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EVALUATION OF TORSATRONS AS REACTORS 

J. F. Lyon 
K. Gulec L. El-Guebaly 

R. L. Miller 

ABSTRACT 

Stellarators have significant operational advantages over tokamaks as ignited steady- 
state reactors. This scoping study, which uses an integrated cost-minimization code that 
incorporates costing and reactor component models self-consistently with a 1-D energy 
transport calculation, shows that a torsatron reactor could also be economically competitive 
with a tokamak reactor. The projected cost of electricity (COE) estimated using the 
Advanced Reactor Innovation and Evaluation Studies (ARIES) costing algorithms is 
65.6 mill/kW(e)h in constant 1992 dollars for a reference l-GW(e) Compact Torsatron reac- 
tor case. The COE is relatively insensitive ( 4 0 %  variation) over a wide range of assump- 
tions, including variations in the maximum field allowed on the coils, the coil elongation, the 
shape of the density profile, the beta limit, the confinement multiplier, and the presence of a 
large loss region for alpha particles. The largest variations in the COE occur for variations in 
the electrical power output demanded and the plasma-coil separation ratio. 

1. INTRODUCTION 

Stellarators [ 1,2] would have significant operational advantages as ignited steady-state 
reactors because they do not require a net plasma current (and the continuous power recircu- 
lated to the plasma to drive it). The magnetic field is created by currents flowing solely in 
external coils, resulting in inherently steady-state, disruption-free magnetic configurations 
with relaxed constraints on the plasma parameters and profiles and a wide range of magnetic 
configurations available for optimization and control. The absence of both dangerous disrup- 
tions and continuous current drive power recirculated to the plasma eases the design of the 
first wall, blanket, and shield. The larger aspect ratio may allow access from both the inboard 
and outboard sides for easier maintenance. The type of stellarator (a torsatron) used as an 
example in this paper can also have helical divertors outside the windings to reduce the 
power density on the divertor plates and, at the expense of a reduction in alpha-particle 
heating [3], a near-perpendicular loss region to prevent helium ash accumulation. 

Although stellarators have the potential for leading to a better reactor, they lag behind 
tokamaks in their development because of the greater resources that have been devoted to 
tokamaks and the wider range of possible stellarator configurations. S tellarator reactor stud- 
ies are also not as well-developed as tokamak reactor studies. The United States is starting a 
multiyear multi-institutional stellarator reactor study to “identify and assess the feasibility of 
critical issues and their consequences for development of the stellarator concept as a steady- 
state fusion reactor.” The activities during the first year are focusing on physics optimization 
and selection of one or more stellarator coil configurations for more detailed engineering 
design evaluation. The physics team is focusing on development of transport models, overall 
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system studies, torsatron modularization, modular stellarators with lower aspect ratio, and the 
divenor geometry. The engineering team is studying design issues relating to minimizing the 
inboard thickness of the blanket and shields, the feasibility of the superconducting magnets, 
the divenor geometry, and maintenance schemes. This paper summarizes the first phase of 
the work on systems studies, which will be updated as more detailed physics and engineering 
input is incorporated into the study. 



2. REACTOR AlSSESSMENT APPROACH AND ASSUhlPTIONS 

The recent extensive Advanced Reactor Innovation and Evaluation Studies (ARES) 
[4,5] have explored improvihg the attractiveness of tokamak reactors. Our study applies the 
ARIES costing and component assumptions to optimization of stellarator reactors, which 
allows more accurate comparison of different stellarator and tokamak reactor configurations. 
The models for the detailed component geometry and reactor performance constraints are 
specialized in this paper for a particular torsatron reactor because of specific differences 
between types of stellarators and between stellarators and tokamaks. 

2.1 REFERENCE STELLARATOR CONFIGURATION 

The reference stellarator configuration chosen for these studies is a Compact Torsatron 
[6] with six toroidal field petiods (CT6). It is not an “optimum” stellarator configuration, 
only one of a family of torsatrons obtained by maximizing the average radius of the last 
closed magnetic surface subject to constraints that maximized the beta limit. A torsatron is a 
stellarator with two continuous helical windings having currents in the same direction and no 
separate toroidal field (TF) coils. The helical windings produce both the toroidal and main 
poloidal field components, although separate vertical field (W) coils may be used for shap- 
ing and positioning the plasma. The helical winding geometry and the last closed flux surface 
for the CT6 configuration are shown in fig. 1. The two helical windings are characterized by 
a coil aspect ratio Ac = Rdac = 2.5, where Ro and Q, are the major radius and minor radius of 
the helical winding. The relatively open coil geometry allows access between the helical 
windings for blanket removal and maintenance without disassembly of the reactor core. The 
vacuum magnetic surfaces were calculated using the optimized helical winding trajectory and 
W coil locations. The last closed magnetic surface is characterized by an average plasma 
aspect ratio A, = Ro/ap = 3.87 and average ellipticity K = 2.1. Here a, is the average radius of 
the noncircular (and nonaxisymmetric) last closed flux surface. As can be seen from fig. 1, ap 
is relatively large compared to ac because the plasma bulges out between the helical wind- 
ings. Figure 2 shows a vertical cut through the plasma and the helical windings at the begin- 
ning of a 60” toroidal field period. The thermal particles and alpha particles exit from the 
plasma in a thin helical strip between the helical windings. Although helical windings are 
used in this paper for simplicity, these coils can be modularized to have one (or two) coils per 
toroidal field period (e.g., the “symmotron” [7]) or five to ten coils per field period (as in a 
modular stellarator [SI). 

2.2 REACTOR COMPONENT ASSUMPTIONS 

The study assumes the same level of technology development (“achievable in 20 
years”) as in the ARIES-IV study [9]. The compositions, average mass densities, and unit 
costs for the fust-wall/blanket assembly, the shield, and the superconducting magnets are the 
same as those developed in the ARIES-IV and PULSAR [ 101 tokamak reactor studies. 
However, there is no blanket directly under the helical windings on the inboard side of the 
torus in order to reduce Ro. The inboard half of the helical winding with its side shields 
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Fig. 1. (a) Top and (b) side views of the helical windings and the last closed flux 
surface for the CT6 configuration. There are also two VF coils (included in calculations) that 
are not shown. 

typically covers -20% of the first-wall area. The loss in the global tritium breeding can be 
compensated by increasing the thickness of the blanket elsewhere and/or increasing the 
beryllium fraction. In this study, the thickness of the blanket elsewhere is increased to 80 cm 
(vs 35 cm on the inboard side and 60 cm on the outboard side for ARIES-IV), as indicated in 
Table 1. 

The fixed components that lie between the face of the superconducting winding pack 
and the edge of the plasma are the coil cryostat, the vacuum vessel wall, the multicomponent 
shield (lead, TiH1.8, and Sic), a multicomponent (Li20, SIC, Be, He) blanket module, and 
the first wall. There are also gaps between the cryostat and the vacuum vessel wall, between 
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Fig. 2. A vertical moss section of the helical windings (here represented by eight 
current filaments) and magnetic flux surfaces for CT6 at the beginning of a field period. 

Table 1. Dimensions of the components in the radial build for the 
reference CT6 and ARIES-IV reactors 

hdia l  build cOmpOnent Thickness under Thickness Thickness in 
ARIES-IV (m) 

inboard/outboard 
inboard HF (m) elsewhere (m) 

Coil cryostat 
Clearance 
Vacuum vessel wall 
Gap 
Shield (SiQTiH1.flb) 
Gap 
Blanket (Li2O/SiC/Be/He) 
First wall 
Plasma scrapeoff layer 

Total 

0.05 
0.05 
0.10 
0.02 
1 .oo 
0.02 

0 
, 0.0 1 

0.05 
- 
1.3 

0.05 
0.05 + 0.60 

0.10 
0.02 
0.75 
0.02 
0.80 
0.0 1 
0.05 

0.05 
0.05 
0.10 
0.02 
0.95 
0.02 

0 - 3 Y O .  60 
0.01 
0.05 

1.8 + 0.6 1.6 
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the shield and the vacuum vessel wall, between the shield and the blanket, and the scrape-off 
region between the plasma edge and the first wall. The thicknesses of these components for 
the CT6 reactor are compared with those for the ARIES-IV reactor in Table 1. The additional 
0.6-m gap between the vacuum vessel wall and the coil cryostat under the outboard half of 
the helical field (HF) winding results from the fact that the plasma is farther from the HF 
winding on the outboard side, as can be seen from fig. 2. 

The blanket and shield components, developed during the ARIES-IV and PULSAR 
studies, were chosen for their low activation properties. The TiHl.8 shield makes the shield- 
ing effectiveness of the ceramic shield comparable to that of a metallic shield. The blanket is 
assumed to have a global tritium breeding ratio of 1.12 and an energy multiplication factor of 
1.3. The shield thickness of 1 m around the helical winding on the inboard side of the torus is 
the minimum allowable. A factor of 10 extra shielding (including that produced by the 
blanket) is provided elsewhere to keep the total magnet heating to a reasonable level. 

The coils, like those in ARES, use Nb3Sn superconducting cables with a partially load- 
bearing CuNb stabilizer [5] .  The superconducting winding pack, which includes the super- 
conducting cables, helium coolant paths, and structure, is assumed to have a rectangular cross 
section with transverse (mainly toroidal) elongation k = h/w, where tz and w are half the 
transverse width and half the radial depth of the helical winding pack, respectively. The 
maximum magnetic field on the superconductor, Bma, is calculated from an expression that 
gives an excellent fit over a wide range of coil configurations to results obtained using a 
finite-element code with accurate helical winding trajectories. As in the ARIES studies, the 
volume of the coil support structure is half that of the coils. The divertor area required is cal- 
culated by dividing the total power to the divertor by 3 MWSm-2. The other engineering and 
materials assumptions are the same as those for ARIES-IV. 

2.3 TRANSPORT ASSUMPTIONS 

Different scalings for the global energy confinement time TE fit present stellarator data: 
(1) the Large Helical Device (LHD) scaling [ 111, 

an empirical f i t  to stellarator data; (2) the gyro-reduced Bohm scaling [ 121, 

which is based on drift-wave theory; and (3) the Lackner-Gottardi scaling [ 131, 

which fits both tokamak and stellarator data. Here Bo is the on-axis field, n is the line- 
averaged electron density (in 1020 m-3), P is the absorbed heating power (in MW), and 
.Z (= l/q, where q is the tokamak safety factor) is the rotational transform. All other quantities 
are in SI units. Stellarators and tokamaks have similar energy confinement time scaling, 
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indicating that the underlying physics may be dominated by common toroidal plasma physics 
rather than coil-geometry-specific effects. 

Unlike the LHD scaling, the Lackner-Gottardi scaling and the gyro-reduced Bohm 
scaling are dimensionally correct; that is, they are expressible in terms of dimensionless 
plasma parameters. In addition, they have the same functional dependence on the reactor 
parameters Ro, BO, n, and P, differing only by an aspect-ratio-dependent coefficient; for the 
torsatron reactor examples studied in this paper, T & ~  = 0 . 9 5 ~ ~ g r B .  Coincidentally, the 
Lackner-Gottardi and LHD scalings give almost the same value of ZE for typical reactor 
cases, even though they have different functional dependences on the reactor parameters. 

For this paper we choose Lackner-Gottardi scaling with a confinement improvement 
factor H’ similar to the H-mode confinement improvement factor for tokamaks. Evidence 
from experiments and theoretical arguments support such a confinement improvement. 
However, the improvement with the square root of the ion mass used in tokamak scaling is 
not assumed in our study, and 4 is evaluated at a normalized radius p = ‘/up = 2/3, rather than 
at the plasma edge; reversing either of these assumptions would improve the confinement 
time by a factor of 1.2-1.3. 

in tokamaks. Sudo et al. [ 1 13 have proposed a maximum line-average density, 
The maximum plasma density in stellarators is not determined by a disruption limit as 

based on Heliotron E data. Densities a factor of 1.3 higher than this value have been observed 
in the Advanced Toroidal Facility (ATF). For this study, we assume that the line-average 
density is constrained to <1.5nmax. 

2.4 TRANSPORT MODEL 

One-dimensional (1-D) heat transport equations are solved for the ion and electron 
temperatures Ti@) and T&) using a heat diffusivity ~ ( p )  = xo/( 1 - a$) to simulate the 
radial variation of x seen in experiments. The constants xo and a are chosen to give an 
energy confinement time ZE = H’T$G; the reference assumptions are H’ = 2 and a = 0.9 
(a factor of 10 increase in x from the center to the edge of the plasma). The internal heat 
sources and sinks include alpha-particle heating, bremsstrahlung and synchrotron radiation, 
and electron-ion Coulomb collisions. Impurities are modeled by 1% oxygen, giving a 
deuterium-tritium @-T) fuel fraction ~ D T &  = 0.92 and an effective ionic charge Zeff = 1.56. 
The density profile used is the same as that assumed in the ARIES studies, n = 
no[(l - ns/no)(l -9)”. + ns/no]; the reference values are a, = 1.0 and ndno = 0.538. 

2.4.1 Alpha-Particle Losses 

Because rhe relatively large helical ripple in torsatrons, combined with symmetry- 
breaking toroidal effects, can lead to a near-perpendicular loss region for energetic particles, 
we assume that all helically and toroidally trapped alpha particles are lost and calculate the 
additional energy lost by passing particles that pitch-angle scatter into the loss region during 
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the slowing-down process. The combined loss can reduce the effective alpha-particle heating 
by up to -40%. Most of the alpha particles are not born in the loss region and transfer their 
energy to the background plasma until they slow down to an energy W = 30Te - 0.3-1 MeV, 
below which they rapidly scatter into the loss region [3]. This loss can produce an intense 
flux of energetic alpha particles on the divertor plates. The loss of alpha-particle heating is 
offset by increased fusion power (= n ~ 9 / n ~ 2  at a given temperature) because the loss region 
prevents accumulation of helium ash and the dilution of the D-T fuel, as shown in Table 2. 
The positive and negative effects usually balance each other, as shown later in  the payer. 

2.5 BETA LIMITS 

There is no analog in stellarators to the simple tokamak Troyon beta limit. Three- 
dimensional magnetohydrodynamic (MHD) calculations of the maximum permissible 
volume-average beta (p)  indicate that (p) - 4% should be attainable in properly designed 
stellarators. This value is used as an upper limit in this study, but the optimum beta is usually 
significantly below this value. 

2.6 REACTOR OPTIMIZATION 

The quantity minimized in the reactor optimization approach is the projected cost of 
electricity (COE). The masses of the individual reactor components are used to calculate the 
cost of the reactor core, using the cost models established for the ARIES studies [4,5,9]. The 
expressions used for the other elements of the reactor cost and the COE are those used in the 
ARIES-IV study [9]. The plant availability factor is taken to be 0.76, the same as in the 
AIUES tokamak reactor studies, although stellarator reactors could have a higher availability 
because of the absence of both disruptions and the need for continuous current drive. This 
difference could be significant because the COE is inversely proportional to the availability. 
As in the ARIES studies, the costs assume “learning curve” credits of ~ 5 0 %  associated with a 
“tenth-of-a-kind” reactor. These credits, plus the level of safety assurance (LSA) factors [ 141 
appropriate to the safety and enviromental advantages of the ARIES and PULSAR designs, 
result in a COE that is competitive with that for tokamak reactors. The LSA scale vanes from 

Table 2. Effect of helium ash accumulation on reactor parameters 

Property With 40% loss region With no loss region 

Helium fraction ~ H J ~ z ~  0 0.1 
Fuel fraction ~ZDT& 0.92 0.72 
Relative fusion power 1 0.61 
Relative plasma heating (including 0.60 0.61 

Fuel-ion (p) for 4% total (p) 4% 3.1% 
ze f f  1.6 1.8 
Relative radiation losses 0.89 1 

orbit losses) 
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1 to 4 with LSA = 1 (assumed here) being inherently safe and LSA = 4 requiring active engi- 
neered safeguards, as in present fission plants. 

The optimization variables are those related to the device size (Ro), the resulting plasma 
parameters (volume-averaged density (n), density-averaged temperature (T)), and the mag- 
netic field (Bo and the transverse width and radial depth of the helical winding pack). The 
reference constraints chosen for the optimization are net electric power PE = 1 GW, (p> 5 
496, n S 1.5nmax, and a set of helical winding constraints [radial distance between the edge of 
the plasma and the center of the HF winding on the inboard side, clearance between the HF 
windings for access, k ,< k m a  = 3, Bmax 2 16 T, and limits on the current density in the 
winding pack,j 5jmax  = 50 MA-m-2]. As with the value of beta, the optimum values of Brnax 
a n d j  are not necessarily these upper limiting values. However, the optimization almost 
always leads to k = kmax (which reduces w, and hence Ro and the COE) and to n = l.Snmax, 
[which also reduces Ro through eq. (411. 

The COE is minimized when Ro is minimized because the cost of the most expensive 
components, the constant-thickness blankets and shields, varies as Ro2. The minimum value 
for Ro is set by the need for a certain distance between the plasma edge and the center of the 
helical winding for half the thickness of the coil winding pack, w, plus the total thickness d of 
the plasma-wall separation, the first wall, the blanket, the shield, the vacuum vessel wall, and 
the cryostat, as indicated in Table 1. Figures 1 and 2 show that the space between the plasma 
edge and the helical winding on the inboard half of the torus is the determining distance; the 
space on the outboard half of the torus is more than adequate. The minimum distance A 
between the edge of the plasma (the last closed flux surface) and the centerline of the helical 
winding or modular coil determines the minimum size for a stellarator reactor because the 
ratio AA E R d A  is a constant for a given stellarator coil configuration (AA = 6.37 for CT6). 
The minimum value possibIe for Ro is thus A A ( ~  + w) because A must be 2(d + w). 

Minimizing the radial depth of the winding pack and the thickness of the blanket and 
shield under the inboard half of the helical winding, as well as AA, is important in reducing 
the cost of stellarator reactors because the cost increases with Ro. The smaller value of AA 
obtained in Compact Torsatrons allows Ro for this type of reactor to be a factor of =2 smaller 
than for modular stellarator reactors; typically Ro = 10 m vs Ro =: 20 m. 
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3. COMPARISONS WITH ARIES TOKAMAK REACTORS 

3.1 COMPARISON OF PLASMA PARAMETERS 

The main plasma parameters obtained for the COE-optimized CT6 reference case are 
compared in Table 3 with those for ARIES-1’, a first-stability tokamak reactor, and 
ARIES-IV, a second-stability tokamak reactor [ 151. The CT6 reference case is an updated 
version of an earlier CT6 reactor [ 161 based on a 0-D transport model and a much thinner 
blanket and shield under the inboard half of the helical windings. The ARIES-I’ case is 
ARIES-I recalculated with the improved blanket and shield models developed in the 
ARES-IV studies. When ARIES-I was recalculated [ 161 with the stellarator reactor code to 
benchmark our calculations and to provide a more detailed comparison with the torsatron 
reactor calculations, the values obtained were very close (a few tenths of a percent) to the 
values obtained in a May 1992 recalculation of ARIES-I. The slight differences arose from 
the different approximations used in calculating the masses of the blankets and shields. 

The larger major radius and plasma aspect ratio for CT6 lead to a plasma volume 2-2.8 
times that of ARIES-I‘ and ARIES-IV, respectively; this allows a lower value of the average 
temperature for the same power output. The density-averaged temperature (7‘) is only 
0.39-0.77 that for the ARIES cases. The larger ratio of central ion temperature to (7+j is due 
to the fact that the temperature profile calculated for CT6 is more peaked than that assumed 
for the ARIES cases, as discussed in Sect. 4.1. The beta for ARIES-I’ is constrained to a 
lower value by the modest plasma current (10.9 MA) and the high central magnetic field 

Table 3. Main plasma parameters for reference CT6 torsatron 
and ARIES tokamak reactors 

CT6 ARIES-I ’ ARIES-IV 

Major radius Ro (m) 
Average plasma radius ap (m) 
Plasma ellipticity K 
Plasma volume (m3) 
Plasma current (MA) 
Bootstrap current fraction 
Edge safety factor 4 
Average electron density (n )  (1020 m-3) 
Average plasma temperature (T) (keV) 
Central ion temperature (keV) 
Volume-average toroidal beta (95) 
Fraction of alpha-particle power lost 
Fraction of plasma power radiated 
Energy confinement time Tj-j (s) 
Plasma Q value 

10.03 
2.66 
2.1 
1400 
0 

1.05 
1.30 
7.7 
24.6 
3.1 
0.42 
0.3 1 
4.6 

----- 

00 

7.64 
2.28 
1.8 
7 10 
10.9 
0.68 
4.5 
1.26 
20 
38.0 
1.9 
0 
0.50 
2.9 
18 

6.04 
2.15 
2.0 
500 
6.6 
0.87 
12.2 
2.90 
10 
26.5 
3.4 
0.035 
0.23 
1.5 
30 
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(10.6 T) through the tokamak Troyon beta limit. A larger multiplier for the Troyon beta limit 
allows a higher (Ir, value for ARIES-IV. The most noticable difference is in  the fraction of 
alpha-particle power lost and the plasma Q value. In most respects, the CT6 case is closer to 
ARIES-IV than to ARIES-1’. 

3.2 COMPARISON OF DEVICE PARAMETERS 

Table 4 gives the main device parameters for CT6 and the ARIES-I‘ and ARIES-IV 
tokamak reactors. The field OP axis for CT6 is one-half to two-thirds of that in the ARIES 
cases, but the maximum field on the helical windings is similar to that on the TF coils in 
ARIES-IV, as is the total stoFed magnetic energy and the mass of the VF coils. ARIES-I’ 
has significantly larger values for these quantities. The mass of the CT6 helical winding is a 
factor of 1.6-3.1 lower than the mass of the ARIES TF coils because the CT6 coil perimeter 
is smaller (the winding is closer to the plasma) and the cross section is much smaller (similar 
or less total ampere-turns and higher average current density because of the lower magnetic 
field). The primary reason for the lower current density in the ARIES cases is the larger 
amount of internal structure needed for the hoop force. The mass of the accompanying coil 
support structure is also much smaller for CT6. The neutron wall loading is a factor of 
1.7-2.3 smaller than that in the ARES cases because of the larger CT6 wall area and the 
smaller required fusion power. The fusion power, thermal power, gross electric power, and 
recirculating power fraction are more for the ARIES cases because of the tokamak’s current 
drive requirement. The total mass of the CT6 fusion power core (FPC) is 8,870 tonnes vs 

Table 4. Main device parameters for reference CT6 torsatron 
and ARIES tokamak reactors 

CT6 A RIE S-I ’ ARIES-IV 

Toroidal field on axis (T) 
Maximum field on coils Bmax (T) 

HF/TF coil current density j (MA/m2) 
Magnetic field energy (GJ) 
Mass of HF/”F coils (tonnes) 
Mass of W coils (tonnes) 
Current-drive power (MW) 
Fusion power (MW) 
Neutron wall loading T, (MW/m2) 
Thermal power (MW) 
Gross electric power [Mw(e)] 
Recirculating power percentage (%) 
Net electric output [MW(e)] ~ 

Mass power density [kW(e)/ronne] 
Cost of electricity [milVkW(e)h](a) 

5 .O 
16.0 
46.4 
86 
1330 
630 
0 
1760 
1.18 
2240 
1100 
9 
1000 
113 
65.6 

10.6 
19.1 
24.5 
213 
4180 
930 
115 
2040 
2.06 
2600 
1270 
21 
lo00 
72 
76.4 

7.6 
15.9 
30.0 
93 
2130 
610 
68 
2020 
2.67 
2530 
1240 
19 
1000 
111 
67.7 

constant 1992 dollars. 
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13,900 tonnes for ARIES-I’ and 9,100 tonnes for ARIES-IV, resulting in a higher mass 
utilization efficiency and a lower COE for the CT6 case. 

The total reactor equipment cost (whose elements are shown in Table 5) for (3% is 9% 
more than that for ARIES-IV and 19% less than that for ARES-1’. The main differences are 
the larger cost for the CT6 blanket (because of its larger thickness and the larger wall area) 
and the lower costs for the magnets (and the related primary support and structure) and the 
supplemental heating systems (only needed for plasma startup). The geometry-dependent 
FPC components (blanket and first wall, divertor, shields, magnets, vacuum vessel, and pn- 
mary structure) are 74% of the $1410M total reactor plant equipment cost and 50% of the 
$2070M total direct cost for CI’6; components that depend on the thermal and electrical 
power make up the remainder. The $3860M total capital cost for CT6 is 1.87 times the total 
direct cost because of financial charges that are proportional to the total direct cost. The dif- 
ference in the COE for CT6 and ARES-IV is due to the smaller blanket and first-wall 
replacement costs for CT6 (longer lifetime because of the lower neutron flux and a different 
blanket replacement algorithm). A large part of the 17% difference in the COE between CT6 
and ARIES-I’ is due to the 14% larger capital cost for ARIES-1’. 

Table 5. Costs of reactor equipment for reference CT6 torsatron 
and ARIES tokamak reactors 

Item cT6 ARIES-I’ ARIES-IV 

First wall, blanket, and reflector 
Shields 
Magnets 
Supplemental heating systems 
Primary structure and support 
Reactor vacuum systems 
Power supply, switching, storage 
Impurity control 
ECH breakdown system 

Total reactor equipment 

258 
525 
164 
49 
20 
66 
50 
6 
0 
- 
1138 

105 
516 
437 
155 
71 
62 
50 
12 
4 

87 
407 
223 
176 
37 
53 
50 
6 
4 

141 1 1041 

constant 1992 dollars. 
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4. SENSUIVITY OF THE REFERENCE CT6 CASE 
TO TRANSPORT ASSUMPTIONS 

4.1 RADIAL PROFILES FOR THE REFERENCE CT6 CASE 

Figure 3 shows the radial profiles obtained for the electron and ion temperatures and the 
assumed (ARIES) density profile for the optimized CT6 reference case. The temperature 
profiles would be parabolic if n, x, and the power to the electrons and ions @e,i) were con- 
stant with radius. The profiles are more peaked because Pe,i increases with density and tem- 
perature (and hence decreases with radius) and nx increases with radius. 

The dependence of rhe shape of the ion temperature profile on the shape of the density 
profile is illustrated in figs. 4 and 5 for parabolic density profiles as the ratio of the edge den- 
sity to the central density, n( l)ln(O), is varied from 0.1 to 1. The broad density profiles typi- 
cally seen in stellarators lead to peaked temperature profiles. However, the pressure profile 
(= neTe + niTi) is relatively insensitive to these variations in the density profile, as shown in 
fig. 6, and there is only a 3% variation in the COE from the flattest density profile to the most 
peaked. The heat flux equations can be written approximately in terms of the variable nT with 
a smaller term proportional to Vn because the alpha-particle heating term is dominant and 
varies approximately as n 2 p .  This leads to the relative insensitivity of the pressure profile to 
the assumed form for the density profile. 
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Fig. 6. Plasma pressure profiles for different assumed density profiles for the reference 
case. 

Figure 7 shows the variation in the ion temperature profile as the coefficient a in ~ ( p )  = 
xd( 1 - a$) is varied: a = 0.67, so x(l)/x(O) = 3; a = 0.9, so x( l)/x(O) = 10; and a = 0.967, 
so X( l)/x(O) = 30. The ion temperature profiles in figs. 5 and 7 are lower at the outside and 
higher in the center when nx is higher at the edge of the plasma. There is also only a 3% 
variation in the COE in this case from one extreme to the other. 

power production only depends on Ti, while the alpha-particle power lost, the relative power 
transfer to the ions and electrons, and the radiation losses only depend on Te. The balance 
between Ti and Te can be changed by changing the ratio of the ion and electron thermal diffu- 
sivities, as indicated in Table 6. As Xi/xe increases, Ti drops relative to Te, (p> decreases 
despite the increase in (7‘) because of the increase in Bo, and Ro increases slightly. The net 
effect is a relatively small increase (3.6%) in the COE for a large (factor of 9) variation in the 
ratio x&. 

The electron and ion temperatures affect the power balance in different ways: the fusion 

4.2 SENSITIVITY TO CONFINEMENT IMPROVEMENT 

Figures 8 and 9 show the variation of the plasma and device parameters with H’. 
Improved energy confinement is reflected most strongly in the factor of 6 increase in (p>, 
from 0.76% to 4.6%, mostly due to the factor of 3.9 decrease in Bo2 and to a lesser extent to 
the factor of 2 decrease in the plasma volume (from 2580 m3 to 1310 m3), as H’ increases 
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Table 6. Effect of relative ion and electron heat diffusivities on CT6 
reactor parameters 

Density-averaged temperature (0 (keV) 
Central ion temperature Ti(0) (keV) 
Central electron temperature Te(0) (keV) 
Volume-averaged density (n) (1020 m-3) 
Volume-averaged beta (p) (%) 
Major radius Ro (m) 
Toroidal field on axis Bo (T) 
Cost of electricity [mill/kW(e)h](a) 

7.52 
27.0 
25.7 
1.29 
3.37 
9.90 
4.73 
64.5 

7.69 
24.6 
28.0 
1.30 
3.09 
10.03 
5.01 
65.6 

7.98 
23.8 
32.4 
1.29 
2.99 
10.11 
5.17 
66.8 

constant 1992 dollars. 
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from 1 to 2.5. The decreases in BO and R, are related because the minimum cost is obtained 
for the smallest Rg (smallest plasma volume), so the plasma density must increase to its limit 
(nmax = BO1/*/RO3R, which is approximately independent of H’ from fig. 8) to keep the 
fusion power constant. In addition, the temperature must increase with increasing H’ to offset 
the decrease in the plasma volume and the increase in the scattered alpha-particle losses, 
which increase with T,. If the fusion power absorbed by the plasma varies as (n)2(T)aT, then 
eq.(4) gives (T) = B o 5  , independent of the other plasma and device parameters; in fig. 9, 
(T) =  BO-^.^. The ratio Ti(O)/(T) varies slowly with H’, indicating that the ion temperature 
profile does not change significantly with H’. 

ously from 26,480 tonnes at H’ = 1 to 7,970 tonnes at H’ = 2.5. The rapid increase in the 
mass with decreasing H’ below H’ = 1.5 is due to larger masses for the coil systems and for 
the blankets and shields (= R$). The helical and VI: coil masses increase with decreasing H’ 
because of both the increasing coil lengths (= Ro) and the increasing coil cross sections 
[area = B&/j, where both Bo and Ro increase with decreasing H’ and j decreases (from 
50 MA.m-2 at H’ = 2.5 to 18 MA.m-2 at H’ = l)]. Figure 10 shows the impact on the cost of 
the F”C as the mass of its main components changes with H’. For reasonable values of H’ 
(>1.5), the coils represent a relatively small fraction of the cost of the FPC. 

These results indicate that only a modest improvement in confinement is needed for an 
ataactive torsatron reactor. We choose H’ = 2 as a conservative target for stellarator confine- 
ment improvement. Better confinement improvement factors have been obtained in tokamaks 
(ARIES-I required H’ = 2.5). There is already some evidence for confinement improvement 
(-30%) in stellarators due to either H-mode-like operation or beta self-stabilization effects. 
Possible confinement improvement techniques include control of the edge electric field, oper- 
ation in the second stability regime, and field shaping to reduce the effective field ripple. 

The decrease in RO is due to the decrease in w. The mass of the FPC decreases continu- 
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5. EFFECTS OF OTHER ASSUMPTIONS 

The COE is relatively insensitive to the confinement improvement factor (and other 
parameter assumptions) because Ro (and hence the cost of the FPC and the COE) can only be 
reduced by decreasing AA (a different coil configuration), d (a thinner blanket and shield), or 
w (lower Bo, higherjk); Ro = A A ( ~  + w). Here AA = 6.37 and d = 1.3 m. For six field periods, 

where j is in MA-m-2. For k = 3, j = 50 MA.m-*, and typical values for Bo (5 T) and Ro 
(10 m), w = 0.26 m, which is much less than the d = 1.3-in thickness of the fixed compo- 
nents. The only way to reduce Ro (and the COE) is by reducing Bo, which reduces ZE and 
increases /3, or by increasing j and k,  which are subject to other constraints. Combining 
eq. (5 )  with Ro = A A ( ~  + w) gives Ro = AAd (1 + 0.456[A~B(jjk4*/2). 

5.1 COIL ASSUMPTIONS 

A nominal set of coil parameters was chosen for the base reference case. The most 
critical parameters 0, k, and Elrnax) were varied over representative ranges to test the sensitiv- 
ity of the reactor parameters to these choices. Increasing any of these decreases w and hence 
Ro (ARo = AAAw) and the cost of the FPC of the reactor. Decreasing the current density from 
50 MA.m--2 to 30 MA-m-2 increased Ro fiom 10 m to 10.5 m and the COE from 
65.6 mill/kW(e)h to 70.6 mill/kW(e)h. The higher value forj is allowed here because Bo 
(and the hoop force) is lower than in the ARES cases. 

Table 7. As k increases, w decreases and hence Ro, the FPC mass, and the COE decrease. The 
The COE is more sensitive to changes in  the transverse coil elongation, as indicated in 

Table 7. Effect of transverse coil elongation k on CT6 reactor parameters 

k = l  k = 2  k = 3  k=4.5 k=12.9 

Density-averaged temperature (7') (keV) 
Volume-averaged density (n) (1020 m-3) 
Volume-averaged beta ( p  ) (%) 
Major radius Ro (m) 
Toroidal field on axis Bo (T) 
Coil current density j (MA-rn-2) 
Radial depth of f.IF coil 2w (m) 
Fraction of area under inboard HF 
Separation between windings on the 

Separation between windings on the 

Fusion power core mass (103 tonnes) 
Cost of electricity [mill/kW(e)h](a) 

inboard side (m) 

outboard side (m) 

8.22 
0.91 
2.80 
12.27 
4.55 
29.6 
1.25 
0.17 
3.13 

9.58 

14.47 
81.0 

7.87 
1.15 
2.99 
10.72 
4.85 
37.0 
0.77 
0.20 
2.34 

7.93 

10.66 
70.4 

7.69 
1.30 
3.09 
10.03 
5.01 
46.4 
0.55 
0.22 
2.00 

7.20 

8.87 
65.6 

7.59 7.44 
1.39 1.55 
3.14 3.23 
9.64 9.07 
5.11 5.26 
50.0 50.0 
0.43 0.25 
0.24 0.33 
1.57 0 

6.55 4.58 

8.12 7.31 
63.4 60.4 

constant 1992 dollars. 
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current density increases to compensate for the factor of 1.9 decrease in the cross-sectional 
area (4kw2) of the HF windings as k increases from 1 (a square cross section) to 12.9 
(adjacent winding packs on the inboard side, as in a tokamak). The density increases by a 
factor of 1.7 because of the factor of 2.5 decrease in the plasma volume and the factor of 1.2 
increase in Bo [see eq. (4)]; there are smaller changes in (P, and (T). The COE is 
81 mill/kW(e)h for k = 1 (where Bmax = 16 T and Ro = 12.3 m) and 60.4 mill/kW(e)h for 
k = 12.9 (where B m a  = 10.1 T and Ro = 9.1 m). We choose k = 3 (vs 2.6 for ARIES-I) as a 
compromise; higher values of k yield a smaller coil depth that leads to smaller values for Roy 
B m a ,  and the COE; lower values yield more room for blankets between the helical windings 
on the inboard side. The fraction of the surface area without a blanket (that under the inboard 
half of the HF winding pack and the associated shield) increases from 17% at k = 1, which is 
acceptable, to 33% at k = 12.9, which is not acceptable because it is also necessary to leave 
room for the divertor (which requires 5.5% of the wall area at k = 1 and 9.9% at k = 12.9 for 
an average 3 MW-m-2 at the entrance to the divertor). 

Lower values for Bmax are possible with a somewhat increased COE, as shown in 
fig. 11. The COE increases with decreasing B m a  because Ro increases from 10 m at Bmax = 
16 T to 12.8 m at B m a  = 8 T. The value for j has the largest variation (from 46.4 MA.m-2 at 
Btnax = 16 T to 7.8 MA.m-2 at Bmax = 8 T) because the value of Bmax depends on the 
perimeter of the helical winding cross section; lower B m a  leads to a higher value for w (and 
Ro) and hence to a lowerj for a given Bo 
parameters are relatively independent of the limiting value for Bmm; Bo and (p> change by 
4 1 %  as B,a, varies from 8 T to 16 T. 

= 1/w2 from eq. ( 5 ) ] .  The values of the other 

ORNL-DWG 94M-2212 FED 

----+------_+ _ _ _ _ _  " _ _  

- j(10MA/m2) 

8 10 12 14 16 

Bmax (T) 

Fig. 1 1. Variation of reactor parameters with the maximum field on the 
superconducting winding pack. 



21 

The reactor costs are rdlatively insensitive to any additional costs related to the geo- 
metrical complexity of the stellarator coils. Increasing the cost of the HF and VF coils by 
25% increases the COE by 1.7%. Increasing the cost of the blankets and the shields by 25% 
as well has a more dramatic effect, increasing the COE by 10.5%. 

5.2 OTHER PARAMETER ASSUMPTIONS 

A nominal set of physics parameters was chosen for the base reference case. These 
parameters were then varied to test the sensitivity of the reactor parameters to these choices. 
The value of (P, obtained for the reference case is a modest 3.1%. Values of (P, of 2% have 
already been obtained in experiments, and theory indicates that values more than twice this 
value should be attainable. If experiments were to indicate that this value was not attainable, 
then a slightly larger reactor size and higher COE would be required, as shown in fig. 12. For 
example, if operation were limited to (p) = 2%, then Ro would be 5% larger and the COE 
would be 8.4% higher than the reference CT6 values. Even lowering the (p> limit to 1.5% 
would only increase Ro by 9.1% and the COE by 17%. Most of the variation in (p) is due to 
Bo; fig. 13 shows that Bo2 increases by a factor of 3 as (P, decreases from 3.1% to 0.7 %. The 
plasma volume increases (from 1400 m3 at (p) = 3.1% to 2720 m3 at (/$ = 0.7%), so (7') 
decreases to give the same output power; the plasma density is approximately constant. The 
value of Bmax is constrained at 16 T; w must increase (and hence Ro and the COE) as the 
required HF current increases to produce the increased Bo. 
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The correlation between (P, and H' seen in fig. 13 is the same as that seen in fig. 8 
where H' was varied. These values are plotted in fig. 14. The optimum values (with respect 
to the minimum value for the COE) for (p> and H' are related and are not necessarily the 
limiting values. For constant (T) and H', (p> = (H')2-5 because of the P a - 6  dependence in TE 
[16]. Here (n) is constant with H' and (p) = (H')2 because (T) (and the fraction of alpha- 
particle heating lost) changes with H'. 

to 2% only increases the COE by 4.6%. Removing the density limit [ 1.5 times the value 
given in eq. (4)] also has a modest effect; although (n) increases from 1.3 x 1020m-3 to 
2.4 x 1020 m-3 and (T) decreases from 7.7 keV to 4 keV, the COE only decreases by 4%. 

Other parameter variations have a smaller effect. Doubling the oxygen impurity fraction 

5.3 EFFECT OF ALPHA-PARTICLE LOSSES 

Modification of the magnetic configuration properties can significantly reduce the 
extent of the alpha-particle loss region, even to the point where the loss becomes negligible 
[3]. Eliminating the loss region reduces the fraction of alpha-particle power lost from 42% 
for the reference case to zero and increases the helium ash density from zero for the reference 
case to a density fraction that depends on the helium confinement time, which can be very 
long. The increased helium fraction leads to a smaller fuel ion fraction nDT/ne; the fusion 
power varies as (nDT/ne)2 at a given ion temperature. Parameters for cases with assumed 
helium fractions of 5% [a 21% reduction in (nDT/ne)2], 10% [a 39% reduction in (nDT/ne)2], 
and 15% [a 55% reduction in (nDT/ne)2] with no alpha-particle power loss are compared with 
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those for the base case in Table 8; no solution could be found for a helium density fraction 
>15%. The plasma parameters for the base case adjust to compensate for the large alpha- 
particle power lost. Both (n) and (7‘) increase with helium content to keep the electrical power 
output at 1 GW; the total fusion power in charged particles is 354 MW for all cases. The 
effect on the plasma power flow is shown in fig. 15. The conduction loss decreases with 
increasing helium fraction because the energy confinement time increases ((n) and the plasma 
volume increase). The radiation losses increase because both (n) and (T> increase with helium 
content. Despite the relatively large alpha-particle loss in the base case, the COE is only 3% 
more than that for the nominal 10% helium case with no alpha-particle power lost. 

5.4 OTHER COIL CONFIGURATIONS 

Two other coil configurations were studied to determine the sensitivity of the COE to 
the coil parameters: a nine-field-period Compact Torsatron (CT9) and a twelve-field-period 
Compact Torsatron ((312) based on the ATF coil set [17]. The relevant coil parameters are 
A,=3.77,A,=2.50,andA~=6.37forCT6;A~=4.66,A,=3.24,andA~\=8.60forCT9; 
and A, = 7.78, A, = 4.49, and AA = 9.50 for CT12. For the same assumptions as for the refer- 
ence CT6 case, the COE for CT12 is 66.8 mill/kW(e)h. Although Ro is 44% larger, the COE 
is only 1.8% higher than for the reference CT6 case because the area of the plasma surface 
from which the blanket and shield volumes are scaled is 4.6% less than for the CT6 case (due 
to the much lower value for Ap). For CT9, the COE is 72.3 mill/kW(e)h, 10.2% higher than 



Table 8. Effect of alpha-particle losses and helium fraction 
on CT6 reactor parameters 

5% 10% 1.5% 
Helium Helium Helium 

Base case 

Volume-averaged density (n)  ( 1020 m-3) 1.30 1.56 1.64 1.70 
Density-averaged temperature (T) (keV) 7.69 7.32 7.86 8.76 
Volume-averaged beta ( p )  (5%) 3.09 5.14 5 4.62 
Major radius Ro (m) 10.03 9.78 9.83 9.92 
Toroidal field on axis Bo (T) 5.00 4.10 4.36 4.80 
Cost of electricity [mill/kW(e)h](a) 65.6 63.3 63.7 64.6 

constant 1992 dollars. 
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Fig. 15. Variation of the plasma power flow with helium fraction. 

for the reference CT6 case. Although the value of Ap is larger than that for CT6, it is not large 
enough to compensate for the 32% larger value of Ro; the plasma surface area is 35% larger 
than that for the CT6 reference case. 

CT9, CT12, and other tor- 
satrons with different values of Ap (varying from 3.6 to 11.7) and AA (varying from 6.4 to 

Figure 16 shows the range of COE values obtained for 
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1 1.3). The COE depends on the parameter Aa2/Ap which characterizes the relative wall area, 
rather than on AA or Ap separately because the most expensive components of the FPC are 
usually the blankets and shields, as indicated in fig. 10. For a given thickness, their cost = 
wall area = ~w~ = R $ I A ~  = A&A* 

Alternate coil configurations could lead to significantly lower values for the COE. 
Figure 16 shows the reduction that could be obtained if the CT6 plasma-coil separation ratio 
AA could be reduced for a fixed coil aspect ratio Ac. This is done in this calculation by plac- 
ing the edge of the plasma at each of the successively smaller flux surfaces shown in fig. 2, 
so that A p  increases as AA decreases. However, in demonstrating the potential gain by reduc- 
ing Ah, this calculation avoids the issue of the diverted flux layer outside the last closed flux 
surface, which would have to be addressed. Recently, a twelve-field-period torsatron with 
AA = 7.25 and Ap = 9.97 has been found (M12) that has the potential for much better perfor- 
mance than CT6, as well as having the strong advantage of one modular coil per field period 
[lS]. The COE for this coil canfiguration is also shown in fig. 16. 

5.5 SCALING WITH ELECTRIC POWER OUTPUT 

All reactor cases studied thus far have a net electric power output PE = 1 GW(e). 
Figure 17 shows the variation of the reactor parameters as PE is increased from 0.6 GW(e) to 
2 GW(e) for the reference CT6 case. Although power plants with PE < 1 GW(e) are possible, 
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Fig. 17. Dependence of the cost of electricity and other reactor parameters on the net 
electric power output. 

significant improvements in reactor economics can be obtained for larger power plants. 
Increasing the electric power output from 1 GW(e) to 1.5 GW(e) and 2 GW(e) would reduce 
the COE by 22% and 31%, respectively, if the costs of the reactor plant components continue 
to scale with power as they do at the l-GW(e) level and if the plant availability remains 76% 
at the higher powers. Even the relatively modest increase in P E  from 1 GW(e) to 1.2 GW(e) 
would reduce the COE by 11%. The mass of the FPC (and its cost) is approximately inde- 
pendent of PE because the reactor size does not change with PE; Ro is 10.2 m for PE = 
0.6 GW(e) and 9.9 m for PE = 2 GW(e). Essentially all the decrease in the COE with increas- 
ing PE is due to the fact that the COE is inversely proportional to PE. The additional power 
results from an increase in (n) [from 1.0 x 1020 m-3 for PE = 0.6 GW(e) to 1.8 x 1020 m-3 for 
PE = 2 GW(e)] and in (T) [from 7.3 keV for PE = 0.6 GW(e) to 8 keV for PE = 2 GW(e)]. 
This leads to the nearly linear increase in (p> with P E  seen in fig. 17; Bo only decreases by 
13% over this range. For constant (7‘), (/$ = P E  [ 161. Here (p> = PEo.’ because (7‘) and H’ 
change with PE.  

5.6 MORE CONSERVATIVE ASSUMPTIONS FOR THE BLANKET 
AND SHIELD 

The effect of a more conservative model for the shield can be studied by using the 
ARIES-IV model. The reactors studied in this paper employed blanket and shield models 
developed in the PULSAR study to reduce the total thickness of the blanket and shield under 
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the inboard half of the helical windings, and thereby the size of the reactor. However, the 
PULSAR study uses the same blanket and shield models developed in the ARIES-IV study 
to allow a better comparison with ARIES-IV. If we use the ARIES-IV model, the thickness 
of the shield under the inboard half of the helical windings increases from 1 m to 1.15 m, and 
the material changes from SiC/TiHi.S/Pb to SiC/B4C. The thickness of the shield elsewhere 
increases from 0.75 m to 0.9 m, and the material changes from SIC to SiC/B4C. The blankets 
are unchanged. The net effect is to increase the COE for the reference case by 11% to 
72.6 mill/kW(e)h. 

obtain the required tritium breeding ratio. In that case, we assume a blanket thickness of 
0.5 m and a shield thickness of 0.85 m everywhere around the plasma. The minimum dis- 
tance from the plasma edge to the face of the HF winding pack is then 1.6 m vs 1.3 m for the 
reference assumption. However, it is no longer necessary in this case to leave space between 
the HF windings on the inboard side for the blanket, and the transverse elongation of the 
windings can be increased until they touch on the inboard side (k  = 18), as in a tokamak. The 
resulting COE is 67.6 mill/kW(e)h, only 3% higher than that for the base case. Although this 
case has larger values for Rg (1 1.2 m) and FPC mass (9,850 tonnes) than the reference CT6 
case, i t  has two significant advantages over the CT6 case: only 7% of the wall area is not 
covered by a blanket (vs 30% for CT6) and the maximum field on the superconducting 
winding pack is only 9.1 T (vs 16 T for CT6), which allows the use of NbTi rather than 
Nb3Sn as the superconductor. 

It may be necessary to have a blanket under the inboard half of the helical windings to 

5.7 EFFECT OF MODULARIZATION 

The cases discussed thus far (except for M12) are based on continuous helical wind- 
ings. Although used in this scoping study for simplicity in calculations and comparisons, 
continuous helical windings may not be practical in  a reactor in which it may be necessary to 
replace a coil, even if the coils are not as stressed as those in a tokamak reactor. As discussed 
in Sect. 2.1, helical windings may be modularized in the symmotron fashion 171 or with sev- 
eral nonplanar TF coils per field period [8]. The symmotron option is simulated in our calcu- 
lations by adding (1) VF coil segments that connect the beginning and end of each field 
period and carry the full helical coil current, and (2) extra VF coils to give the correct net VF 
coil currents. This approach is inefficient because it requires additional coil mass, but it does 
preserve the open space between the helical windings for blankets and maintenance, which 
leads to smaller-Ro reactors. The resulting COE is 4 %  higher than that for the reference 
CT6 case. The M12 modularization is similar, but the windbacks are located at larger radius 
and thus avoid the sharp coil bends that characterize the symmotron. 

cal extent of the coils by a factor of 2 and eliminating the VF coils. The modular TF coil set 
produces the magnetic configuration more efficiently than a helical coil system that requires 
a VF coil with current in the direction opposite to that in the helical coils. However, this type 
of modularization results in cdils that are closer to the plasma (larger AA) and, hence, a larger 
value for Ro. There is no longer enough space between the nonplanar TF coils on the inboard 
half of the torus for the blanket segments, so a blanket must be used everywhere on the 
inboard side. A CT6 reactor of this type would have a significantly larger COE. 

Modularization using nonplanar TF coils [8] is simulated by reducing the effective heli- 
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6. CONCLUSIONS AND DISCUSSION 

Stellarators have significant operational advantages over tokamaks as ignited steady- 
state reactors. This scoping study shows that a torsatron reactor could also be competitive 
with a tokamak reactor for a range of assumptions. The COE for the 1-GW(e) CT6 reference 
case, 65.6 mill/kW(e)h in constant 1992 dollars, allows relaxing different assumptions and 
constraints while still keeping the COE competitive. The COE is relatively insensitive ( ~ 1 0 %  
variation) over a wide range of assumptions, including variations in Bmax,  the coil elongation, 
the shape of the density profile, the beta limit, the confinement multiplier, and the presence of 
a large loss region for alpha particles. The optimum values for (P, and H’ are related and are 
not necessarily the limiting values; moderate values are sufficient for a competitive COE: 
(p) 2 2% and H’ 2 1.5. The value of B m a  on the winding pack can also be relaxed; a com- 
petitive COE is obtained for B m a  2 10 T. The largest variations in the COE occur for vana- 
tions in the electrical power output demanded and the plasma-coil separation ratio. The COE 
is not affected by the relatively large alpha-particle losses assumed here. 

The CT6 torsatron configuration examined in this paper is not an “optimum” stellarator 
configuration for the reactor application; it is only one of the family of Compact Torsatron 
configurations [6] that were obtained by maximizing the average radius of the last closed 
magnetic surface, subject to MHD constraints that maximized the (p> limit. While this is 
desirable for an experiment, it tends to minimize the critical distance A between the plasma 
edge and the center of the coil winding pack, rather than maximizing it as needed for the 
reactor application. The COE could be reduced significantly if the ratio A*%’A, could be 
decreased, as shown in fig. 16. 

Although results to date are encouraging, further work on optimization of the coil con- 
figuration is needed in a number of areas to define an improved reference case: (1) improved 
low-aspect-ratio torsatron configurations with feasible modular coils that preseme the open 
helical structure of torsatrons and allow more room between the plasma edge and the center 
of the coils, which would reduce the size (and cost) of the reactor, such as M12; (2) 3-D neu- 
tronics calculations to determine the required thickness of the side shields for the inboard 
coils, which determines the maximum allowable elongation for the coils and hence their 
minimum radial depth; (3) shaping of the coil cross section, as is done in ATF and LHD, to 
allow more room at the sides of the coil for neutron shielding; (4) 3-D calculation of the 
maximum field on modular coils, which determines the maximum current density and stress 
in these coils; (5) optimization of the divertor geometq and its impact on the blanket design; 
and (6) 3-D calculations of the beta limits and ripple-induced transport for modular coil stel- 
larators with optimized magnetic configurations and optimized plasma profiles. The empha- 
sis on finding a modular-coil version of the torsatron is due to concerns about fabrication and 
repair of large helical windings. Also, more may be gained by looking at other stellarator 
reactor candidates. 

As stellarators approach the reactor collisionality regime, ripple-induced losses of ther- 
mal particles and compensating electric field effects should become more important. The 
simple 1 -D transport model used in this paper for comparison with the ARIES tokamak reac- 
tor studies can be replaced with a more refined 1-D ripple-induced stellarator transport model 
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[ 191. Calculations of this type have been done for a torsatron reactor configuration with fixed 
parameters: Ro = 10 m, A, =15, and Bo = 5 T [20]. 

To see the effect of the neoclassical ripple-induced losses on stellarator reactor opti- 
mization, the CT6 case was calculated using the Shaing-Houlberg 1-D ripple-induced stel- 
larator transport model [ 191. The assumptions were the same as for the CT6 reference case 
except that the thermal diffusivity based on Lackner-Gottardi scaling was replaced by the 
ripple-induced diffusivities and an anomalous electron thermal conductivity, and the off- 
diagonal (Vn and V# terms) were included in the 1-D electron and ion heat flow equations. 
The electric potential # was assumed to be parabolic with @O) = SoTj(0). Two cases were 
studied: an “ion-root” case with 40 = -2.5 (50 = -2.3 was obtained for self-consistent ambipo- 
lar neoclassical transport in ref. 121 1) and an “electron-root” case with 60 = +3.5. The pro- 
jected COE for the two cases was 64.4 mill/kW(e)h and 64.9 milVkW(e)h, respectively, not 
very different from the 65.6 rnill/kW(e)h found for the reference CT6 case. The next step 
would be to incorporate the self-consistent 1-43 calculation [21] of the radial profiles of the 
ion and electron temperatures and densities and the ambipolar radial electric field into the 
optimization. 

Further improvement in the outlook for torsatron reactors, and for stellarator reactors in 
general, depends on establishing the physics basis needed for reactor extrapolation and on 
further optimizing the stellarator coil configuration. Present stellarators [2] can develop much 
of the physics basis needed for stellarator optimization. ATF was designed to study beta 
optimization and confinement improvement through access to the second-stability regime. 
Wendelstein 7-AS was designed to study confinement improvement through reduction of the 
Hirsch-Schliiter current. The Compact Helical System was designed to study stellarator 
behavior at lower aspect ratio. DIII-D-scale stellarators with superconducting coils that can 
demonstrate true steady-state operation, effective control of particles and impurities with 
divertors, and significantly higher plasma parameters (p, Ti, n~,$i) are now under construc- 
tion in Japan (LHD) and in the design and approval phase in Germany (Wendelstein 7-X). 
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