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ABSTRACT c 

Low-aspect-ratio torsatron configiirations could lead to  compact stellarator re- 

actors with Ro = 8-11 m, roughly one-half t o  one-third the size of more conventional 

stellarator reactor designs. Minimum-size torsatron reactors are found using vari- 

ous assumptiuns. Their size is relatively insensitive to the choice of the conductor 

parameters and depends mostly on geometrical constraints. The smallest size is 

obtained by eliminating the tritium breeding blanket under the helical winding on 

the inboard side and by reducing the radial depth of t h e  superconducting coil. En- 

gineering design issues and reactor performance are examined for three exainples to 

illustrate the feasibility of this approach for corripact reactors and for a medium-size 

(Ro 2 ‘3 In, TL 5 1 m)  copper-coil ignition experiment. 

V 





I. INTRODUCTION 

It is important to find a more attractive fusion reactor concept than the con- 

ventional tokamak approach seems to allow. To be econornicallp attractive, such a 

reactor should have the potential for high-beta operation, have good confinement 

properties, be capable of steady-state operation without large amounts of recircu- 

lating power t u  the plasma, and be compact to reduce unit size (and cost). 

Compact reactors are particularly attractive because their smaller size allows 

lower total capital investment, increased mass utilization, and easier maintenance. 

Compact reactor size implies a IOTV plasma aspect ratio A ,  - Ro/u and coil aspect 

ratio Ac : & / T O ,  where Ro is the major radius of the helical field (HF) winding, 

ro  is its average minor radius, and ii is the average rninor radius of the noncircular 

plasma. Sheffield's analysis' of generic rcactor issues (beta limits, wall loading, 

power output ,  cost, etc.) points t o  the existence of an  optimum reactor (lowest 

beta requirement) for A, 2 5.  

Stellarators are good candidates fur such optimiim reactors. Both tokamaks 

and stellarators obtain high plasma parameters and belong to the toroidal family 

of confinement devices characterized by closed, toroidally nested magnetic surfaces 

produced by helical (toroidal plus poloidal) magnetic fields. However, stellarators 

produce both toroidal and poloidal field components entirrly by currents in external 

windings and hence do not require a net plasma current. Thus,  there is no need 

for a continual power input to drive Large toroidal currents in the plasma, as there 

is for a n  ignited, steady-state toka~nak  reactor. The ahsence of a ne t  plasma cur- 

rent in stellarators eliminates the major disruptions that can terminate tokamak 

discharges ant1 damagr the first na l l  of a reactor. Since the stellarator is inht>r.ently 

steady state, thpre are no piilsed rnagnctic or thermal loads  to accnmmoda te ,  and 

thus i t  does not have the thernial arid mt.chanica1 fatigue probleriis that doininate 

1 
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tokamak reactor designs. The good confinement geometry exists without plasma, 

so plasma start lip is on well-confined vacuum flux surfaces. i’arialion of currents 

solely in external windings allows a large degree of direct control of the magnetic 

configuration parameters and the flexibility to  optimize the magnetic confinement 

geometry. Finally, the plasma temperature and density profiles in stellarators are 

more strongly influenced by the power and particle deposition profiles than those in 

tokamaks, which exhibit (‘self-consistent’’ profiles.’ This allows more direct control 

of the plasma profiles that  have a large influence on the overall confinenlent and 

stability of the plasma. 

The torsatron is an attractive variant of the stellarator for a reactor because 

of its high beta potential and because both toroidal and poloidal fields are produced 

by unidirectional currents in external helical windings. This eliminates the need for 

toroidal field (IFF) coils, reduces the forces on the windings, and allows extra room 

for reactor maintenance. (Another alternative, not discussed here, is to  modularize 

the torsatron following the symrnotron a p p r o a ~ h . ~ j ~ )  

Low-aspect-ratio torsatrons, like the *Idvanced Toroidal Facility (ATF) 

experiment5 at Oak Ridge National Laboratory, potentially satisfy the criteria for 

reactor attractiveness mentioned at the beginning of  this section. High volume- 

average beta ( (p i  : 5- 10%) can be obtained through dirert access to the  high-beta 

second stability region that results from beta self-stabilization and shear stabi- 

lization. Good confinement is obtained through magnetic field design and l isp of 

ambipolar electric fields to reduce cross-field direct orbit losses arid diffusive losses. 

Steady-state operation without large amounts of recirculating power is a natural  

consequence of the fact that the magnetic configuration is established solely b y  

currents in external coils. 

Traditional stellarator reartor designs h a w  high plasma a s p ~ c t  ra t ios  1F.g.. 

Heliotron I1 (Ref. 6 )  aiid ,1SllA6C (Ref. 7 )  with . Ip -= 12 and TNPP (Ref. 8) 
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with A, = 20-301 since stellarator lore has held that (equilibrium) beta limits scale 

as Pc a A,. This scaling resulted in large values of Ro (220-25  m)  for the more 

developed Ileliotron H and ASRAGC. The ATF torsatron5 with =1, z 7 departs from 

this traditional view, taking advantage of the findingg that,  at lower A,, direct access 

to a high-beta second stability region occurs. The lower-aspect-ratio ATF torsatron 

is a step in this direction, but further reductions in aspect ratio can Le made. The 

studies of ATF-based reactors presented here focus on magnetic configurations that 

retain the high-beta potential of ATF a t  4, as low as 3.5 a n d  lead to reactors with 

no = 8-11 m. 

The low-aspect-ratio, .t = 2 torsatron reactors based on the ATF configuration 

properties are designated Advanced T'moidal Reactors ( ATKs). Three cases were 

selected for detailed study: ATR-1 with AI = 6 and A, = 3.9, ATR-2 with AI = 9 

and A,  = 4.7, and ATR-3 with A I  = I:! and .47, 7 7.8. Here 1 is the multipolarity 

and AI is the nuniher of toroidal periods of the €IF winding. Obviously a range 

of low-aspect-ratio reactor cases exists and the optimum case could he different, 

but thme particular cases serve to illustrate the feasibility of  compact torsatron 

reactors. The configuration properties of 10.cv-A~ torsatrons are discussed in  more 

detail in Ref. 10, and their scaling properties are discussed in Ref. 11. 

This paper constitutes a first examination of the family of low-aspect-ratio tor- 

satron reactors and the sensitivity o f  these compact reactors to various engineering 

and physics assumptions. Point studies of  higher-aspect-ratio torsatron reactors 

have been carried out.6*8 Low-aspect-ratio stPllarators have also been si,utliecl by 

Laratski12 fur the ATF configuration, b y  13itchon13 in generic scaling sttidies, and 

b y  the Kharkov g r c i ~ p ' ~  in their recent Uragan-2hiR study. This paper consid- 

ers the implications of the iiiore realistic configurations described in Ref. 10; the 

key physics issues; the co~iseqiiences of  crigjneerinrg choices for coil. hlanket . and 
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shielding parameters; and the projected performance for a reactor and for a small 

copper-coil torsatron ignition experiment. 

11. E O W - A S P E C T - R A T I O  TOR§ATR,ON C O N F I G U R A T I O N S  

‘4 family of optimized low-aspect-ratio torsatrons with properties similar to  

those of ATF has been described in Ref. 10. ‘The optimization is for maximum * ( a )  

subject to  constraints of ~ ( 0 )  -- 0 .3  and a central magnetic well. Here t = l / q  i s  the 

rotational transform. These compact torsatrons have &(a )  2 1 and high edge shear, 

and the magnetic well usually extends to the t = l / 2  surface. These properties arid 

the resulting beta self-stabilization effect (increase of the magnetic well depth with 

increasing beta duc to the outward Shafranov shiit of the magnetic axis) result in the 

potential for stable, high-beta operation. In particiilar, the theoretically attainable 

h r t a  increases with decreasing aspect ratio faster than the heta required for a given 

fusion power, providing more margin for reactor operat ion. 

The t - 2 configurations are produced by either one ( A I  odd) or two (AI  even) 

helical windings on a circular cross-section torus with a mudulated winding trajec- 

tory given by q!~ = t [8  - a,  sin(n8)]/AI. IIcre q5 and 8 are the usual toroidal 

and poloidal angles, respectively, and CY, are winding modulation coefficients. The 

coil parameters for the threc ATK cases are given in Table I ,  and the resulting coil 

geometry is shown in Fig. 1. The vertical field (VF) coils are needed to position 

the magnetic axis, form closed magnetic surfaces, and shape the magnetic siirfaces 

appropriately as beta increases. Table I gives the normalized values for I ,  R, and 2 

for the TTF’ coil sets required to create the desired magnetic configurations; Bo is the 

magnetic field at R - H o .  Although the AI = 6 and ill - 9 corifigiirations do r io t  

require an inner ITF coil set. in practic? all three cases n-ould have additional 1-F 

coils t o  control t h e  magnetic configiiration (central rotational transform. shaping, 

axis shift) and to prevent net toroidal plasma currents. The optimum modulation 
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TABLE I. 

ATR Coil Parameters 

Parameter . ATR- 1 

Q1 0.446 

a 2  ----0.079 

a3 0.029 

a 4  0.0009 

2.50 

0.833 

1.500 

f0.500 

0.275 

- 

- 

..... 

AI'R-2 

9 

0.27.5 

- 0.0435 

0 

0 

3.24 

0.555 

12 

0 

0 

0 

0 

4.49 

0:417 

1.460 1.400 

+0.405 f0 .305  

0.213 -0.206 

0.633 

h0.0953 

0.0625 
...... 

a(hlA.turns) .T-l-m-l  in each coil. 
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0RNL.-DWG 88-2581 FED 

Fig. 1. Top views of coil geometry for (a) ATR-1, (b) ATR-2, and (c) ATR-3. 
The coil cross section is sized to  give the same magnetic field on axis with the same 
current density in the coils. 

of the HF winding arid the necessary vertical field increase as AI decreases. The 

lielical coil geometry Iwxonies more open at lower AI and allows improved access 

for vertical removal of blanket and outer shipld assemblies in a reactor. 

Figitre 2 shows the flux surfaces for the AI = 9 case at  different angles in 

a toroidal field period. The basically elliptical (e = 2)  plasma cross section is 

distorted by toroidal effects (triangularity at 4 = 20") as it rotates through a -10" 

field period. Although the I-IF windings lie on a circiilar cross-section torus. the last 

closed flux surface extends beyond this radius poloidallp in the weaker field region 

between the windings. In contrast to a tokamak, a torsatron has a last closed 

flux surface (the plasma edge) because the naturally occurring separatrix breaks 

r i p  into a thin ergodic regicm. Outside this  there is a layer of diverted field lines 
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Fig. 2. The flux surfaces for the ATR-2 configuration at  (a) # = O", (b) 4 = lo" ,  
and (c) 4 = 20" in a 40" field period, where the small circles show the locations 
of the multiple filaments used to represent the €IF winding cross section in these 
calculations, and (d)  definitions of various geometric distances used in this paper. 

that  can be used as a natural divertor. The  diverted fliix bundle is not helically 

symmetric at  low ,4, and tends to be concentrated at  the outside (large E )  in the 

equatorial plane [$ - (272 -+ l ) ~ / A / f ] .  This feature is important both for impurity 

control and for control of the edge plasma density, which (as in a tokamak) is 

important in determining the overall transport properties (as  shown in Sec. VU). 

These configuration features make i t  necessary for the first wall to have a noncircular 

and nonaxisymrnetric cross section, but it can have a built-in divertor charnl>er. 

Although the magnetic axis may he centered in  the HE' winding circle, the 

plasma surface is not centered. The relative out\vard shift of the magnetic axis 

with respect to the center of the last closed flux surface indicates the presence of  

a magnetic well, which is a feature of our optimized configurations. The radially 
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outward shift of the vacuiim magnetic axis required to  produce the vacuum magnetic 

\vel1 desired for magnetohydrodynamic (LIHD) stability is 1argt.r a t  lov-er .-lP arid 

limits attainment of much lower --Ip for reactors. i l s  beta increases. the magnetic 

axis continues t o  shift radially outward. h u t  the position of the outermost f l u s  

surface remains relatively unchanged. As a result, the peak neutron wall loading 

occiirs at tlie outside, and  thc plasma boundary is closest to the coils a t  the inside. 

The paramcters that characterize the vacuum magnetic surfaces for the opti- 

mized configurations analyzed here are given in ‘Table 11. The parameter A17f /17f (0)  

is a measure of the vacuum magnetic well depth. We define A - A(8,$) as the 

varying distance between the plasma edge and the center of the H F  winding. The  

parameter A, in Table I1 is the minimum value of A.  It does not necessarily occur 

TABLE 11. 

ATR Configuration Parameters 

1’a.r a.rn e t e r 
.. . . . . . .- 

AT Et- 1 ATlt-2 AT‘ R-3 

G 

3.87 

0.646 

6.62 

0.585 

0.378 

2.10 

0.98 

0.32 

1.6 

9 

4.66 

0.695 

8.64 

0.539 

0.375 

1.81 

0.97 

0.24 

2.7 

12 

7.78 

0.577 

9.50 

0.819 

0.-173 

1 .G9 

0.95 

0.34 

0.7 
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a t  the location shown in Fig. 2(d) and depends somewhat on the cross section as- 

sumed for the EIF’ winding conductor. The distances A and hence A, scale linearly 

with R,, since they are properties of the magnetic configuration. 

. 111. KEY PHYSICS ISSUES FOR LOW-R/6 TORSATRONS 

The usual concerns about low-AP torsatrnns are lower equilibrium beta limits 

and increased transport. At low A,, beta limits are expected to be set by equilib- 

riurn limits and fragility of Aiix surfaces, rather than by stability limits. Concerns 

about lower equilibrium beta limits at lower aspect ratio are not justified for the 

configurations studied. The conventional wisdom states that  equilibrium beta lim- 

its should scale as /Ic = - L . ( E ) ’ / / . ~ ,  o; ’4, sirice c(C) cx A,. For low-aspect-ratio 

torsatrons, tlie symmetry-breaking effects due to l / R  toroidal coupling effects are 

significant and should lead to  loss of some outer magnetic surfaces and a further re- 

duction in the equilibrium beta limit. The torsatron configiirations considered here 

have been optimized to restore the destroyed outer flux surfaces atid have -L.(u)  2 1, 

giving Pc oc 1/-11, instead of pc cx A,. 

Equilibrium beta limit calculations have k e n  performed using the three- 

dimensional (3-D)  VRIEC and NF:AR t-quilibrium codes for these configurations. 

For the pressure pr<ifiles considered. hc t a  is limited o n l y  by eqiiilibriiim a t  1 1 ) ~ ~  . A p .  

The outward Shafranrw shift of  the inagnetir axis with increasing beta (stronger a t  

lower A,) deepens the vacuum magnetic well fast enough to overcome the destabi- 

lizing influence of the increasing plasma pressure. The filii tc  p1,rsrna pressure can 

also drive currents that increase the interior shear at  rational rotational transform 

surfaces where resonance effects are important, an effi.ct that can be stabilizing if 

properly controlled with currents in  external poloidal field coils. A set of inner IrF 

coils can Le effective in combating the fragility of the magnetic flux surfaces. 
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The concern that confinement deteriorates (in particular, that  the heat diffu- 

sivitg x increases) because of the increased field ripple at low A, is more serious. 

However, at low collisionality a compensating effect due to the ambipolar radial 

electric field can be more important than the deleterious effects of higher field rip- 

ple or finite beta distortions of the magnetic field.15 The confinement improvement 

results from E Y Z poloidal orbit rotation. which reduces the usually dominant 

trapped particle losses arising from B >i TI? drifts. This mechanism applies to  

the thermal ions since they are i n  the low collisionality regime, where the heat 

diffusivity xt o( VIE: ,  but not to  the electrons, which are in the higher collision 

frequency regime where electric-field-produced rotation is not effective, so ripple 

trapping rlominates and ?le oc c;”+/v 0: 1/.4;. IIere v is the collision frequency, c h  

is the amplitude of the helical field ripple, and ET = l/Ap. These effects are treated 

in detail in Sec. 1711. 

+ 

I‘ery high energy particles (in particular, the 3.5-LfeV fusion-produced alpha 

particles) that are ripple trapped are not well confined and are not influenced by 

the compensating electric field effect discussed above. The loss of these particles16 

increases at lower =I, from -15% for AI - 1 2  to 2 3 5 %  for A I  = 6. Fortunately, 

this direct alpha loss exits in  a very narrow helical strip between the €IF windings, 

a n d  the energy can be recovered csternall>. The Inaiii effrct of the direct alpha loss 

is to reduce slightly ( b y  15 35°C) the  heating poiver to  th r  hackground plasma arid 

hence to increase by a corresponding amount the external heating poir-er required for 

ignition. A beneficial effect of this loss is the removal of the lielium ash. Confined 

alphas slow duwn to energies -. 30r, - 0.4  hlel’ before scattering into tlic loss 

region. The bulk plasma particles with energics 5 3Te -- 40 keV are  confined b y  

the E x B poloidal orbit rotation and are not affected by  the high-energy loss region. 
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IV. MINIMUM-SIZE TORSATRON REACTORS 

Two figures of merit for reactor optimization are inass utilization 

[klV(e)/tonne] and capital cost, both of which improve as reactor size decreases 

for the same power nutput. For the power densities considered here, the cost o f  

electricity also decreases with reactor size. The minimurii reactor size is determined 

by various constraints: the need to avoid spatial overlap (radial build and toroidal 

distance between €IF windings), plasma parameter limitations ( ( p )  less than some 

critical value)? material limitations (neutron flux rn at  the first wall, nuclear heat- 

ing power density p d  at the edge o f  the superconductor, arid current density j versus 

maximum field BL3,,, in the superconducting windings), and reactor requirements 

(power output desired, adequate space for tritium heeding,  minirriurn cost, access 

for maintenance, etc.). Often these constraints are conflicting; e.g., reducing the 

space lietween the €IF windings decreases the radial depth of the winding but also 

decreases the space available for tritium breeding. There is no unique solution. 

The  selection depends on the weight given to the various constraints and on where 

compromises are made. 

An important characteristic of these configurations is that  the niinirriuni dis- 

tance A, between the last closed magnetic surface and the center o f  the IIF 

winding can be changed only by changing the size of the device. The parame- 

ter .4A - &/Arn is constant8 for a g iwn configuration. Because the quadrupolar. 

helical field of the torsatron falls off rap id ly  n- i th  d i s t ance  from thr IIF n-indings. 

these n-indings must be relatiwly close to  thr plasnia surface t o  provide the desired 

level of shear in the outer region of the plasma. This is different from the case of 

a tclkainak reactor, for n-liicti the plasma edge is defined by a material limiter or  

divertor coil rather than by the TF coil configuration and there is more flexibility 

in specifying the distance betn-een the plasma edge and the TF coils. 
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For torsatron reactors, the minimum size is given by Am = AT, which implies 

(&),,in = Ann*. Here we define AT as the total distance needed between 

the plasma edge and the center of the IIF winding for the plasma-wall separation, 

the first wall thickness, the tritium breeding blanket, the coil neutron shielding, thc 

cryostat and coil case, and the H F  winding cross section. Therefore, to minimize the 

size of a given magnetic configuration ( . l A  constant), we have to minimize AT. The  

dominant terms in AT come from the blanket thickncss, the shield thickness required 

to  protect the superconducting IIF coil from the heating and damage associated 

with the intense neutron flux, and the conductor radial depth. which dcpends on 

the allowed values for current density and maximum field on the conductor. The  

measures taken to  reduce AT here are the use of a thin (tungsten rather than steel) 

neutron shield a t  locations under the IIF coils wlicre the distance to the plasma 

edge is small (on the small major radius side); elimination of the tritium breeding 

blanket a t  these critical locations; and a reduction in the radial depth of the  €IF 

coils (extension of the €IF coil cross section in the transverse direction aiid higher 

current den sit y ) . 

For the AT component that is independent of reactor size and field strength, 

labelcvl A f ,  we assume 0.2 m for the pla5ma-wall separation, 0.01 m for the first 

wall thickness, zero blanket thickness where A is a minimum. 0.1 m for the cryo- 

stat thickness including superinsulation, 0.03 ni for t he  coil case thickness on the  

plasma side ( the net force is radially outward), and 0.03 m for clearance. giv- 

ing a total fisctl distance -1, = 0 . 3 7  ni. Flip shield thickness  ,A3 in meters is 

A, - 0.61 4 0.083 111 ( l l n / p d )  for s t c d  arid -1, = 0.45 + 0.058 111 ( r n  p d )  for 

tungsten,17 where rn is the neutron wall flux in hlW/m2 and pd is the nuclear heat- 

ing pon’er density at  llie edge o f  the superconductor in ni1T/cm3. The  necessary 

shielding thickness is 0.55 m for tungsten and 0.75 m for steel if rn = 5.5 hIJV/m2 



13 

and p d  = 1 n1/V/cm3 are assumed. The value of 5.5  h'IW/m2 for rn  is a conser- 

vative number because it includes a peaking factor of 1.7 over an average rn of 

3.2 MW/m2, although the peak I?, occurs on the midplane at the outside, and the 

shield thickness constraint occurs on the midplane at the inside. This gives a con- 

stant (independent of &) distance A, = A f  + A, of 0.92 m with tungsten shielding 

and 1.12 m with steel shielding. We assume a tungsten shield and no blanket under 

the H F  winding on the small major radius side and a steel shield (with or without 

a thin hlanket) under the HF winding on the large major radius side, where there 

is more room. These assumptions give a distance from plasma edge to conductor 

edge A, = 0.92 In. 

The total distance A, between the plasma edge and the center of the IIF 

winding at  the closest approach point, is givcn by AT - A, + Ac,  where .IC is half 

the radial depth of the superconducting winding. The dependence of minimtini size 

on the HF winding parameters enters only through A, and is relatively weak, since 

Ac is usually much smaller than A. and is not a strong function of the winding 

parameters. For a constant current density j averaged over the conductor bundle, 

the value of A c  is given by 

Here Bo is the magnetic field a t  the magnetic asis ( R  = 11,) i n  tesla, j is in k A / c m 2 ,  

and I/; is the aspect ratio (= transverse wid th~Iadia l  depth)  o f  the  HF v-indiiig cross 

section. Alternatively, for a given maximum field B,,,,, on the conductor, the value 

of llc is given by 

A, = 6Ro (3) 
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The factor 1.32 in 5 arises from calculations'6 of BllIax using a realistic conductor 

cross section and the helical winding trajectory. The approximate expression for 

1 . 3 2 ~  J2Ro K j  Bo/AI 
K + 1  
.- Bmax (5) 

'There is a weak dependence of the factor 1.32 on K and A f ,  and in addition the 

results for (&),in are relatively insensitive to these small variations. 

Given A c ,  (Ro)min can be obtained from 

Using Eqs. (1) and (6) gives 

Alternatively, using Eqs. (3 )  a.nd (6) gives 

For both Eqs. (7)  and (8), no restrictions were pIaced on the relation between j and 

Bll,ax. However, there are stability constraints on the superconducting HF and V F  

windings. For NbsSn internally cooled cable siipPrcondiictor (IC'CS), the niaximiini 

j,B,,l,x pair is given" by  j - j ,  - O.'iB,,,,,, where j ,  = 13.5 kA/cm2.  j is in 

kX/crn2.  and B,,,,, is in tesla. It is straightforward to incorporate this constraint 

in the equation for (R(J),l,,,,. 1 he result is 
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- 

- 

- 

- 

- 

-- 

- - -  

where dl = [0.5 + 5.8AOK/(K + 1)]/d3, dz = O o / d ~ ,  and d3 2 8joAlK/(BoAa) - 

11.6K/(K + 1). The self-compatible values for j and B,,, that are obtained for 

the minimum-size reactor are 

15.5 

15.0 

14.5 - 
14.0 

13.5 

13.0 

I- - 
E 

m 

12.5 

The iree variable in Eqs. (10)-(12) is K ,  the elongation of the FIF winding 

cross section. Figure 3 shows the variation of (nu),,,;, , the fraction f~ of  the siirface 

area available for breeding (i.e., that l>et.~veen the I-IF windings), and j .  In 

calculating fp,, it is assumed that the blanket covcrs a toroidal surface whose cross 

section is an ellipse that rotates toroidally wi th  the pitch o f  the IfF windings and 

allows for a n  adequate distance between 1 1 1 ~  plasma cdge and the siirface o f  the 

blanket. A larger valtic for K results in a smaller (Ro)min  but also in less area for 

the tritium breeding blanket between the IZF windings. In principle, the smallest 
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Fig. 3. Dependence of minimum-size reactor parameters on the elongation of 
the  H F  winding cross section. 
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value for ( f l o ) l l l i n  is obtained in the extreme (but not relevant) case when K = K,,, 

is so large that there is no longer any space between the €IF windings on the small 

major radius side. However, in this case, adequate space under the €IF windings 

must be allocated for tritium breeding (and so A, is increased to  1.12 In), which 

severely compli~ates the remote maintenance issite. This  resiilts in a ridiciilniisly 

high value for K (and a very thin radial depth for the €IF winding), yet ( & ) I l l i n  is 

larger than for modest K values when additional space (0.2 m )  is allowed for the 

necessary blanket under the HF winding. Instead. we choose to select K - 2 $0 as 

to give adeqnate spare  for tritium Iireedirig Iietneen the v-indings and still permit 

a reasonably small value for (Ro)mll,. 1T-e also assume 13, - 5 T for the scaling 

study. Equation (10) then gives (Ro) , in  - 8.37 m for ATR-1, (Ro),in - 10.54 m 

for XTK 2,  and (Ro)min = 11.13 m for ATR-3. These major radii a r e  ro~iglily 

one-half to  one-third those of more conventional stellarator reactor designs.“’ 

Table I11 illustrates the relative insensitivity of minimum reactor size to  var- 

ious assumptions on j ,  K ,  Ao, and Bo for the AI = 6 case. The relatively small 

variation in (Ro)lllin arises from Eq. (6).  Case 1 is evaluated from Eq. (10) for a 

base set of parameters K = 2, . l o  = 0.92 m, flu = 5 T, and ju = 13.5 kA/cIn2. 

Cases 2 through 6 differ in the value of one o f  these parameters, as indicated in the 

“comments” column of Table 111. \ l ie h a w  taken an optirnistic position hy  assuming 

reliable operation with j ,  - 13.5 kA/cm2 for next-century superconductors. €Ion.- 

ever, reducing j o  to 10.8 kAl/cm2 (case 2)  to allow a 20% reduction in both j and 

for additional margin in the superconductor only results in a 7% increase in 

( R o ) l l l i n .  If the less expensive steel is used for the neutron shield, then . l o  increases 

to 1.12 m (case 4) and (Ru),nin increases by 20%. However, the cost increase in 

the largcr reactor outweighs the saving from the cheaper shield material.16 An in- 

crease i n  . l o  to 1.12 ni ~vould  also permit a 20-cm-thick blanket under the coils on 
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TABLE 111. 

hlinimum-Size Ad = 6 Reactors 

Case I-10 (4 6, (4 j (kA/cInZ) B,,, (T) Comments 

8.37 

8.97 

9.36 

10.05 

9.91 

7.77 

7.78 

5.55 

2.16 

2.32 

2.42 

2.60 

2.56 

2.01 

2.01 

1.49 

3.69 

2.48 

2.80 

3.31 

3.11 

4.22 

6.89 

4.59 

14.02 

11.89 

15.28 

14.55 

13.85 

13.26 

9.45 

12.73 

Base case 

j ,  7 10.8 kA/cm2 

B o - 7 T  

A0 - 3.12 m 

K = 1 

K -- 3 

Ii,,,,, = 37.7 

Clentered plasma 

the small major  radius side with tungsten shielding. Relatively low current density 

( j  = 2.5 4.2 kA/cm2) is a feature of all the rialextreme cases in Tablc 111. 

Larger values for (&)nli,, are accompanied by values for ii which are larger 

than those necessary for an attractive compact reactor. Unfortunately, it is not 

possible to trade some of the excess plasma radius for additional room for shielding 

and blankets (and hence reduced size of the reactor) since this also eliminates the 

outer part of tlic rotational transform prvfile arid thus affects the hlKD properties 

of the magnetic configuration. Alodular stellarators v-ith their relatively flat L ( T )  

profiles a n d  tokamaks do not have this constraint. Similarly, it is not possible t o  

“CeIiter” the flux surfaces in the coil borc siticc this eliminates the vacuuIn riiagnetic 

well upon which the favorable hIIID properties dvpend. However, eiven if this were 
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possible, i t  would not help, since the value of A halfway through a field period 

n h e r e  the long axis of  the plasma is horizontal is not much larger t l i r l n  A,. Sim- 

ple geometric models that overlook the fact that the plasma is not centered with 

respect t o  the helical coils, especially at low aspect ratio, and ignore the winding 

lan- modulation typically underestimate the plasma aspect ratio and the minimum 

attainable reactor size by  -30%. This is because the effective hut unrealistic A, 

is significantly larger for the plasma edge centered in the HF n-inding circle. Thus. 

A,J = 4.74 and ( I Z O ) m i n  - -5.55 m for casc 8 versus - 4 ~  = G . G 2  arid (R0),,,jn = 8.37 m 

for case 1. 

V. REACTOR. TORUS COMPONENTS 

The principal components o f  the reactor torus (other than the vacuum vessel) 

are the coil shielding, the superconducting H F  coil. and tlie tritium breeding blanket. 

The  largcst of these is the coil shielding. The tiingsten sliield tliickness of 0.55 m and 

the steel sliield thickness of 0.75 m were obtained for 1 nilV/cm3 of nuclear heating 

at  the surface of the superconductor, chosen so that the cryoplant capacity needed 

t o  compensate fur nuclear heating in the coils is 2% of the net electrical output.  Our 

assumption gives 3 K 10'" rad of exposure to  the insulators after 30 full-pou-er years, 

and the magnrt  would lie annealed every 8 full-power years. Increasing the shielding 

thickness (1)y 0.13 rn with tungsten or 0.19 ni with steel) reduces p d  t o  0.1 n1lV;c111~, 

the insulator exposure to  3 x l o 9  rad, arid the cryoplant capacity to 0.2% of the 

electrical output,  arid the magnet does not have to be annealed. Tl'e choose the less 

conscriative values. The thickness of the shielding on tlic sides of tlie I-IF n intling i s  

taken to lie 45% of the thickness of tlie sliieldiiigfacing the plasma to account for the 

grazing incidence of the neutron flus on the sides of t he  IlF wiiiding. A reasonable 

radiation limit for electrical insulation (Spalrad-S polyirnidr) is IO" r a d .  and there  

is no practical limit for thermal insulation (aliirninum foil  with glass paper). For 
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the superconducting coils, a radiation limit of 4 x 10’’ n/cm2 is assumed for the 

Nb3Sn conductor, and there is no practical limit for the copper staliilizer since it is 

cryostable with an  increase in  resistivity of 0.3 pR-cm. 

Table IV gives the device parameters for ATR-1, ATR-2, and A’I’R-3, all with 

Bo - 5 T and 4-GW fusion power. The increment in the total thermal power over 

t h p  4-GMT fusion power is due to the energy multiplication in the Llanket structure.. 

The weights given in Table I V  are for ATRs with blankets under the oulboard part 

of the €IF windings. If this blanket is omitted, the main blanket thickness increases 

to compensate for the reduced breeding area, the total weight drops by 25%, the 

total therrrial power drops by 2-776, aiid the mass utilization drops hy 2.4% for ATR- 

1 and ATR-2. The total weight of these reactors varies between 8,200 and 11,040 

tonnes. The  mass utilization efficiency varies between 170 and 230 k W (  e)/tonne; 

the iisiial goal fur an attractive reactor is >100 kW(e)/tonne. 

An important issue for these reactors is adequate space for tritium breeding 

with an acceptable breeding ratio. Table IV shows that the fraction of the torus 

surface available for tritium breeding is 76% for ATR- I and 72% for ATR-2 wit 11 

a thin blanket under the outboard 41% u€ the HF winding vcrsiis 60% and 56% 

without the blanket. The tungsten shield covers the inboard 45% of the HF’ winding 

and the iron shield covers the outboard 55%. Tritium heeding  is possible over 275% 

of the length o f  the iron shield under the Ill? winding. The required net tritium 

breeding ratio is 1.05, so the local tritium breeding ratio must he 1.38 and 1.15 

with a blanket under the outboard part of the HF windings versus 1.75 and 1.88 

with no blanket under the HF ~vinclings for ATR-1 a n d  XTR-2. Either situation is 

acceptable; the decision is between the inconvenience o f  the required access t o  the 

blankct under the outboard part o€ the  IIF winding versits the need for a higher 

tritium breeding ratio Trithout that 1jla1ikt.t sclgiiirnt. There is no choice for t h t  



TABLE IV. 

Ehgineering Parameters  for ATR C ‘ a s ~ s  

Parameter 

Size 
hIa jor radius (m)  
hlinur coil radius (in) 
Plasma radius (111) 

Helical coils 
Current (RIA . tiirns) 
Cross section ( m  x rn) 
(’oil length (In) 
AIaximum radial body force (RINjm) 
Front shield thickness (m) ,  Ur 
Front shield thickness (in), Fr 

13 1 a n k t= t 
Area available for breeding (%) 
Required breeding ratio 
Breeding required undTr coils? 
Blanket thickness (m) 
Local blanket energy multiplier 

ATR- 1 

8.37 
3.34 
2.16 

34.89 
0.69 x 1.38 
158.2 
82.6 
0.55 
0.75 

60.0 
1.75 
N C) 

0.29 
1.56 

Required breeding ratio 
Blanket. thickness ( m )  
Local blanket energy miiltiplier 

Il-eiglits (tonnes) with breeding under coils 
IIclical coil + case 
TI ’  coil shield 
Fa coil shield 
13 la n ke t 
Iteflec t or  
S 11 i el d 
1-P’ coils + case 
\ ’acu i im vessel 

Total weight 

I’Vn-er 
Frision power (RITT’) 
First wall a rea  (m’) 
Neutron wall load (T\ITT:/m’) 

‘Total thermal power ( h I \ Y )  
Net electrical p(on-er ( I I T T - ) .  rj : 0.36 
h l  a ss u t  iliza t ic )n k\Y (r ) t ( 1  tinc] 

.\rea available (if  breed under coils) (76) 76.0 

____ 

1.38 
0.18 
1.59 

151 4 
1378 
325 
303 
2342 
690 
299 
2435 

9386 

4000 
9-1 7 
3.38 

5371 
1934 
206 

AT R- 2 

10.5 1 
3.25 
2.26 

29.27 
0.60x1.20 
223.3 
59.6 
0.54 
0. i 4  

56.0 
1.88 
N C) 

0.34 
I .53 

72.0 
1.45 
0.27 
1.58 

1597 
1738 
419 
54 7 
2643 

363 
2955 

11039 

c m -  
( ( 1  

-1000 
1190 
2.69 

F, 2 r 0 
1897 
172 

A T  It- 3 

11.13 
2.47 
1.43 

23.18 
0.5O.cl.01 
233.7 
51.1 
0.56 
0.77 

45.0 
2.33 
\-es 

67.0 
1.57 
0.23 
1.57 

1153 
1660 
446 
392 
1563 
4.4 1 
43 1 
2112 

82111 

-1000 
81 6 
3.92 

5220 
1879 
‘ I  $9 8 
&.- 
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ATR-3 case; the small fractional area (45%) for breeding and the high breeding ratio 

required (2.33) without the outhoard blanket make that Llankct segment necessary. 

Figure 4 illustrates the proposed blanket s t r u ~ t u r e . ' ~  It is 25 cm thick and  

made of HT-9 ferritic steel with close-packed beryllium balls as the neutron mul- 

tiplier and moderator and LilTPbas in the voids as the breeding material. The 

ORNL-DWG 88-2584 FED 

He GAS 
HEADER 

CLOSE-PACKED 
BERYLLIUM BALLS 
WITH SPACES 
FILLED BY LiPb I/ 

Fig. 4. Proposed thin tritium breeding blanket structure for ATRs. (a) Cross 
section at  a constant toroidal angle. (b) Cross section at a constant poloidal angle. 
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volume percentagrs are 70% beryllium, 10% Li17Pb83, 10% €IT-9, and 10% helium. 

The  high beryllium fraction is obtained from the variation of tritium breeding ratio 

and neutron multiplication factor versus volume percentage of beryllium shown in 

Fig. 5. The material fractions were nptimized for a 40-cm-thick blanket, but our  

experience has shown that these fractions are also optimum for blanket thicknesses 

down to  15 cm. The breeding ratio and multiplication factor for a blanket of this 

composition are shown versus hlanket thickness in Fig. 6. Tritium breeding ratios 

in the desired range can he obtained with blanket structures of modest thickness. 

A ferritic steel reflector behind the blanket, aids in  neutron reflection and shielding 

of the coil and retains a large fraction of the energy for use in the power cycle. The  

total thickness of the blanket and reflector is 0.65 1x1. An additional 0.3 ni of iron 

shielding is used between the €IF windings, and 0.23 m is used under the outboard 

part of the HE' windings. The blanket and reflector are cooled in series with helium 

2.0 

1.0 
0 2 0  40 60 80 

BERYLLIUM ( V O I  70) 

Fig. 5. Effect of beryllium volume fraction on tritium breeding ratio and neutron 
multiplication factor for a 40-cm-thick blanket. 
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Fig. 6. 
tiplication 
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Effect of blanket thickness on tritium breeding ratio and 
factor for a blanket with 70% beryllium. 

neutron mul- 

gas a t  80 a t m  with an inlet temperature of  275°C and an outlet temperature of 

575°C. This blanket would give a local energy multiplication (Jf 1.55, a n  overall en- 

ergy multiplication of 1.26, and a gross power cycle eficiency of 42.7%. Thus, this 

type of blanket is more than adequate t o  inret the tritium brcediiig requirements 

for the ATRs listed in Table 117. 

VI. THE REACTOR CONFIGURATION 

Figure 7 sl:un-s a t o p  ir ieii- of  t h c  torsatron \iintling ivithoiit i ts  shield for thc. 

ATR-2 configuration as well as the \'F coil, the vaciium cliamLer, arid coil supports. 

The helical coils are assumed to be made of NbSSn ICCS wou~icl as continuous coils 

in  the coil case. Figure 8 shows a side view of the reactor configuration in  a toroidal 

bell jar  which serves as the vacuum chamber. The  evacuated toroidal enclosure 
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Fig. 7. Top view of a n  ATR-2 reactor. The H F  windings shown enclose the 
conductor, coil case, and cryostat but not the neutron shielding. 

has fixed vertical side walls and rotatable top and bottom lids with hatches. The 

helical coils, VF coils, shield, blanket, etc.. are supported on the massive cylindrical 

side walls of the vaciium vessel. The coils are supported at tlie outer midplane 

perimeters by cold/warm struts that are flexible enough to  allow for expansion and 

contraction due to heating and cooling. All service lines (electrical leads, coolant 

lines, etc.) penetrate the vacuum chamber through the side walls and are recessed 

oiit of the way for vertical extraction of the blanket modules. The coolant manifolds 

and the single pair of VI? coils are also located where they will not interfere with 

blanket maintenance. In addition, ample space is available on the outboard side a t  

other toroidal locations for a divertor-based impurity control system, as disciissed 

in Sec. 11. 
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Reactor maintenance takes advantage of the good vertical access between the 

helical coils shown in Fig. 7. In normal operation, the upper and lower lids are 

sealed to the vertical sides of the chamber. During maintenance periods, the lids 

are unsealed and rotated about the reactor axis so that the access hatch indexes over 

(or below) the area to  be maintained. The hatch is removed and remote maintenance 

machines disconnect service lines, etc. Overhead cranes then disconnect and remove 

blanket modules on the top side, and special elevated carriages do the same on the 

bottom side. This maintenance schemc is unique among fusion reactor designs 

proposed thus far and can only be applied t o  stellarator-like devices. Figure 8 

shows tlie blanket segment cut at the point where the coils cross the horizontal 

midplane. ‘The blanket segment actually extends farther don-n hetween the coils 

than i s  shown i n  the figiire. During removal o f  a h l a n k t t  segment. vertical motion 

has to be accornpanied ivith a rotation in order t o  extract the segment from Iietn-een 

the coils. This may be more evident from Fig. 7, which shows a top view of the 

IIF coil set in tlie bell jar .  The water-cooled plasma-side layer (firs1 15 c n i )  o f  tlie 

neutron shields must also be replaced periodically. Both the tungsten and steel 

neutron shields would incorporate boron carbide. The remainder of the shield is 

part of the coil structure. 

VII. REACTOR PERFORMANCE 

M’IIIS‘T 1-D transport code calculations” have been performed for the A 1  = 6, 

9, and 12  cases for a variety of assumptions to stiidy transport losses and their 

sensitivity to various parameters. ‘ rhe transport calculations sum the electric-iield- 

dependent neoclassical value for ripple-induced losses formulated by Shaing” for 

the ions and electrons, the Hinton-Hazeltine value for axisymnitt>ric neoclassical 

transport multiplied by 2 for the ions and 20 for the electrons, and twice the neo- 

Alcator anomalous transport value for the electrons. Fixed radial profiles for the 
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plasma density and clectric field are assumed because of the large uncertainties in 

particle transport and the self-consistent radial electric field. However, the sensi- 

tivity to  these profile assumptions is examined. The present calculations use an 

equivalent circular torus and t h ( r )  and e ( ~ )  for the magnetic geometry. The actual 

magnetic geometry in flux coordinates is being incorporated into the 1 f-IJ version 

of WHIST. 

Figure 9 sliows th t  results for the AI - 9 (ATR-2) case; contours of constant 

auxiliary power input, fusion power produced, and volume-averaged beta are plotted 

in an  ( 7 2 ) - ( T )  plane. Here ( n )  is the volume-averaged electron density a n d  (7') is 

the density-averaged mean plasma temperature. This reference case assumes it 

ORNL-DWG 87 -2400A FED 
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Fig. 9. WHIST transport code calculations for the ATIX-2 reactnr assuming 
a neoclassical confinement model and +o = 2 T;(O). Contours of constant auxil- 
iary power input (light lines ranging from 10 to 200 MW) and volume-average beta 
(dashed lines ranging from 2 to 8%) are shown in the (n) - (T)  plane. The 4-GW 
fusion power production contour, the ignition contour (zero power input), and the 
line to the right of which the plasma is thermally unstable (aP /dT  < 0) are indi- 
cated by heavier solid lines. The heavy dashed line with arrows indicates a path 
to  a 4-GW, (ne) = 2 x 10'' m-' operating point requiring e 3 4  MW of auxiliary 
heating power. 
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D-T plasma, Ro = 2.26 m, Bo - 5 'T, Gaussian external power 

deposition profile n-ith b = a ,  2 and a fraction = 0.7 t o  the ions. a 

potential profile @ = @"[l - ( r j u ) P ]  with p - 2 and @ o  = 2 T L ( O ) ,  arid density 

profiles n a [l - f ( r / i i ) 2 ] q  with f - 0.9 and q = 2. The light lines indicate 

auxiliary heating powers ranging from 200 l I U r  to 0 (the heavy ignition line), tlie 

dark lines indicate the thermal runaway contour ( to  the right of which dP/dT  < 0) 

and the 4 O O O - M W  fusion power contour, and the dashed lines indicate contours of 

constant (0). A path to  a 4-GW operating point at ( n e )  = 2 x lo2' rii-  requiring 

-30 h4JV of auxiliary heating is indicated by the dotted curve. At  the operating 

point shown, T,(O) 7 10.4 keV, Te(0)  - 11.1 keV, ( T )  9.4 key,  ( p )  - G.3%, and 

10.54 m, ii 

72T = 3 X lo2' I X P 3  S. 

Table V gives the resulting plasma parameter values for ATR-1, ATE-2, and 

-4TR-3. Compared to the reference AI ~ 9 (ATR-2) case, the AI = 6 (ATR-1) 

case requires slightly more power for ignition but achieves i t  at a higher value of 

temperature and beta, whereas the AI - 12 (ATR-3) case requires slightly less 

power to  reach ignition but again at a higher value of temperature and beta. The  

same trends hold for different operating points for AI'R-1) ATR-2, and A'I'R-3. 

Sensitivities to  the parameters no, a, B o ,  b ,  fi ,  (Po/Tt(0), p ,  f, and q have 

been studied in detail for the ATK-2 case. For the base case, ignition occurs at 

( T )  = 10.1 keV for (n )  = 10'' rn-' and ( T )  = 7.1 keV for ( n )  = 2 Y 10'' 1 1 1 ~ ~ .  

The ignition margin is increased if the density profile is more peaked, the field 

is increased (Bo 7 T), the potential is increased [$,/7;(0) = 51 or is broader 

( p  4), the edge density is reduced (f  - 0.95), or the reactor is larger (by 25% in 

Ro). Less margin for ignition occurs if the field is rediiced ( B o  = 3.5 T) ,  the edge 

density is increased ( f  7 0.8), is linear in r ( p  - l) ,  or all the auxiliary power 

goes  to  the electrons (f i  = 0). Ignition does not occur, or occurs only a t  highcr 

densities with higher auxiliary heating powers, if tlie potential is zero or the density 
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TABLE V. 

Re act or P1 as m a  Par anie t a x  

‘4.1.R-1 

8.37 

2.16 

770 

2 

11.9 

12.7 

7.2 

2 3 3  

4 

3.38 

. - - 

ATH-2 

10.54 

2.26 

1060 

2 

10.4 

11.1 

6.3  

T“ 30 

4 

2.69 

ATR-3 

11.13 

1.13 

450 

2 

14.4 

1‘2.4 

9 

h 25 

4 

3.92 

~- 

profile is broad ( q  5 3/2) .  There is little effect if the  ausiliary heating profile shapf 

changes ( b  r (z or i i / ’ 4 )  or all the  p o ~ e r  gocq t o  the iom (f2 - 1) .  Thiis. there  

is a reasonable margin for ignition in low-aspect-ratio torsatron reactors at sizes 

one-half to  one-third those of more conventional designs. More exact calculations 

must await experiinentai da ta  f r o m  l o w  A, forsatroils on elect,ron enc.rgy losses a t  

low collisionality. 

VIII. D-T BURNERS 

Reactors are, by their very nature, large devices since they must be econoni- 

ical, which implies superconducting coils and hence adequate distance for neutron 

shielding, which forces the large size. However, copper-coil ignition (or high- Q j  
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devices have very different constraints. The purpose of these devices is to  study the 

behavior of a burning D-T plasma for a limited period and not to  generate power for 

many years; hence, power-consuming copper coils can be used that do nut require 

thick neutron shielding and thus permit a more compact and less expensive device. 

An example is the proposed Compact Ignition Tokamakz2 (CIT) that would study 

tlre physics of a burning tokamak plasma for short pulses (- 1 0 ~ ~ )  prior to a more 

ambitious tokamak Engineering Test Reactor that  would ignite and burn for a much 

longer pulse. 

A successful D-T burning demonstration in a CIT would address many of 

the D-T pliysics issues relevant for a toroidal confinement approach. However, 

there may be issues that are concept specific that would require a stellarator ID-T 

burner. Some of these issues are confinement of alpha particles, burn control, ash 

removal, and hIIID equilibrium and stability, all of which depend on the details of 

the magnetic c~nf igura t ion . ’~  

The optimum size for a copper-coil D-T burner is determined by considcra- 

tions different from those for a reactor. Coil shielding, adequate space for tritium 

breeding. arid masirnum field on the conductor are no longer constraints. Instead. 

conductor heating. power required, cost .  and the desired gap betn-een H F  vind-  

ings on the small R side are the important constraints. Figure 10  shon-s for the 

AI L 9 case the variation of the H F  winding power P I ~ F  and the H F  winding mass 

MIIp (proportional to coil cost) versiis 12, h r  two limiting assumptions: ( a )  a inax- 

imum ciirreiit density j = 3 kA/cm2, K < Kr,,ax; and ( b )  a inasitnuin elongalion 

K - K,,,,,, j - j l l l i n  5 3 kX/cIn2. IIere IC,,,, is the value of K for which there is no 

longer any  gap between I-IF winding on  the small R side. and j - j l l l i r ,  is chosen so 

that  all available radial depth is also used for the condiictor. ‘The other parameters 

assumgd arc Bo - 5 T and A0 - 0.25 1x1 for the total plasma-wall separation, first 
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Fig. 10. Variation of power dissipation PHF and coil volume VHF (proportional 
to cost) for an A4 = 6 D-T burner for (a) j,,, = 3 kA/cm2 (solid lines) and (b) 
K = Kmax (dashed lines). 

wall thickness, gap, and coil case ihickriess. The HF coil mass scales approximately 

as BoIZ;/(AIj) and the HF coil power as  H o R ~ j / A I .  

Assumption (a), j - 3 kA/cm2,  corresponds to minimum capital cost but 

maximum operatirig (power) cost. /I--,,~,, and j == j m i n ,  

corresponds to the  converse. As HII increases. j l l l in  arid A-,,,, decrease, as  shown 

here for Af = 9: 

.ilssumption (b),  K 
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3.07, Ro (min) 3.5 5 .0 

j m i n  (kA/cIn2) 3 2.07 1.01 

Kn, a x 6.40 4.88 3.18 

The  minimum Ro, ( R o ) m i n ?  increases weakly with A I ;  is 2.58 In for A I  = 6, 

3.07 m for A I  = 9,  and 3.23 m for AI = 12. The dependence of j I n i n  and IC,,l,, on 

AI for Ro : 4 m is as follows: 

AI 6 9 12 

j m i n  (k*4/cn12) 1.26 1.53 1.61 

The  largest component of the t o t a l  devicc cost is  t ha t  associated n-ifli the IIF 

v-inding and i t s  power supply. I'he total capital cost (including HF' arid 1-F coils. 

power supply, vacuum vessel, and assorted indirect costs) for these devices scales as 

" R ;  96111-".82. Increasing Bo to 7 T reduces beta, improws coiifinemriit , and 

provides additional margin for ignition. In this case, the curves in Fig. 10 must he 

modified as follows: for assumption ( a ) ,  + 1.4Plj~ and A l l p  A 0.71AI11F; for 

assumption (h) ,  ~ ' H V  --+ 1 . 9 6 1 k ~  a n d  AIEIF is unchanged. For fixed current density, 

the capital cost would increase by 33%. Since power (and power supply cost) is 

proportional to j and coil cost is proportional to l / j ,  the total capital cost could 

bc reduced by going to even higher j a t  the perialty of shorter pulse length and 

higher operating costs. Conversely, the very large ohmic power requirement can 

Le minimized at the penalty of higher capital cost in the extreme case v-here all 

the available space is used for the coil cross section /assumption (b)]. IIorvever, 

operating cost is the lesser issue since the average power required is a small fraction 

of the peak power because of tha low duty cycle; hence, assumption (a)  is more 

appropriate. 
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A disadvantage of copper coils is the high peak power required. The  power 

requirements and pulse length limitations for a copper-coil D-T burner depend 

on the specific coil parameters chosen. Here we assume a conservative value of 

j,, = 3 kA/cm2 for steady-state water-cooled copper coils. For j > j,,, water 

cooling is not effective during the pulse but is adequate to restore the coil temper- 

ature between pulses. The  uncooled pulse length is Atuc : 1.G8A1'/j2, where the 

temperature rise A T  is in degrees Celsius. This time is not long enough to  study 

long-pulse issues with D-T plasmas. For AT - 100"C,Atuc = 18.7 s for j - 3 

kA/cm2 and 6.7 s for j = 5 kA/cm2. Water cooling increases the pulse ltngtli by a 

factor j2/l(jz - j $ ) .  'The improvement is marginal liecause this factor is only 2.78 

for j r 1.25jSs, 1.8 for j = 1.5jss, and 1.33  for j' - 2j'5s.  Sulistantial improvements 

in j,, heyorid 3 kAl /cni2 woiild require, large illcrease5 i n  tht. frartional a r r a  as.;iimrd 

for water cooling (0.18) and in t h r  flon ie lor i ty  ( 6  m/s )  and a large drcrease in the 

length of the cooling path (one turn assumed), but j , ,  depends o111y weakly (square 

root) on thew quantities. 

\Ve consider three D-T burrier cases (ATR-1, ATB-2, and ATB-3 with 

A I  .- 6, 9, and 12) that correspond to the  A'l'R reactor cases considered earlier. 

A major radius of 4 m was chosen. These devices have unshielded coppcr coils, 

whereas larger PbT burners such as ITditrtron F2 (Ref. 24) with R, = 8 m, ASI306E 

(Ref. 25) with Bo r 15.2 m, and TNPP (Ref. 8) wi th  Bo - 36 m have supercon- 

ducting coils and shielding. Table VI lists the flF coil parameters for the lhree ATD 

cases. 

Monte Carlo calculations o f  alpha particle confineIrieIit for this geometry16 

indicate that -a3075 of the alphas are lost from the plasma. These loss fractions 

are acceptable for a first test of the effects of alpha-particle beating on stellarator 

behavior. The  heating power required to attain the plasma parameters sufficient 

to  produce Q 2 10 depends on tlie value of the bulk heat diffiisivity yz  [<l m2.s -' 
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TABLE VI. 

€IF Coil Parameters for D-T Burners 

Yaranie ter 

AI 

lio (4 
ro (4 
Radial depth ( m )  

IHF (h lA~tu rns )  

Bo (T)  

Assumption (a), j = 3 kA/cm2, K 5 K,, ,  

I'olume ( m3 ) 

Power ( R I W )  

Assumption (b) ,  j 5 3 kA/cm2, K 1 K , , ,  

Volume (m3)  

Power (RlW) 

ATB-1 

6 

4 

1.6 

0.71 

16.7 

5 

43.6 

785 

104 

330 

KrB-2 

9 

4 

1.23  

0.43 

11.1 

5 

31.9 

574 

62.5 

292 

ATU-3 

12 

4 

0.89 

0.3-4 

8.33 

5 

23.3 

420 

43.6 

224 

obtained in various transport calculations26 assiiming +,/T,(O) - 2-31, the plasma 

size, and  the value of the confining magnetic field. Figure 11 shows the TVC'IIIST 

transport code calculations for the XTB-2 case using the same assumptions used 

in Fig. 9 (ATK-2). Thc zero auxiliary heating power contour in Fig. 11 indicates 

ignition, so relatively high values of Q seem achievable in this device. The  pararn- 

eters corresponding to poiiits A ( Q  = 10) and B ( Q  = m) in Fig. 11 are given in  

Table YII. In this case point A is thermally unstable and the plasma would move 

to  point B unless additional losses are introduced. 
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I I  1 1 1  
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Fig. 11. WHIST transport code calculations for an M = 9 D-T burner similar 
to  the ATR-2 reactor case shown in Fig. 9. Solid lines (0 to  200 MW): contours 
of constant auxiliary heating; dashed lines (50 to  1000 MW): contours of constant 
fusion power. The contours are distorted in the upper right-hand corner by a beta 
limit introduced via a rapid enhancement of xc and xi at (p)  - 20%. 

IX. CONCLUSIONS 

Low-aspect-ratio torsatrons arc  gvotl candidates for cornpac t reactors arid I)-T 

liurner experiments. The  three cases csaniirled in this stiidy illustrate the feasil~ility 

of these reactor configurations. Hotli conipart  torsatron reactors 11-ith Rn - -  8-1 1 In 

and D-T burners with R" 2 4 in are practical for ill - 6, 9, and 12. The values 

ohtained for (8) a n d  rn are not hig1i. Neoclassical electron ripple, t ransport  al- 

lows ignition for relatively low valiies of auxiliary input power if adequate shaping 

o f  the plasma density near the edge is possible (as in the tokamak €€-mode). A 

new and attractive maintenance scheme has heen developed for these devices. A 

tritium breeding hlanket wi th  a high beryllium fraction can provide the required 
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TABLE 171. 

Plasma Parameters for D-T Burners 

Para meter 

Ro (4 

6 (4 
Volume (m3) 

( n e )  ( iozo  ~ l l - ~ )  

Q =  10 

ATB-1 ATB-2 ATB-3 

4 4 4 

1.03 0.86 0.51 

84.4 58.2 20.9 

1 1 1 

16.3 1".0 

12.0 

4.78 

27.6 

270 

0.95 

25.2 

18.0 

8.0 

38.3 

490 

1.72 

11.8 

4.65 

18.7 

192 

0.79 

24.1 

17.5 

7.65 

28.0 

339 

1 . l0  

2 

11.2 

4.45 

6.5 

61 

0.78 

22.2 

16.8 

7.15 

11.3 

107 

0.66 



breeding ratio without breeding under the inboard half o f  the EIF windings. The 

minimum-size reactors studied are relatively insensitive to assumptions on the H F  

winding parameters. All three cases look attractive and have some margin to relax 

some of the constraints assumed. The most serious issue for compact torsatrons, 

and indeed any stellarator, is the unknown scaling of plasma confinement with as- 

pect ratio, temperature (or collisionality), and beta. Some of this information will 

be ohtained from new stellarator experiments nearing operation, but  much of the 

needed information will have to await the next generation of large stellarators now 

under design, and beyond. 
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