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ABSTRACT 

Parametric studies were conducted using the Fusion Engineering 
Design Center (FEDC) Tokamak Systems Code to investigate the impact of 
variation in physics parameters and technology limits on the performance 
and cost of a low q., high beta, quasi-steady-state tokamak for the 
purpose of fusion engineering experimentation. The features and char
acteristics chosen from each study were embodied into a single Advanced 
Physics Tokamak design for whi<~h a self-consistent set of parameters was 
generated and a value of capital cost was estimated. 

X 



2 

I. INTRODUCTION 

Systems trade-off studies defining the impact of v?jiation in 

physic parameters and technology limits were conducted for a low q 

(safety factor), quasi-steady-state tokamak through the use of the 

Fusion Engineering Design Center (FEDC) Systems Code (1). Low ^ is 

desirable in that reducing the value of q. allows a higher beta limit; 

l° w % (less than 2) also achieves a reduction in plasma disruptivity 

[e.g., DIVA (2) ¿md Dili (_3)]- High beta serves to improve fusion 

performance and reduce device size while reduced disruptivity improves 

the reactor relevance of the tokamak concept. 

Quasi-steady-state operation is predicated on utilizing rf current 

drive in conjunction with conventional inductive means to initiate and 

maintain plasma current. Recent successful demonstration on lower 

hybrid current drive in PLT (4), Alcator C, Versator II (5), and JIPP 

T-II (6), albeit at modest plasma densities, has introduced such a 

possibility. A proposed plasma operating scenario consists of alter

nating cycles of high density plasma burn (' iOOO s) during which time 

plasma current is maintained by flux linkage from the ohmic heating 

solenoid followed by a period of lew density rf current device piasma 

operation (v400 s) during v»hich time the ohmic heating (OH) solenoid is 

recharged for the next high density plasma burn cycle. 

The major topics addressed in these sensitivity studies are 

depicted in Fig. 1 and are summarized as follows: 

o impact of the safety factor qi(, plasma elongation K, and the 

maximum field at the toroidal field (TF) coil B on per-
v ' max v 

formance and cost; 

o impact of the plasma power amplication factor Q on cost; 

o impact of providing partial noninductive current startup on 

performance and cost; and 

o impact of tungsten inboard shielding on performance and cost. 

The features and characteristics chosen from each tra^e study were 

embodied into a single design. The parameters, performance, and cost 

of this Advanced Physics Tokamak configuration were determined and are 

included in the Appendix. 
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II. GUIDELINES AND CONSTRAINTS 

The following general guidelines were adopted for the Advanced 
Physics Tokamak trade studies: 

o startup and 100 s of burn provided by a conventional poloidul 
field (PF) system; 

o 1000 s of burn provided by partial noninductive current 
drive; 

o 30,000 cycles (at 1000 s of burn per cycle); 
o slow (20-s) plasma current startup with rf assist cr cur

rent drive (7); 
o all external superconducting PF coils (relative to the TF 

coils); 
o a maximum field of 8 T in the OH solenoid; 
o pumped limiter impurity control system; 
o plasma heating provided by rf injection; 
o magnetic field ripple at the plasma edge maintained at a 

value of 1.0% (peak-to-average) or less; 
o plasma average temperature set at 10 keV; 
o energy confinement time based on INT0R scaling (8); 
o eB =0.50, where e is the inverse aspect ratio and B is P , P 

the poloidal beta, so that 6 « (1 + < 2 ) , where K is elonga
tion (9); 

o separate vacuum boundary for torus and TF coils. 

III. IMPACT OF c^, K, Q, AND B 

Trade studies to determine the impact of q^, K, Q, and B on 
rokamak performance and cost were estimated using the FEDC Systems 
Code. The methodology used in these studies is to set a plasma minor 
radius leading to a neutron wan ivad. The thickness of the inboard 
bulk shielding is then made consistent with the radiation damage cri
terion of the TF coil insulation. The plasma aspect ratio is finally 
set to satisfy plasma current startup and 100-s inductively maintained 
burn time. Equilibrium field (EF) coil currents in the FEDC Systems 
Code are scaled as a function of plasma current and coil locations from 
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reference values consistent with MHl» equilibrium calculations. Ref
erence F.F configurations were defined by these MHD calculations for 
values of plasma elongation of 1.2, 1.4, arJ 1.6 for use in these 
studies. 

IIIA. Impact of Safety Factor q. 

This study was done for a near-circular, natural plasma shape 
characterized by a plasma elongation of 1.2 and for a maximum field of 
8 T at the TF coils. This natural shape can be provided by a rela
tively simple PF system consisting of two EF ring coils and an ohmic 
heating solenoid. The reference PF configuration used in this study is 
shown schematically in Fig. 2. Figure 3 shows the influence of q. on 
neutron wall loading, relative cost, fusion power, and Q for a plasma 
minor radius of 1.2 m. Note that capital cost is normalized to the 
value achieved at q,, = 2.1. Decreasing the value of q. for fixed 
plasma minor radius achieves substantial increases in Q, fusion power, 
a-id neutron wall loading, for relatively small increases in capital 
cost, decreasing the value of plasma minor radius at a given value of 
q. results in decreased Q, power, wall loading, and cost, as indicated 
by comparing results of Figs. 3, 4, and 5 for a plasma minor radius 
of 1.2, 1.0, and 0.8 m, respectively. 

It is of interest then to compare costs at constant performance. 
Table I shows self-concistent parameters for a constant value of Q 
equal to 5 for values of plasma minor radii of 1.2, 1.0, and 0.8 •*. 
Relative capital cost is seen to decrease with decreasing values of 
plasma minor radii achieved by decreasing values of q.. Cost is 
decreased by 13% by a reduction in plasma minor radius from 1.2 to 
0.8 m and a corresponding reduction in q. from 2.06 to 1.46, Note that 
neutron wall loading increased from 0.42 to 0.62 MW/m2 as the plasma 
minor radius and q. decrease. 

Tab/'e II is similar to Table I except that neutron wall loading is 
held constant at 0.5 MW/m2 as the plasma minor radius is reduced from 
1.2 to 0.8 m and the value of q. is reduced from 1.96 to 1.55. The 
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cost reduction with reduced q. is also approximately 13%. Note that 
in this case, Q decreases as the plasma minor radius decreases. 

The conclusion from this study is that for constant performance 
the lowest value of q. allowed by plasma disruption and stabilizing 
criteria is desirable for capital cost minimization. 

IIIB. Impact of Plasma Elongation K 

This study examines the influence of plasma elongation on perfor
mance and cost at a value of q. of 2.1 for a maximum TF field of 8 T. 
The study was done for theoretical scaling of beta with plasma elonga
tion at constant 6 which results in 6 K (1 + <2) and for a more pessi
mistic scaling that beta is independent of plcsma elv~igation. The 
latter scaling was modeled in the systems code by requiring B t-
1/(1 + »c2). In conjunction with the independence of beta with elonga
tion, energy confinement time was enhanced by a linear scaling with 
elongation, T_ «* K, as suggested by recent experiments (e.g., ISX-B). 

The elongated plasma required additional shaping coils (relative 
to the near-circular configuration in Fig. 2) as shown in Figs. 6 and 
7 for a reference PF configuration and for plasma elongations of 1.4 
and 1.6, respectively. Note that these additional coils have currents 
in the same direction as the plasma current and hence reduce the next 
flux linkage to the plasma during startup. This must be compensated for 
by increasing the flux capability of the ohmic heating ar.d outer EF coils 
by increasing the tokamak major radius, resulting in increased cost. 

Figure 8 shows that relative cost, neutron wall loading, Q, and 
fusion power decrease with decreasing values of plasma minor radius 
for a fixed K, assuming the more favorable scaling of 0 with K. KS K 
is increased from 1.2 to 1.6, performance increases for a given value 
of the plasma minor radius but so does cost as is evident by comparing 
Figs. 8 through 10. 

It is of interest to compare cost at constant performance. Table 
III shows self-consistent parameters for a value of Q * 5 as K is in
creased from 1.2 to 1.6. It is noted that as plasma elongation i$ 
increased, the minor radius decrease» and the aspect ratio increases. 
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The effect of favorable scaling of beta with K is essentially nullified 
by increased aspect ratio, which tends to lower beta. The net effect 
is that cost is essentially unchanged (M%) as ic increases fro» 1.2 to 
1.6. However, neutron wall loading does increase fro» 0.40 to 0.55 
MN/»2. This could be an important consideration for engineering 
testing applications. Table IV shows the breakdown of the direct 
captial cost for this variation of K at constant Q. 

Table V shows self-consistent parameters for a constant value of 
neutron wail loading of 0.5 MH/m2 as K is varied fro» 1.2 to 1.6. 
Again, cost is relatively insensitive to K (y&X) over the variation 
considered. Note that increasing values of ic result in decreased 
values of Q at a constant value of neutron wall loading. 

The effect of the alternate scaling of < on 6 and T_ [8 «* 1/ P E P (1 + K2) with T_ « K] for a constant value of Q = 5 is presented in 
Table VI. This scaling results in a cost increase of 18% as tc is 
increased from 1.2 to 1.6. Note that beta decreases due to an increased 
aspect ratio resulting from the K increases. 

The conclusions drawn from this study on the effects of plasma 
elongation are as follows: 
1. Cost is insensitive to plasma elongation for a constant value of 

Q, assuming constant-P scaling of beta with K. However, neutron 
P wall loading scales favorably with elongation; and 

2 . assuming no beta improvement with elongation, near-circular 
plasuas are favored. 

'IIC Impact of Power Amplification Q 
The change in relative capital cost as a function of Q for values 

of q. of 1.8 and 2.1 is shown in Fig. 11. The maximum TF coil field is 
maintained at 8 T; Q is varied in the study by varying plasma minor 
radius. Aspect ratio is th<m determined consistent with maintaining 
flux linkage requirements from the PF system to provide 100 s of burn. 

Figure 11 indicates that cost sensitivity to Q is a rather weak 
function. Q can be increased from a value of 5 to a value of 15 for 
an approximately 9% increase in capital cost. This result suggests 
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that it should be cost-effective to require ignition as a nominal goal 
for the Advanced Physics Tokamak. 

HID. Impact of Maxima TF Field B 

The impact of maximum TF field on performance and cost: was in
vestigated while maintaining q. - 1.8 and ic = 1.2. Values of maximum 
TF fields of 8-12 T were chosen. The TF windings for the 8-10-T 
wPxiiflĤ  field coils were composed of NbTi superconductor and copper. 
The 11- and 12-T winding featured a graded conductor with the 0-10 T 
portion being NbTi and copper and the high field portions being Nb_Sn 
and copper. 

The current densities and unit costs of the winding packs were 
varied as a function of maximum TF field. The cost of the winding 
packs was based on $90/kg for NbTi and $255/kg for Nb.Sn conductor. 
The 11- and 12-T conductors were graded and costed assuming NbTi up to 
10 T and Nb_Sn for the remainder of the winding. The current density 
over the winding pack varies from 2500 A/an2 at 8 T to 2200 A/cm2 at 
10 T for the NbTi winding. For the graded conductor the current density 
for the NbTi portion is taken as 2200 A/a»»2, and the higher field Nb-Sn 
portions vavy from 1970 A/cm2 at 11 T to 1700 A/cm2 at 12 T. The 
resulting average windings pack current densities and unit costs are 
shown in Table VII :s o function of maximum TF field. 

The resulti ig z^litive capital cost as a function of maximum TF 
field and plasrcí minor radius is presented in cig. 12. Note that 
100 s of burn is maintained throughout by varying the plasma aspect 
t*tio and that eg • 0.5. Ir general, this figure shOK* that cost 
increases for an increasing ninor radius (B constant) or for an 

max 
increasing value of B m a x (plasma minor radius constant). A boundary of 
marginal ignition is also shown on Fig. 12, relating caximum field, 
plasma 3ize, and capital cost. Little capital cost difference is noted 
for configurations sized for 8 to 10 T, but going to 12 T requires a 
cost increase of -vi 7% relative to the 10-T configuration. Tables VIII 
and IX present a summary of parameters and cost breakdown along the 
ignition boundary. It is seen that although the 10-T case suffers a 
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40* increase in TF coil cost frcm the 8-T case this increase is com
pensated for by a decreased cost of shield, PF coils, and electrical 
systems due to reduced minor radius (Table IX). This compensation is 
no longer effective for the 12-T case because of the overwhelming 
increase of TF coil cost (about 100%) over the 10-T case, coupled »ith 
a smaller reduction in other components. The latter results from an 
increase in major radius due to large increases in the TF coil build. 

It is also of interest to determine the cost variation with 
r-^iimm field at constant neutron wall loading. The boundaries for 
neutron wall loading of 1.0 and 1.5 Mf/m2 are shown in Fig. 13. It is 
seen that the capital cost achieves a minimum value at 10 T. At the 
1.0-Mf/m2 level a cost increase of M 0 % is encountered by either 
decreasing B to 3 T or increasing B to 12 T. 

for the constraints considered in this study, it appears that a 
value of B of 10 T is appropriate for the Advanced Physics Tokamak 
and that higher TF field strengths are not necessary or desired. 

Becai'-.e of the potential significance of this conclusion, it is of 
interest to assess its sensitivity to some of the assumptions imposed 
in this study. Figure 14 shows the impact of reducing the fixed value 
of en from 1.5 to 0.4 for tokamaks sized while achieving ignition and 
100 s of burn. Again, the 10-T case achieves a minimum cost, which is 
about 20% below the 12-T case. 

The sensitivity of this conclusion to the unit cost of Nb.Sn was 
also assessed and is shown in Fig. 15. It is seen that if the unit 
cost of the Nb,Sn and NbTi conductors are assumed to be the sank*, the 
relative total cost of the 12-T device would decrease from 1.26 to 
1.17. This is still about 8% higher than the 10-T device, whose total 
relative cost is 1.08. 

The effect of varying B m a x on unit capital cost (capital cost 
divided by the plasma fusion power) is also examined. Figure 16 shows 
that the unit capital cost generally decreases as either plasma minor 
radius increases with constant B„.„w or as maximum field increases with 

max 
constant plasma minor radius. Again, an inductive plasma burn tLoe of 
100 s and an c& of 0.5 are maintained. The boundary of marginal 
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ignition is also indicated in Fig. 16. It is seen that the unit capi
tal cost increases 2% by going from 8 to 10 T. However, a unit capital 
cost increase of tl0% is incurred by going from 10 to 12 T. Therefore, 
tlie conclusion of B = 10 T bein& near optimal for FED-A is not 
sensitive to the assumed values ox eB , the superconductor cost, or 
whether the optimization is based on capital cost or unit capital cost. 

IV. IMPACT OF REDUCING .MAJOR RADIUS WITH PARTIAL NONINDWCTIVE STARTUP 

The purpose of these calculations is to determine the impact of 
relaxing the induction requirement for startup and 100 s of burn in the 
Advanced Physics Tokamak. Removing this requirement: would allow the OH 
solenoid to be reduced with an accompanying reduction in the major 
radius. The reduced flux from the smaller sized solenoid is assumed to 
be augmented by noninductive current drive in order to achieve startup 
and maintain burn at desired values. 

This study was done for three cases. In the first case, we main
tained a constant plasma minor radii» as the major radius was reduced, 
allowing the inductive startup and burn capability to decrease. This 
is expected to decrease plasma performance due to decreased toroidal 
field at the plasma with h kept constant. In the second case, we 
maintained a constant neutron wall loading by increasing the plasma 
minor radius as the major radius and the OH solenoid were reduced. In 
the third case, we maintained constant Q (i.e., ignition) by increasing 
the plasma minor radius as the major radius was decreased. Common 
constraints to each case include B = tf T and A.. - 2.1. 

max y 
Results for a constant plasma minor radius at 1.2 m are presented 

in Fig. 17. It shows that cost can be reduced approximately 25% by 
reducir" the major radius from 4.3 to 2.8 m. However, at a major 
radius of 2.8 m performance is greatly decreased; fusion power is 
approximately 15 MW, compared with 112 MW at a 4.3-m major radius, md 
neutron wall loading is approximately 0.1 MW/m2, compared with 0.4 MW/m2 

at 4.3 m major radius. The maximum field in the ohmic heating solenoid 
was maintained at 7 T as the major radius was reduced. At a major 
radius of 3.24 m, the bore of the solenoid consisted only of space for 
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the solenoid winding plus gaps. Beyond this major radius, the solenoid 
field is reduced to zero and the reduction in major radius continued 
until the center of the device consisted only of a solid bucking 
cylinder. The conclusion drawn is that reduction of the major radius, 
even to the extreme where the OH solenoid is removed, is not cost-
effective due to the deleterious impact on performance. 

Results for constant neutron wall load are shown in Fig. 18. The 
major radius "as reduced from 4.3 to 3.8 m at a constant neutron wall 
loading of 0.4 MW/m2. Below a major radius of 3.8 m, a value of 
neutron wall loading of 0.4 MW/m2 could not be achieved under the 
constraints of a fixed B and a fixed value of beta poloidal times 

max 
'Inverse aspect ratio. Cost decreases with decreasing major radius and 
achieves a shallow minimum by only 4%. Further reduction in the major 
radius requires a cost increase in the EF coils, electrical systems, 
shield, and facilities that more than compensates for the cost reduc
tion in the TF coils and heating system, as shown in Table X. Assuming 
the requirement of constant neutron wall loading, reducing the plasma 
major radius does not provide a significant cost saving even when the 
cost of noninductive current startup is ignored. 

Results for constant Q are shown in Fig. 19. The major raoius was 
reduced from 4.63 to 3.52 m while maintaining ignition conditions. 
Under these conditions, a 14% reduction in cost was achieved but at 
a reduced neutron wall loading (1.13 MW/m2 as opposed to 0.89 MW/m 2). 
Further reduction in the major radius results in a cost increase. 
Again, the flux linkage from the PF system was not required to provide 
full inductive startup and burn as the major radius was decreased. A 
cost breakdown by system and selected plasma parameters is shown in 
Tables XI and XII as a function of major radius. The low aspect ratio 
encountered at reduced major radii provides poor utilization of the 
maximum TF field but does allow high values of beta as seen in Table 
XII. Assuming the requirements of constant performance, characterized 
by ignition, reducing the plasma major radius and assuming partial 
iioninductive startup provides a significant cost saving. 
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V. IMPACT OF USING TUNGSTEN INBOARD SHIELDING 

The use of tungsten as the inboard shield materiel allows the 
thickness of the shield to be reduced due to the enhanced neutron 
attenuation of tungsten relative to stainless steel. For this study, 
the e-fold thickness (the thickness required to attenuate the neutron 
flux by a factor of 2.718) of tungsten was taken to be 75% of the 
e-fold distance of stainless steel. 

Tokamak configurations, at ignition and for a maximum TF field of 
10 T, that utilize stainless steel and tungsten inboard shields are 
presented in Table XII. The tungsten shield is thinner by 14 cm than a 
stainless steel shield, leading to a reduction in the tokamak major 
radius of 25 cm. However, the unit cost of fabricated tungsten is 
about twice that of stainless steel, and the density of tungsten is 
about twice that of stainless steel. For the same volume, the cost of 
tungsten would therefore be approximately four times that of steel. 
The net impact of this shield material is found to be 2% in favor of 
the tungsten shield, as shown in Table XIII. The reduced cost of the 
smaller tokamak components utilizing the tungsten inboard shield is 
essentially nullified by the higher cost of the tungsten shield itself, 
as shown in Table XIV. 

It is concluded that the choice of shield material has little 
impact on total capital cost, at least for the size device considered 
in this study. 

VI. REFERENCE PARAMETERS FOR AN ADVANCED PHYSICS TOKAMAK 

A set of reference parameters for an Advanced Physics Tokamak is 
chosen based on the results of the trade studies and is presented in 
the Appendix. The parameters include a maximum field of 10 T, a 
plasma safety factor of 1.8, and 12 TF coils with size limited by the 
ripple requirement; ignition is assumed. In addition, two desirable 
features were included in the reference parameters that were not 
assumed in the trade studies: (1) a forced flow OH solenoid and (2) a 
combined vacuum boundary. A forced flow OH solenoid allows the space 
between the bucking cylinder and winding pack to be reduced by 10 cm, 
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relative to that required by a pool-boil design, providing a greater 
flux capability. A combined vacuum boundary, as opposed to the separate 
vacuum boundaries for the torus and TF coils, allows a savings of 15 cm 
in the inboard radial build of the tokamak. The direct capital cost of 
this version of an Advanced Physics Tokamak is estimated to be $729 
million or about 70% of the cost of the 1981 FED baseline design (10), 
which is a moderate q. device (q = 3.2) with comparable performance 
goals. A cost breakdown by component is included in the Appendix. 

VII. CONCLUSIONS 

The conclusions drawn from the trade studies for a quasi-steady-
state Advanced Physics Tokamak are summarized as follows. 
1. The capital cost decreases with decreasing q^ for constant Q or 

constant neutron wall loading. A 13% cost reduction is indicated 
when q. is reduced from 2.0 to 1.5. 

2. Cost is insensitive to plasma elongation at a constant value of Q, 
assuming the theoretical scaling of beta; however, the neutron 
wall loading scales nearly linearly with elongation K. 

3. Assuming no beta improvement with elongation, near-circular 
plasmas are favored. 

4. A maximum TF field of 10 T appears to be optimum for an Advanced 
Physics Device on the basis of capital cost and unit capital cost 
for marginal ignition or for constant neutron wall loading, 
subject to the constraint of inductive startup and 100 s of burn. 
For marginal ignition, a cost increase of 17% is observed in going 
from 10 to 12 T. At a constant neutron wall loading of 1.0 MW/m2, 
the cost increase is 10%. 

5. The cost impact of tungsten inboard shielding, compared with stain
less steel, is slight (approximately 2% when marginal ignition 
requirements and 10-T maximum TF fields are maintained). 

6. Providing partial noninductive current startup is moderately cost-
effective (M5%) by allowing a reduced major radius and a reduced 
flux OH solenoid while maintaining marginal ignition and a maximum 
TF field of 10 T. For a constant neutron wall loading, partial 
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noninductive startup is not cost-effective and full OH solenoid 
capability should be maintained. 

7. High Q (M5), brought about by increasing the plasaia size, requires 
only a modest increase in capital cost (M0%) relative to the case 
of Q = 5. 

8. A combination of features such as low q, slow plasma startup, 
natural plasaa shape, and combined vacuum boundary allows a 
capital cost reduction of **»30% for an Advanced Physics Tokamak 
relative to the 1981 FED baseline configuration, a moderate a. 
device with comparable performance goals. 
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Table 1. Parameters and cost for near-circular 
plasma at a value of Q • 5.0 

Plasma minor radius, a (m) 

1.2 1.0 0.8 

1.2 1.2 1.2 
3.62 4.10 4.82 
4.34 4.10 3.86 
2.06 1.76 1.46 
6.5 7.4 8.5 
3.43 3.55 3.68 
8.0 8.0 8.0 
4.4 3.7 3.0 
120 115 105 
0.42 0.50 0.62 
1.005 0.940 0.875 

A 
R 0 t») 

e (z) 
B T (T) 
B CT) 
max 
I p (MA) 
P t h (MW) 
L w CMW/m2) 
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Table II. Paraseters and cost for a near-circular plasma 
at a constant value of L » 0.5 Mf/m2 

v 

Plasma minor radius, a (a) 

1.2 1.0 0.8 
K 1.2 1.2 1.2 
A 3.67 4.10 4.75 
R o 0») 4.40 4.10 3.80 
q 1.96 1.76 1.55 
e (2) 7.1 7.4 7.7 
* T (T) 3.46 3.55 3.64 
B-ax ( T> 
I p (MA) 

8.0 
4.5 

8.0 
3.7 

8.0 
2.9 

P t h(MW) 150 115 80 
Q 7.5 5 3 
$R 1.015 0.940 0.872 
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Table III. Comparison of elongated and near-circular plasmas 
for Q • 5 (theoretical beta scaling) with B • 8.0 T 

cB - 0.5, and Tj - 100 s *** 

Plasma elongation, K 

1.2 1.4 1.6 

q 1 .2 1.2 1 .2 

a (*•) 1 .2 1.06 0.93 
A 3 . 6 4 .2 4 .7 

a o («) 4:32 4.45 4.37 
8 ( « 6 .4 6 .1 6 .2 

^ (T) 3.42 3.78 3.92 
I p (MA) 4 .3 4 .2 3 .9 

P t h ( M K ) 115 135 150 

L (MW/m2) w 
0.40 0.50 0.55 

$„ 1.0 1.03 1.04 
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Table IV. Suaaary of cost (In millions of dollars) for elongated 
and near-circular plasaas for o • 5 with B « 8.0 T, 

q • 2.1, eB » 0.5, and T_ - 100 s"* P » 

Plasaa elongation, K 

1.2 1.4 1.6 
Shield 50.0 51.9 52.0 
TF coils 66.7 73.0 72.7 
PF coils 46.7 48.2 48.2 
Plasaa heating 66.4 72.7 78.5 
Electrical 23.0 ?3.6 23.7 
Beat transport 14.8 16.8 18.0 
Facilities 143.8 143.6 142.4 
Other 154.9 155.9 156.0 

Total 566.3 585.7 591.5 
Relative cost 1.0 1.03 1.0-
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Table V. Comparison of elongated and near-circular plasaas for 
L - 0.5 MH/« 2 with B * 8.0 T, e0 - 0.5, and T « 100 s w aax P D 

Plasaa elongation, ic 

1.2 1 4 1.6 

q 2.1 2.1 2.1 
a (-) 1.32 1.06 0.90 
A 3.45 4.2 4.78 
R o C ) 
0 CO 

4.55 
6.9 

4.45 
6.1 

4.30 
6.1 

BT (T) 3.41 3.78 3.92 
I p (Ma) 5.0 4.2 317 
P t h(MW) 160 135 130 
Q 9 5 4 

h 1.06 1.04 1.01 
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Tabic VI. Coaparison of elongated and near-circular plasaas 
for Q - 5 assualng beta is independent of K with 

B « 8.0 T and T • 10O s 

1.2 
Plasaa elongation, ic 

1.4 1.6 

2.1 2.1 
0.37 0.29 
1.19 1.17 
3.99 4.24 
4.75 4.96 
4.9 4.2 
3.83 4.03 
5.0 5.8 
130 135 
0.33 0.35 
1.11 1.18 

q 2.2 
e8 0.50 P 
a (a) 1.2 
A 3.6 
R o (a) 4.32 
8 (Z) 6.4 
B T (T) 3.42 
I p (Ha) 4.3 
P t h (MO 115 
L w (MW/a2) 0.40 



21 

Table VII. Current density and unit cost as a function of 
toroidal field •snuTd in the systea analysis 

B 
(T) 

j B1>3Sn 
(A/e 2) 

J a 

U/cm 2) $ / k«up 
Conductor 
coapositlon 

12 1700 2100 124 R>3Sn, HbTi, Cu 
11 1970 2177 107 VbjSn, HbTi, Cr. 
10 2200 90 HbTi, Cu 
9 2370 90 HbTi, Cu 
8 2500 90 HbTi, Cu 

winding pack overall current density. 
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Table VIII. Ignicloa FED-A parameters vs B i . where 
CL - 1.8, ic - 1.2, eB - 0.5, and TL - 100 s 

(T) 

8 10 12 a 

2200 2100 
1515 1245 

115 163 
0.97 0.77 
4.77 6.35 
4.63 4.89 
5.7 4.0 
4.96 6.69 
4.1 3.2 
73 70 

1.13 1.42 
275 290 
-.08 1.26 

J ^ (A/ca2) 2500 
J ^ (A/ca2) 1675 
TF coll «egaapere-
turns 82 

a (a) 1.29 
A 3.62 
R. (a) 4.67 o 
a (Z) 8.6 
Rj (T) 3.51 
I p (MA) 5.5 
PF flux (Wb) 84 
L (Mi/a2) 0.86 
P £ u s (MO 280 

aGrad«d NbTi/Nb3Sn. 
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Table IX. Cost suaaary at marginal ignition as a function of B 

B (T) 

10 12 

Shield 60.4 51.8 49.3 
IF coils 81.0 113.1 223.0 
PF coils 61.3 44.0 35.7 
Pla&ia heating 60.0 59.2 61.3 
Electrical 39.9 31.9 29.4 
Heat transport 20.7 21.0 23.4 
Facilities 148.3 143.6 143.2 
Other 146.4 146.3 147.6 

Total 618.0 610.9 712.9 
Relative cost 1.09 1.08 1.26 
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Table X. Summary of costs (in millions of dollars) for variation in 
major radius at constant neutron wall loading 

(partial noninductive current start-up) 

R « 4.32 m R - 4.0 m R - 3.8 m 
o o o 

Shield 50.0 49.3 53.7 
TF system 66.7 51.3 36.5 
PF system 46.6 48.4 62.5 
Heating system 66.4 61.1 56.9 
FF electrical 
system 19.2 20.8 32.0 

Facility 143.8 143.3 146.9 
Other 173.6 171.3 170.3 

Total cost 566.3 545.5 558.8 
Relative cost 1.0 0.963 0.987 
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Table XI. Summary of costs (in millions of dollars) for variation in 
major radius at ignition (partial noninductive current startup) 

R - 4.63 m R - 3.65 a R - 3.52 m 

Shield 
TF system 
PF system 
Heating system 
PF electrical 
system 

Facility 
Other 

Total cost 
Relative cost 

51.8 
113.1 

44.0 
59.2 

18.7 
143.6 
180.6 
611.0 

1.08 

44.7 
54.9 
41.2 
52.0 

18.8 
139.4 
170.6 
521.6 

0.922 

45.2 
46.6 
44.7 
51.2 

22.5 
140.2 
169.8 
520.2 

0.919 
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Table XII. Selected parameters as a function of major radius 
for ignited plasmas (partial noninductive current startup) 

Major radius, R (m) 
4.63 3.65 3.52 

A 4.77 3.17 2.82 
a (m) 0.97 1.15 1.25 
a 1.8 1.8 1.8 
Beta (2) 5.7 10.9 13.8 
B T (T) 4.96 3.29 2.82 
B (T) 10 10 10 max 
I (MA) 4.1 5.5 6.1 P 
P,. (Mtf) 275 215 210 
en 

L w (MW/m2) 1.13 0.95 0.89 
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Table XIII. Comparison of Inboard shield configurations 
at Ignition (B « 10 T, q « 1.8, T„ - 100 s ) max o 

Reference stainless 
Parameter steel shield Tungsten shield 
I (m) 0.58 0.44 
a (m) 0.95 0.895 
A 4.82 4.84 
R (m) 4.58 4.33 o 
B (Z) 5.6 5.6 
B T (T) 4.97 5.13 
I (MA) 3.98 3.86 P 
Pfus < M W ) 2 5 5 , ° 2 4 1 ' ° 
L (MW/m2) 1.08 1.15 P 
$ R 1.064 1.047 
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Table XIV. Summary of cost (in millions of dollars) 
for stainless steel vs tungsten shield 

Shield 
TF coils 
PF coils 
Plasma heating 
system 

Electrical system 
Heat transport 
Facilities 
Other 

Total 

Reference stainless 
steel Tungsten 90Z 

50.5 63.8 
110.2 99.1 
42.3 38.4 

59.1 57.2 
31.2 29.5 
20.3 19.4 
143.0 140.3 
145.9 145.0 

602.5 592.7 
1.064 1.047 
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APPENDIX 

Table A.I. Reference parameters for an advanced physics tokamak 

Description Value 

Geometry 
Major radius, R 4.22 m 
Plasma radius, a 0.92 m 
Plasma elongation, K 1.2 m 
Aspect ratio, A 4.59 m 
Scrape-off layer 0.15 m 

Plasma 
Average ion temperature, <T > 10 keV 
Safety factor (edge), q (flux-surface-averaged) 1.8 
Effective charge (during burn), Z _. 1.5 
TF ripple (peak-tc-average), edge 1.0Z 
Plasma current, I 4.1 MA 

P 
Average electron density, <n > 1.7 x 10 l u cm"3 

eBp 0.5 
Total beta, <B> 6.0% 
Toroidal field at plasma, B_ 4.98 T 
Q Ignited 

Operating mode 
Burn time, t b u r n 100 s, 1000 s a 

Fusion power, P f 255 KW 
Pumpdown time, t 30 s 

P 
Startup/shutdown time, t ^ 26 s/26 s 
Number of full field current pulses/lifetime 3 x 10* 
Average number of burn pulses in each current 
pulsé 10 

Lifetime 10 years 
Torus eddy current times (L/R) 

Conducting vessel ^1 s 
Other conducting path MD.2 s 
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Table A.I. (cont'd) 

Description Value 

First wall/armor 
Coolant 

Average neutron wall load at plasma edge 
Average neutron wall load at first wall 
Average thermal wall load 

Shield 
Inboard shield material 
Inboard thickness (excluding spool armor, 
gaps, scrapeoff) 

Dose rate to IF coil insulation 
Time after shutdown to permit personnel 
access (2.5 mrem/h) 

Outboard shield thickness (stainless steel) 
Maximum structure temperature 

Vacuum 
Inicial base pressure 
Preshot base pressure 
Postshot base pressure 
Pressure at duct inlet during burn 
Particle flux (molecular) to be pumped 

TF coils 
Number 
Peak design field ac winding, B 

m 
Conductor winding current density, J 
Overall current density, J 

Total flux capability 
EF flux 
OH flux 
Total maximum ampere-turns 
Maximum EF ampere-turns 
Maximum OH amper«-turns 

0A 
PF coils 

H 20 

1.2 MW/m2 

1.0 MW/m2 

TBD 

Stainless steel 

62 cm 
1 x 10 9 rad 

36 h 
120 cm 
200'C 

10" 7 torr 
10-5 torr 
3 x 10 _ u 

10 - 2 torr 
<10 2 3 s"1 

12 
10 T 
2200 A/cm2 

1720 A/cra2 

67 Wb 
24 Wb 
43 Wb 
51 MAT 
6 MAT 
45 MAT 

torr 
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Table A.I. (cont'd) 

Description Value 

OH maximum field allowable at coll 7 T 
OH currenc ramp time 30 s 
Conductor winding pack current density, J 1400 A/cm2 

wp 
Plasma heating 

Startup 
Initiating voltage with rf assist only <10 V 
Current rise time 20 s 
Startup ECH power 3.5 MW 
Time duration for ECH assist 20 s 
Frequency 120 GHz 

Bulk heating (including startup) Lower hybrid 
Power 25 MW 

Currenc drive 
Startup 

Lower hybrid currenc 
Rise cime 20 s 
Power 10-20 MW 
Frequency 1-3 GHz 

Ochers (REB, FWIC, ECH) TBD° 
Currenc maintenance 

Lower hybrid 
Power 25 MW 
Frequency 1-5 GHz 

Ochers (REB, FWIC, ECH) TBDfe 

100 s provided by PF syscem in che absence of noninduccive currenc 
drive, 1000 s wich parcial noninduccive currenc drive. 

b 
To be determined. 
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Table A.II. Cost estimate summary for an advanced physics tokamak 

FED-A FED Baseline 

1. Magnet system 

TF coil 
PF coil 
Intercoll structure 
Bucking cylinder 
Cryostat 

97.2 
35.1 
4.0 
3.7 
11.5 

151.5 312.2 

2. Torus 

Shell 
Armor 
Shield 
Pumped limiter module 
Torus support 

17.7 
0.7 
86.8 
8.1 
7.1 

120.4 161.9 

3. Cooling systems 

Refrigeration 
Heat transport loops 
Cooling tower 

7.5 
5.8 
5.5 

18.8 38.5 

4. Tritium and fuel handling 48.2 54.0 

Primary fuel cycle 
Secondary systems 

6.4 
16.0 

Tritium system data acquisition 9.1 
Tritium cleanup (room) 
Fuel injector 

12.7 
4.0 

5. Plasma heating 

Bull» heating 
LHRH 
Shielding 

Preheating (ECRH) 

83.3 
2.1 
11.9 

97.3 89.0 

6. Electrical systems 

PF electrical 
TF electrical 
ac power 

15.1 
4.7 
9.2 

29.0 99.1 

7. Vacuum pumping system 

Vacuum duct 
Vacuum pumps 

4.1 
4.2 

8.3 24.0 

8. Instrumentation ¿.nd control 67.0 67.0 

Diagnostics 42.0 
Information and control systems 25.0 
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Table A.II. 

9. Maintenance equipment 
Reactor cell 
Hot cell 

10. Faculties 
Reactor cell 
Hot cell 
Cooling system structures 
Cryogenic refrigeration building 
Radiation waste building 
Administration building 
Mockup and shop building 
Power supply and energy storage 
building 

Diesel generator building 
Tritium processing building 
Ventilation building and stack 
Site improvements 

Total direct cost 
11. Indirect costs 

Engineering and management (45Z) 
Installation (15Z) 
Total (direct + indirect) 
Contingency (30Z) 

Total cost 

(cont'd) 

FED-A FED Baseline 

60.4 60.4 
33.3 
27.1 

128.2 138.6 
31.6 
35.0 

1.1 
1.0 
4.3 
4.3 

13.5 

2.9 
0.4 
8.1 

13.7 
12.3 

729.1 1044.7 

328.1 
109.4 

1166.6 
350.0 

1516.6 
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FIGURE CAPTIONS 

Fig. 1. Flow chart for FED-A trade studies. 

Fig. 2. Reference PF system for a near-circular plasma. 

Fig. 3. Performance and cost as a function of q. for a plasma minor 
radius of 1.2 m. 

Fig. 4. Performance and cost ns a function of q. for a plasma minor 
radius of 1.0 m. ^ 

Fig. 5. Performance and cost as a function of q. for a plasma minor 
radius of 0.8 m. ^ 

Fig. 6. Reference PF system for a plasma elongation of 1.4. 

Fig. 7. Reference PF system for a plasma elongation of 1.6. 

Fig. 8. Performance and cost as a function of plasma minor radius at 
a constant value of K of 1.2. 

Fig. 9. Performance and cost as a function of plasma minor radius at 
a constant value of K of 1.4. 

Fig. 10. Performance and cost as a function of plasma minor radius at 
a constant value of K of 1.6. 

Fig. 11. Relative capital cost as a function of Q at constant value of 
B of 8 T. max 

"-.g. 12. Relative capital cost as a function of plasma minor radius 
and maximum TF field. A boundary of marginal ignition is 
indicated. 

Fig. 13. Relative capital cost as a function of plasma minor radius 
and maximum TF field. Lines of constant neutron wall loading 
are indicated. 

Fig. 14. Relative capital cost as a function of eB and maximum TF 
field. p 

Fig. 15. Relative capital cost as a function of the ratio of the unit 
conductor cost of Nb.Sn to NbTi. 

Fig. 16. Unit cost ($/kWt) as a function of plasma minor radius and 
maximum TF field. A boundary of marginal ignition is indi
cated. 
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Fig. 17. Relative capital cost, fusion power, neutron wall loading, 
and aspect ratio as a function of major radius for constant 
values of plasma minor radius and maximum TF field. The 
requirement for an inductive plasma current startup is 
relaxed as the major radius is reduced from 4.3 m. 

Fig. 18. Relative capital cost, Q, minor radius, and aspect ratio as 
a function of major radius for a constant value of neutron 
wall loading. The requirement for an inductive plasma 
current startup is relaxed as the major radius is reduced 
from 4.3 m. 

Fig. 19. Relative capital cost, neutron wall loading, minor radius, 
and aspect ratio as a function of major radius at ignition. 
The requirement for an inductive plasma current startup is 
relaxed as the major radius is reduced from 4.3 m. 
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FLOW CHART FOR FED-A TRADE STUDIES 

ORNL-OWG 82-4125 FED 

DEFINE STRAWMAN 

, . = 2.1 

B m = 8 T 

K= 1.2 

Q = 5 

'' 
DEFINE REFERENCE 
PF SYSTEMS FOR 
K = 1.2. 1. 4.1.6 

' 1 ' ' r 

q v VARIATION 

1.6-2.5 
K VARIATION 
1.2 - 1.6 

EVALUATE IMPACT 
OF NONINDUCTIVE 
CURRENT STARTUP 

I 
SELECT 

' < 

B m „ VARIATION mix 
8 - 1 2 T 
(IGNITION SIZE) 

EVALUATE 
TUNGSTEN 
INBAORO 
SHIELDING 

' 1 

SELECT FED-A 
PARAMETERS 

Fig. 1 
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REFERENCE PF SYSTEM FOR 
NEAR CIRCULAR PLASMA 

ORNL-DWG 82-2580 FED 
K M . 2 
o H . O m 
A=4 .0 

3.9 MAT 

3.9 

Fig. 2 
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PERFORMANCE AND COST vs. qy, FOR 
A PLASMA MINOR RADIUS CF 1.2 m 

ORNL-OWG 82-2583 FED 
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Fig. 3 
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PERFORMANCE AND COST vs. q f FOR 
A PLASMA MINOR RADIUS OF 1.0 m 

ORNL-DWG 82-2584 FED 
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Fig. 4 
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PERFORMANCE AND COST vs. q f FOR 
A PLASMA MINOR RADIUS OF 0.8 m 

ORNL-DWG 82-2585 FED 

300 
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Fig. 5 
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REFERENCE PF SYSTEM FOR 
A PLASMA ELONGATION OF 1.4 

ORNL-DWG 82-2584 FED 

A = 4.0 

5.2 MAT 

5.2 

Fig . 6 
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REFERENCE PF SYSTEM FOR 
A PLASMA ELONGATION OF 1.6 

ORNL-DWG 82-2582 FED 

0=4.0 m 
A=4.0 

42 MAT 

10.5 MAT 

6.5 MAT 

10.5 

Fig. 7 
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PERFORMANCE AND COST 
vs PLASMA MINOR RADIUS 

FOR K=i.2 
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PERFORMANCE AND COST 
vs PLASMA MINOR RADIUS 

FOR K=1.4 

300 
ORNL-DWG 82-2587 FED 
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PERFORMANCE AND COST vs PLASMA 
MINOR RADIUS FOR K=1.6 

500 
ORNL-OWG 82-2588 FEO 

Fig. 10 
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RELATIVE CAPITAL COST 
AS A FUNCTION OF Q 

ORNL-OWG 82-2589 FED 

Fig. 11 
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ORNL-OWG 82-2942 FED 

Fig. 13 
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COST SENSITIVITY OF 12 T DEVICE 
TO Nb 3SN UNIT COST 

ORNL-DWG 82-2590 FED 
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Fig. 15 
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IMPACT OF RELAXED OH FLUX REQUIREMENT 
ON PERFORMANCE AND COST 

AT CONSTANT PLASMA MINOR RADIUS 
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IMPACT OF RELAXED OH FLUX REQUIREMENT 
ON PERFORMANCE AND COST 

AT CONSTANT NEUTRON WALL LOADING 
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