield, component shield, and 
biological shield. 

The interrelations among the shield and reactor 
components in a fusion reactor are strong and com- 
plex. The shield design in STARFIRE has evolved 
from a comprehensive approach that involved the 
following: (1) recognition of the importance of the 
shield system and its impact on reactor component 
reliability, simplicity, maintainability, and economics; 
(2) full account of the shielding considerations in the 
selection process of key reactor subsystems from the 
early stages of the reactor design - clear examples of 
this are the choice of the limiter instead of divertor 
for plasma impurity control and exhaust and the 
selection of lower hybrid rf system for plasma 
auxiliary heating in preference to neutral beams; and 
(3) comprehensive tradeoff analyses for determining 
the material composition and dimensions of the 
shield components. The key features of the bulk and 
penetration shields are summarized in the rest of tfiis 
subsection. 

3.4.1. Bulk shield 
The primary bulk shield circumscribes the blanket 

and consists of two parts: (1) the inboard shield; and 
(2) the outboard shield. The distinction between the 
inboard and outboard shields is necessary as the 
design objectives and constraints are quite different 
in the two regions. 

The main function of the inboard shield is to 
protect the components of the superconducting TF 
coils. The overriding design constraint on the inboard 

shield is the large sensitivity of the reactor pertor- 
mance and economics to the radial thickness, A]3s, 
from the first wall to the location of the maximum 
magnetic field. In order to minimize A~s , shielding 
materials with large radiation attenuation efficiency 
are used. The value of AiBs is 1.2 m. This includes 
space for 7-cm vacuum gaps between the blanket and 
shield, shield and TF coils, and thermal insulation 
inside the TF vacuum tank; 3-cm vacuum tank 
(stainless steel); and 7-cm helium vessel (stainless 
steel). The inner blanket is 34 cm thick and must 
breed tritium as the tritium breeding margin with 
solid breeders is small. Thus, the space available for 
the inboard bulk shield is 67 cm. This consists of 12 
cm water, 7 cm 304 stainless steel, 7 cm lead, 18 cm 
boron carbide, and 23 cm tungsten. The use of 
expensive materials (tungsten and boron carbide) is 
justified because the volume of the inboard shield 
(being on the inner side of the torus) is relatively 
small and the additional expense is more than com- 
pensated for by the reduction in reactor size when 
Alas is reduced due to the increase radiation attenua- 
tion obtainable with tungsten and boron carbide. 

The maximum dose in the TF coil insulators after 
30 yr of  irradiation is ~5 × 109 rad, Some organic 
insulators such as kapton have been shown [19] 
recently to withstand a radiation dose of ~10 I° rad 
at cryogenic temperatures. The maximum radiation- 
induced resistivity in the copper stabilizer is ~5 × 
10 -1° ~2m after irradiation corresponding to an inte- 
gral neutron wall load of 20 MW-yr/m 2. This is the 
expected lifetime of the first-wall/blanket structure. 
In addition, the reactor plant maintenance plans call 
for ~4-mo shutdown every ~5 yr. Magnet anneal will 
be conveniently made every ~ 5 - 7  yr in parallel to 
other maintenance tasks. The maximum change in the 
critical current density of the superconductor is ~2% 
after 20 MW-yr/m 2 irradiation. It should be noted 
that radiation effects in the magnet components are 
greatly reduced with depth as a result of strong radia- 
tion attenuation within the magnet. In addition, the 
magnetoresistivity decreases and the critical current 
d~nsity increases with depth within the magnet. 
Therefore, the TF coil cross section has been designed 
with several spatial grades to minimize the amount of  
stabilizer and superconductor. 

One of the functions of the outboard shield is 
similar to that of the inboard shield; namely radiation 
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protection of TF coils. The space at the top,bottom, 
and outer side of the reactor is not as restrictive as 
that on the inside. However, because of its geometri- 
cal location and relatively large volume, the outboard 
shield must satisfy an additional number of design 
requirements. Since the volume of materials in the 
outboard shield is rather large ('~1000 m3), shielding 
materials with no or low long-lived radioactivity 
should be selected to minimize the need for long- 
term radwaste storage and to permit recycling. Fur- 
thermore, the outboard shield should provide neutron 
attenuation sufficient to prevent significant produc- 
tion of long-lived isotopes in the large volumes of 
materials in the TF and external EF coils and other 
reactor components outside the bulk shield. Another 
important requirement is that the reactor building 
concrete wall should not be significantly activated 
nor should it require forced cooling. All of these 
design requirements on the outboard shield should, of 
course, be simultaneously applied to the penetration 
shield as discussed shortly. 

An extensive scoping study for the outboard shield 
resulted in defining three combinations of shielding 
materials for the final design selection. These are: (1) 
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Fig. 16. Impact of shield material selection on biological dose 
after reactor shutdown. Case A: 45% SS-304 + 45% B4C + 
10% H20; Case B: 20% AI-2024 + 20% Pb + 30% B4C + 30% 
H20; Case C: 20%Ti-4381 + 20% Pb + 30% H20;and Case D: 
NRC limit. (Neutron wall load = 3.6 MW/m 2 , reactor opera- 
tion = 5 yr; and time after shutdown = 1 day.) 

45% 304 stainless steel plus 45% B4C plus 10% light 
water (H20); (2) 20% type 4381 titanium alloy (Ti 
4381) plus 20% lead plus 30% BaC plus 30% H20; 
and (3) 20% type 2024 aluminum alloy (Al 2024) 
plus 20% lead plus 30% BaC plus 30% H20. Any of 
these combinations would be 0.8-m thick followed by 
0.1 -m thick region of 90% lead plus 10% B4C. All per- 
centages here are on a per volume basis. 

Fig. 16 shows the biological dose rate at one day 
after shutdown in the reactor hall outside the bulk 
shield for the three shielding compositions. All three 
compositions are capable of reducing the dose rate to 
"~2.5 mrem/hr which is the current regulatory limit 
for occupational exposure based on 40 hr/wk and 50 
wk/yr work load per person. Although the 
STARFIRE plans call for fully remote maintenance, 
the results in fig. 16 show that personnel access into 
the reactor hall with all shielding in place is permissi- 
ble within one day after shutdown. This provides a 
d.egree of confidence in improving the plant availa- 
bility factor, if desired, by permitting some main- 
tenance task to be carried out in contact or semi- 
remote mode. 

Fig. 17 shows the total radioactivity level in the out- 
board bulk shield for the three candidate compositions 
as a function of time after shutdown. The results are 
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Fig. 17. Impact of shield material selection on induced radio- 
activity in outer bulk shield. Case A: 45% SS-304 + 45% 
B4C + 10% H20;Case B: 20% AL-2024 + 20% Pb + 30% 
B4C + 30% H20; Case.C: 20% Ti-4381 + 20% Ph + 30% 
B4C + 30% H20; and Case D: low level waste (LLW) limit. 
(Neutron wall load = 3.6 MW/m 2 ; and reactor operator = 
5 yr.) 
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normalized to curies per megawatt of plant thermal 
power. A specific radioactivity level below 10 -7 Ci/ 
m 3 is normally classified as low-level waste (LLW) 
for which no special shield is required. Material 
recycling of LLW into future reactors may be econo- 
mically and environmentally feasible. The average 
specific radioactivity decays into the low.level range 
in ~5 yr for the titanium system (composition No. 3 
defined above) compared to ~15 and 300 yr for the 
aluminum (composition No. 2 defined above) and 
stainless steel (composition No. 1 defined above), 
respectively. 

The shield composition of 20% titanium + 20% 
lead + 30% B4C and 30% H20 has been selected for 
the reference design as it offers distinct environmen- 
tal advantages. Replacing the titanium with aluminum 
is slightly less desirable, but is considered an accept- 
able alternative. 

3.4.2. Penetration shielding 
One of the important design considerations is the 

radiation streaming through the void regions that 
penetrate the blanket and bulk shield system. In the 
STARFIRE design study, a serious effort has been 
devoted to minimizing the number and size of pene- 
trations as well as to perform a detailed multi- 
dimensional neutronics analysis in order to ensure 
adequate radiation shielding. The most important 
penetrations with regard to the design are: (1) pump- 
ing ports in the bulk shield for torus evacuation; (2) 
the limiter slot opening leading to the vacuum 
plenum for plasma impurity control; and (3) rf wave- 
guides for the plasma current drive and plasma heat- 
ing system. 

A particle transport analysis was carried out using 
the Monte-Carlo code, MORSE-CG, with 14 000 neu- 
tron histories. The analysis was done for the vacuum 
pumping ports and rf waveguides which were com- 
pletely surrounded by a shield tentatively chosen to 
be 0.5-m thick 50% stainless steel plus 50% B4C. The 
choice of the penetration shield material and its 
thickness has a significant impact on the radiation 
damage and induced activation of reactor compo- 
nents external to the penetrations. An extensive anal- 
ysis on the shield optimization is now underway and 
the analysis in the present study will be reiterated as 
better shielding materials evolve from the optimiza- 
tion analysis. 
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Fig. 18.  The  e f fec t  o f  t he  l imi te r  slot  open ing  on  the  radia-  

t i o n  streaming. (Average neutron wall load = 3.6 MW/m2; 
limiter opening height = 0.4 m, and number of neutron 
histories = 14 000.) 

Nuclear heating due to radiation streaming into 
the cryopumps is of concern. The vacuum duct in the 
reference design is cylindrical with a 1-m diameter 
and penetrates through the bulk shield with a slope of 
45 deg to the reactor centerline. It is found that the 
nuclear heating rates in copper and stainless steel 
cryopanels are approximately the same, and the 
lowest heat load occurs in aluminum cryopanels. 
None of the three materials examined is likely to pose 
any difficult cryogenic heat removal problem, pro- 
vided that the duct length is longer than ~3 m (for 
which the heat loads are 0.5, 0.6, and 0.3 kW/m 3 in 
staipless steel, copper, and aluminum panels, respec- 
tively, with a typical error estimate of ~30%). 

• Fig. 18 shows the effect of the limiter slot opening 
upon the radiation enhancement in the outboard 
shield region. It is seen that the maximum and aver- 
age neutron fluxes in the shield are increased by a 
factor of 60 -20  due to the presence of the limiter 
slot (slot height of 0.4 m entirely in the toroidal 
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Fig. 19. The variation of neutron fluence along the rf wave- 
guides. (Average neutron wall load = 3.6 MW/m2; rf duct 
opening = 2.7 m x 0.43 m; and number of neutron histories = 
14 000.) 

direction on the reactor midplane) followed by a 1-m 
wide vacuum plenum gap. It is of importance to point 
out that the neutron flux at the vacuum pumping 
port entrance is ~1.4 × 1014 (-+29%) n/m2-s in the 
case with the limiter, compared to a flux of ~8.2 X 
101 s (+22%) n/m2-s in the case without limiter. The 
implication is that the radiation enhancement into 
the vacuum ports caused by the limiter opening is not" 
excessive and the radiation streaming into the vacuum 
ports from particles penetrating through the blanket 
region adjacent to the ports is equally important. 

Fig. 19 presents the neutron flux through an rf 
waveguide whose opening is rectangular (~27 m X 
0.43) consisting of stainless steel grids of  12 rows X 
9 grills (this is an earlier version of the rf design but 
the attenuation characteristic should not be largely 
different). Under the condition of two duct bends, 
none of the candidate dielectric window materials 
located behind the plenum region appears to be 

exposed to a neutron fluence of more than 1025 
n/m 2 over a lO-yr operation at a neutron wall load of 
3.6 MW/m 2 . It is important to note that even without 
the 90-deg bends behind the reflector, an A1203 
ceramic window is likely to be durable over the same 
operation time as long as it is placed behind the bulk 
shield. 

3.5. Magnetic systems 

3.5.1. Toroidal j~eld system 
The 12-element TF coil system for STARFIRE is 

required to generate 5.8 Tesla at the 7.0-m plasma 
axis with a maximum field ripple of +1.5%. Coil bore 
spatial conditions dictate a 3.0-m mean centerpost 
radius and a 13.0-m mean outer leg radius, with a 
peak field requirement of 11 Tesla (2.0 X lO s 
A-turns). 

Nb3Sn has been selected for the superconductor 
material in the high field region, based upon antici- 
pated lower costs of production by the end of the 
century. Niobium-titanium alloy, operating at a bath 
temperature of 3 K is considered an acceptable alter- 
native. Helium bath cooling has been selected over 
forced-flow concepts on the basis of design sim- 
plicity and operational reliability. 

Selection of a flat 24-kA cabled conductor 
geometry has the following advantages over the 
monolithic designs: high-cooled surface-to-volume 
ratio;conventional modular construction (strand, 
subcable, c.able) yielding large composite strand area 
reduction (and hence peak performance); minimum 
a - c  loss characteristics; and, for Nb3Sn, the capa- 
bility for reaction before winding without the imposi- 
tion of severe post-cure handling restrictions. In the 
selected design, the conductor is supported against 
hoop tensile and transverse bearing loads by an 
enclosing 'box'  of prestressed stainless steel sup- 
port strips. 

The STARFIRE TF coils are supported against 
the overturning forces due to the external poloidal 
field coils. Support of such loads (15 X 1016 lb/coil) 
requires heavy cryostat wails, and a large total cross- 
sectional area of cold-to-warm helium vessel supports 
which results in " 4 0 0  W of conductive heat leakage. 

The common inner dewar of  the TF coils should 
have a longL/R time to protect the TF coils from 
excessive eddy-current heating resulting from a 
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plasma disruption. On the other hand, it should have 
a short L/R  time in order that the copper EF coils 
near the dewar will not be made ineffective by image 
currents in the dewar. This conflict is resolved by 
using stainless steel as the dewar material, making it 
thicker (3 cm) near the midplane, where plasma dis- 
ruption effects on the TF coils are important, and 
making it thinner (1 cm) near the copper EF coils. 

3.5.2. Poloidal f ieM coil systems 
The EF coil system for a tokamak reactor has 

several important functions in addition to its funda- 
mental role of balancing the plasma hoop expansion 
force. It provides the fields that generate plasma 
elongation and provides stability of the equilibrium 
to axisymmetric modes, interchange modes, and 
ballooning modes. 

Vertical positional control is another important 
function of the EF coil system. Plasmas with vertical 
elongation tend to be inherently unstable to vertical 
displacements. Similarly, changes in the plasma pres- 
sure or current density profile can result in radial 
drifts of  the plasma position. These drifts or displace- 
ments, if uncorrected by currents in the EF coil sys- 
tem, can result in plasma disruptions through interac- 
tion of the plasma with the vacuum chamber wall. 

In the STARFIRE design, it was decided that the 
main EF coils should be superconducting and should 
all lie outside the toroidal field coils, in order to 
facilitate repair or replacement of the poloidal or 
toroidal coils. Although an outside coil system 
increases the stored energy and total current in the 
assembly, maintainability and reliability of the EF 
coils should be far superior to an inside EF coil 
system. With outside coils, however, it is important to 
minimize the toroidal field coil size, since the required 
EF coil currents increase exponentially with distance 
from the plasma [20]. 

A small OH system supplying 25 V-s is provided 
for STARFIRE to bring the plasma current to the 
level of 1 -2  MA where the rf current drive can take 
over. This system, shown in fig. 3, consists of six 
coils, symmetric about the midplane. More volt- 
seconds could be provided by putting additional coils 
in the inboard region. The OH system was designed to 
have zero field everywhere in the plasma to within 
about 0.4% of the peak EF field. 

The external field necessary to keep the plasma in 

equilibrium can be calculated for the STARFIRE 
reference MHD equilibrium described in section 3.1. 
The EF coil currents, for given locations, are deter- 
mined by making a least-squares fit to the calcu- 
lated field, simultaneously minimizing the stored 
energy and decoupling the EF coils from the OH 
coils. The method is described in detail in ref. [20]. 
The locations are then chosen to make the best EF 
system consistent with the structure of the device. 
Since the OH and EF systems must be driven inde- 
pendently, the decoupling insures that a current 
change in either system will not induce voltages in the 
other. 

The EF coil system chosen for STARFIRE con- 
sists of eight coils, symmetric about tire midplane (see 
fig. 3). At peak plasma current, the total current in 
the EF system is 86 MA with a stored energy of 10 
GJ. The EF system provides 80 V-s to the plasma in 
addition to the OH system volt-seconds. 

In STARFIRE the plasma current startup period 
will be of the order of 1 min. The power supply for 
the EF coils will be supplied by power directly from 
the utility power grid; no electrical energy storage 
will be required. Rapid or sudden changes in the 
plasma position, due for example to modifications of 
the current profile by MHD activity or to vertical 
instability, cannot be followed by the external EF 
coil system without oversizing of the power supplies 
and without difficult constraints on coil manufacture 
due to the high voltage to be applied to the terminals. 
It is more practical to place demountable copper coils 
as near to the plasma as possible for the purpose of 
plasma control. The STARFIRE design has four copper 
control coils located outside the blanket and shield 
which are feedback controlled and carry little average 
current. (See fig. 3.) The common TF coil dewar is 
thinned locally to reduce the L/R  time-of-image cur- 
rents to <20 ms, so effective control is possible. 

Modeling of the equilibrium shows that currents 
up to 0.5 MA may be required in the control coils to 
stabilize vertical displacements of 20 cm, which is the 
plasma scrape-off layer thickness. The power required 
from the feedback amplifier can be determined when 
the time scale for plasma motions is known. In the 
absence of a conducting shell, the vertical displace- 
ment grows with a time scale of about 10 tas, given by 
the minor radius divided by the poloidal Alven speed. 
The control coils could not respond on this time scale 
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with a manageable level of power. If, however, the 
first wails of the blanket sectors are connected in the 
toroidal direction by intersegment jumpers at the rear 
of the blanket, the time scale will increase to the L/R 
time, about 40 ms. The peak reactive power for the 
control coils is then about 500 MW, while the resistive 
power can be kept below 5 MW. The resistance of the 
conducting shell is sufficient that the ohmic heating 
voltage does not drive more than 20 kA in the first 
wall. 

The conducting shell also plays an important role 
in the stabilization of the low-mode number kink 
instability. Analysis of the plasma using the computer 
code ERATO shows that these kinks are unstable, but 
that a conducting wall within 20 cm of the plasma 
surface acts to stabilize the n = 0 and n = 1 modes. 
Higher mode numbers have reduced growth rates, but 
may require a closer wall for complete stabilization. 

4. Reactor maintenance concept 

The maintenance concept is based on the premise 
that STARFIRE is the tenth commercial power plant 
and that sufficient research and development has 
been performed and enough operating experience has 
been gained to have resulted in a predictable reactor. 
As a result, the design uses a 'remove and replace' 
approach that minimizes the number of replaceable 
assemblies and the number of required different 
maintenance operations. This approach increases con- 
fidence in the speed of maintenance operations and 
simplifies maintenance equipment design require- 
ments. 

Remote maintenance is planned for all reactor 
maintenance operations to minimize radiation 
exposure to maintenance personnel and because the 
reactor hall will be exposed to some tritium and 
decay radiation during maintenance operations. Use 
of remote equipment can also permit sone repairs 
while the reactor is operating. 

All components within the reactor building are 
replaceable. Some are replaced on a scheduled main- 
tenance basis while others are designed for the life 
of the plant and are replaced only in the event of 
failure. Items designed for the life of the plant 
include the overhead crane, TF coils, EF coils, coo- 
lant piping, reactor support structure, and shield. The 

blanket sector assemblies including limiters, rf ducts 
and fueling assemblies, shield door seals, vacuum 
pump isolation valves, etc., are replaced on a 
scheduled basis. 

Redundancy is planned for some reactor auxiliary 
subsystems to permit continued operation of the 
plant until a scheduled maintenance period is reached 
or until the component can be replaced in-service. 

Spares are provided for all components with 
potentially high failure rates, so that as one part is 
removed, a pretested replacement is installed so reac- 
tor operation can continue while damaged or end-of- 
life assemblies are moved from the reactor to a hot 
cell where more time and equipment are available for 
checkout, repair, or disposal. 

The spares for the superconducting EF coils 
trapped below the TF coils are stored in place so 
reactor disassembly is unnecessary in event of a 
failure. These coils are designed for the life of the 
plant but the consequence of their failure suggests in- 
place spares are prudent. Spares are also provided for 
the large outer EF coils so that the reactor hall door 
size can be limited to that required for the TF coil. 

Availability goals have been established as 85% for 
the reactor and 75% for the complete plant including 
the reactor. Allocations of permissible time-to-repair 
and time-between-failures have been made for major 
subsystems to serve as a basis for design of the com- 
ponents and maintenance equipment. These are 
shown in table 10. The mean-time-to-repair (MTTR) 
allocations are based on the average repair time for a 
typical failure. The average downtime per year is 
applicable only to those failures that result in a plant 
shutdown and do not include failures of components 
where redundant systems prevent an outage. The 
maintenance scenario incorporates the current utility 
practice of  shutting down annually for one month of 
maintenance and a four-to-five month shutdown 
every five to ten years for turbine repair. The resul- 
tant permissible downtime goal per calendar year has 
been allocated as 39 days for scheduled maintenance 
of the entire plant and reactor and 21 days for un- 
scheduled maintenance of the balance of plant. The 
39 day shutdown includes a 9 day allowance for a 
120 day shutdown every 10th year and a 30 day 
shutdown during the other 9 years. Scheduled reactor 
component replacement and repair is done on a non- 
interference basis in parallel with the balance-of- 
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Table 10 
Unscheduled maintenance (forced outage) 

Subsystem MTTR a (days) Average downtime Permissible failure 
per year (days) rate per year b 

Shield sector 
rf system 
Blanket system (including limiter) 
Vacuum system 
Fueling system 
Magnet system - TF 
Magnet system - EF 
Primary coolant 
Auxiliary coolant 

H20 
GHe 
LN2 

Power supplies 
Maintenance equipment 

90 2 O.04 
6 0.6 0.1 

30 10 0.2 
10 2 O.2 
4 0.4 0.1 

350 4 0.012 
60 1 0.016 
10 2 0.2 

10 2 0.2 
10 2 0.2 
10 2 0.2 
4 2 0.5 
2 c 1 0.5 

Total 31 

a Mean-time-to-repair; includes startup and shutdown and fault isolation. 
b For failures resulting in an outage. 
c Occurs during outage only. 

plant repair during the 30 day shutdown. Convenient 
preventive maintenance and repair of redundant 

components is included as part of the maintenance 
scenario during unscheduled outages. 

A normal scheduled reactor maintenance interval 
would include four manipulators working on the 

reactor at 90-deg intervals. Blanket sectors would be 
replaced at two locations while vacuhm pump isota- 
tion valves are replaced at the other two locations. 
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