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ABSTRACT 

The goal of the ElMO Suepy Torus Reactor {ESTfc} M v t y i * the o f th* CRT con? ifxssur.l 
concept as She ba i l s to r tfcveloceent o f a CC*WCU1 power r t i c w . A a u U i d C s c i p l n - l f -
consistent t re»te*mi o f EBT reactor seal in? and design h»* fc«c« ce«i>ie«d and * re fe ren t * i&sitpt 
(E8T8-i8) has b « « developed. This design, based o« a r e a l i s t i c w»del a»d r e l a t i v e l y «e*is«rvaiive j 
engineering parameters ( i . e . . I nevtroft wa l l loading and a 7.3 T <»*«i*uts to ro ida l f i e l d * . is a 
steady s t a t e , igr.ited-node systeo w i t h high plasn* power density a«d asp«ct r a t i o . The f o u l thereat 
power o f E8TS-48, exclusive of blanket e w l t t p i i c i t i o n . is 40Q0 A t ; the design i s based on a standard 
nodule and the design power level fo r a p a r t i c u l a r pUns is getenafoed fey th* number o f aodwles 
used. Several design var iants have been invest igated i n de ta i l to i l l u s t r a t e the e f f e c t of near-
tens and advanced technologies and to i l l u s t r a t e the design freedee o f fe red by devices w i t h lew f i e l d 
and h igh aspect r a t i o . The high aspect r a t i o s imp l i f i e s «4»y aspects of the w t n o u M y those 
associated w i t h reoote aainuwanee. a c c e s s i b i l i t y . and repa i r , t i a p w s that a comerc i a l l y successful 
E8TR could be constructed w i t h only s l i g h t advances i n ex is t ing tech«clo<jy. i f the present voders landing 
o f the physics can be extrapolated to the reactor regiae and does w t d i f f e r narkedty ( r v * Uve «©del 
developed f o r t h i s study. 
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1, INTRODUCTION 

Fusion reactor system studies to date dea l t p r imar i l y wi th the tokaiaak confinement concept. These 
studies showed that physics c r i t e r i a lead to d i f f i c u l t engineering problems. Spec i f i ca l l y , a low beta 
plasma confined in a low aspect r a t i o torus y ie lds a lower power dens i ty , nonuniform s t ruc tu ra l loadings 
because of the strong curvature, and a c c e s s i b i l i t y problems. Tokamaks requ i re pulsed magnetic f i e l ds 
which complicate the s t ruc tu ra l design. Although recent theoret ica l advances in tokamak plasma physics 
suggest t t .at some o f the c r i t e r i a may be re laxed,1*5 i t i s prudent t o examine promising a l ternate 
systems. 

The design of a complex commercial power reactor requires the se l f - cons i s ten t analysis of in te rac t ing 
systems. The design presented here was car r ied out by a team o f engineers and physic is ts from the 
Oak Ridge National Laboratory (ORNL) ami the Massachusetts I n s t i t u t e of Technology (MIT). 

A summary o f the f i r s t reactor study based on ?he EBT confinenent*concept i s presented here. I t i s 
assumed tha t the physics w i l l extrapolate favorably to the reactor regime; i f so, the EBT reactor would 
operate at high beta and high power densi ty , and in steady state. No pulsed magnetic f i e l d s are 
required. EBT is a high aspect r a t i o device, so the access ib i l i t y problems are v i r t u a l l y e l iminated, 
remote maintenance d i f f i c u l t i e s are eased, and r e l a t i v e l y uniform s t ruc tu ra l loadings, due to weak 
curvature, a l l e v i a t e engineering design problems. The E8T experiment has demonstrated stable plasma 
operation and obtained resu l ts which fu r the r encourage the reactor study." 

The reference design has been made consistent w i t h the requirements o f plasma engineering, plasma 
physics, magnetics, neutronics, and design engineering. The most important considerations i n each o f these 
areas are given in th i s summary r e p o r t ; the de ta i led work underlying the conclusions i s presented i n the 
appendixes. There are no unique so lut ions to such design problems - the "optimum design" i s s t rongly 
dependent on the weight given to each of the cons t ra in ts . For EBT-based systews, a small number o f 
design choices i s s u f f i c i e n t to 'nd icate the major aspects o f the f i n a l design: the choice of wal l 
loading, mi r ror r a t i o , and l i m i t i n g plasma pressure determines the s ize of a standard module o f the 
system and, given to ta l p lant ou tpu t , the number of modules in the system. S i m i l a r l y , const ra in ts o f 
power c i r c u l a t i o n e f f i c iency require e commercial reactor be operated i n the steady s ta te , i gn i ted mode. 

The reference design presented i t based on scal ing arguments. One o f the most important constra ints 2 
was the imposed t> 1 MW/m neutron wal l loading l i m i t . Studies i n progress ind ica te that the 
optimum wal l loading i n a commercial p lant could be higher: i n the range o f 2-4 MW/m . A smaller 
reference design i s under development which would operate near the optimum wal l loading. The present 
reference design i s conservative i n an absolute sense and re l a t i ve to o ther fus ion reactor design 
studies. Nonetheless, the reactor ou t l ined here as EBTR-48 i s a t t r a c t i v e as a conrnercial p lant and 
could be b u i l t w i t h only minor extension o f present technology. 

2. EBTR REFERENCE DESIGN PARAMETERS 

An EFTa reference design has been developed. Prel iminary power balance ca lcu la t ions suggest tha t 
the to ro ida l plasma should be heated to i g n i t i o n condit ions using neutral beam i n j ec t i on and tha t the 
s t a b i l i z i n g r e l a t i v i s t i c e lect ron r ings should be sustained by microwaves. Figure 1 is a plan view 
of the system. Table 1 shows the fundamental parameters fo r the system. The power output and neutron 
wal l loading i n the EBTR have been taken to be s im i la r to the values assumed i n low beta tokamak 
system studies in order to f a c i l i t a t e comparisons. 

1 
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MOBILE MAINTENANCE UNIT< 

OfVEffTOft! 

Fig. 1. EBTR plan view 

The reactor is fueled by deuterium and t r i t i u m and operates i n the ign i ted mode. I t produces 
4000 MW(th), exclusive of blanket mu l t i p l i ca t i on . This is consistent w i th a source neutron wall 

2 3 loading o f 1.1 MW/m and a fusion power density of 3.4 MW/m . The conf in ing magnetic f i e l d at the 
midplane i s 2.5 T which gives a beta of 0.25. The magnetic f i e l d i s produced by fo r t y -e igh t 6-m-bore 
superconducting c o i l s . The mirror r a t i o is 1.8 so tha t the f i e l d strength in a magnet throat i s 4.5 T. 
The major radius of the device i s 60 m, and the plasma radius i s 1 m, so tha t the plasma aspect r a t i o 
i s 50. The se l f -cons is tent re la t ionships between the geometrical and power production parameters are 
shown in Fig. 2, and discussed i n de ta i l in Sect. 3. The major theoret ica l physics aspects of a reactor 
plasma are summarized i n Sect. 4. 

The en t i re torus i s enclosed i n a concrete moat which provides a s t ruc tu ra l foundation fo r the 
reactor components and remote maintenance equipment, and a b io log ica l sh ie ld . Figure 3 shows a cross 
sect ion of the torus and moat a t an ear ly stage of disassembly. 

The high aspect r a t i o EBTR conf igurat ion af fords several design options in the remaining areas. 
Two blanket and magnet sh ie ld concepts have been developed. The f i r s t blanket uses a stainless steel . 
s t ruc tu re , natural l i t h i um fo r breeding, and a eutect ic n i t r a t e s a l t f o r coolant. The associated 
shie ld mater ials are sta in less steel and borated water. The sh ie ld is cooled by c i r cu la t i on of the 
borated water. The second design includes a Nb-l^Zr f i r s t w a l l , a s ta in less steel s t ruc tu re , and 
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natural l i t h i um both f o r breeding and as the coolant. Electromagnetic pumps are used to c i r cu la te 
the l i t h i um. The magnet sh ie ld i n t h i s case i s composed of concrete loaded w i t h aus ten i t i c i ron shot 
(40% by volume), and i s cooled by COg. 

ORNL—DWG 76 —14078R 
2 

Fig. 2. Relationships between geometrical and power production parameters. 

Two superconducting magnet a l te rna t ives have been examined. In both cases the magnetic f i e l d and 
co i l loading are nearly symmetrical. There i s no need to use D-shaped or oval-shaped co i l s to minimize 
bending moments so co i l s w i th a c i r c u l a r shape are.used. The f i r s t magnet system option has 48 NbTi 
superconducting magnets operated under poo l -bo i l ing condi t ions. The average current density in the 2 
windings i s 1550 ft/cm , which resu l t s in a peak f i e l d strength o f 7.3 T i n the winding and 4.5 T a t 
the magnet th roa t . The second option has 48 NbTi-NbgSn-composite superconducting co i l s cooled by 
supe rc r i t i ca l helium under forced- f low condi t ions. The peak f i e l d s in the Nb,Sn and NbTi windings are 2 10 T and 5.2 T respect ive ly . The average current density in the high f i e l d windings i s 2000 A/cm ; i n 

? 
the lower f i e l d windings i t i s 4000 fl/cm . Both options are f u l l y s tab i l i zed and include current dump 
pro tec t ion c i r c u i t r y i n case o f a magnet f a i l u r e . More discussion on magnet design and sca l ing i s 
given in Sect. 5. 

Since impuri ty production and behavior i n the reactor cannot r e l i a b l y be predicted w i th 
ce r ta in ty and since these w i l l be c r i t i c a l t o achieving i g n i t i o n and steady s ta te operat ion, t h i s 
area was t reated conservat ive ly . In one case a system wi th a to ro ida l d i ve r to r was studied. Energy 
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and p a r t i c l e f luxes are accomodated by the d ive r to r . A l t e r n a t i v e l y , a case was studied for which i t 
was assumed tha t impur i t ies are cont ro l led but the f u l l energy f l u x from the plasma must be to le ra ted 
by the f i r s t w a l l . The l a t t e r system without d iver to r has s i g n i f i c a n t l y more s t r ingent design c r i t e r i a 
f o r the f i r s t wall thermal hydraul ic system since i t must handle 20% of the t o t a l thermal output power 
and ^ &% o f the neutron energy. Character ist ics of the d ive r to r system are summarized i n Sect. 6. 

S E C T I O N c - r C U T REACTOR 

S E C T I O N S 

Fig. 3. Cross section view o f the torus and moat. 

There are two s t ruc tu ra l arrangement options. (See Sect. 7.) In e i t h e r , the torus is modular to 
f a c i l i t a t e assembly and remote maintenance. For the movable magnet concept, the magnets and modules 
are equal i n number. Each module Includes the f i r s t w a l l , b lanket, magnet sh ie ld and the magnet i t s e l f . 
The en t i r e u n i t , which weighs about 600 tons, can be removed to a hot c e l l f o r maintenance. In the 
f i xed magnet concept, the number o f modules i s twice the number of c o i l s . The modules located under 
the magnets, which include the f i r s t w a l l , the blanket, and the magnet sh ie ld , are not iden t ica l to 
those located between the magnets. Thus there are two sets of 48 iden t i ca l modules in the reactor . 
The f i xed magnet concept permits any module to be removed f o r maintenance without d is turb ing the super-
conducting c " i ! s . The magnet i s removed only i f i t f a i l s . I t i s important to rea l ize that e i ther 
approach allows standardizat ion of the major EBTR components. That i s , standard magnets and modules 
can be fabr ica ted and assembled in to toro ida l conf igurat ions of d i f f e r e n t major r a d i i . For ty-e ight 
c o i l s are needed when the major radius i s 60 m. The minimum size device which i s compatible wi th the 
standard module concept has a major radius of 30 m and requires 24 c o i l s . The power output in the o p 
l a t t e r case i s 1775 MW(th) f o r a neutron wall loading of 1 MW/m and can be 5300 MW(th) i f 3 MW/m can 
be to le ra ted . Standardization has broad impl icat ions f o r commercialization. 

Prel iminary neutronics analyses of the blanket options discussed e a r l i e r have been carr ied out 
using the one-dimensional d iscrete ordinates code ANISN to assess the nuclear performance o f the two 
proposed blanket sh ie ld designs. The a b i l i t y of the blanket assemblies to recover the k ine t i c energy 
o f the fus ion neutrons and secondary gamma rays i n the form o f heat, to breed t r i t i u m , and to reduce 
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the rad ia t ion which i s inc ident on the to ro ida l magnet co i l s were used to evaluate the nuclear 
performance. Results of the analyses are summarized i n Sect. 8. 

TABLE 1 
EBT Reactor Reference Parameters 

. -20 

Plasma radius, a (m) 
Aspect r a t i o , A 
Major radius, RQ (m) 
Mi r ror r a t i o , M 

Ion temperature 
Ion densi ty , N^ x IP" 
Beta, g {%) 
Magnetic f i e l d on ax i s , B̂ . (T) 
Number of c o i l s , N 

Power, ?th (MW) 
Power densi ty, P+ h /V„ (MW/m3) i n p -

Neutron wal l loading, Lw (MW/m ) 

Cold zone, 5 (m) 

Blanket and sh ie ld thickness, t s b (m) 
Coil inner radius, r (m) 2 
Current dens i ty , J c (A/cm ) 
Coil rad ia l thickness, t c (m) 
Coil ha l f length, L/2 (m) 

EBTR-48a EBTR-24b 

1.0 1.0 
60 30 
60 30 

1.78 1.78 

15 15 

1.2 1.25 2.13 
25 24 42 

2.5 - 4.5 2.5 - 4.5 
48 24 

4000 1775 5300 
3.37 3.0 9.0 
1.13 1 3 

0.2 0.2 
1.75 1.75 
2.95 2.95 
1500 1500 
0.71 0.71 

1.30 1.30 

Emphasis to date has been focused on EBTR-48. 

A l te rna t i ve smaller s ize reactors w i th increased neutron wal l loading are present ly under study. 

3. PLASMA ENGINEERING 

Plasma engineering uses the resu l ts from applied physics analyses to design fus ion systems. The 
design process i n EBTR i s d i f f i c u l t since some o f the c r i t i c a l aspects of the system and i t s behavior 
are not wel l understood a t present. I t is necessary t o make p laus ib le estimates o f the parameters and 
to re ta in f l e x i b i l i t y so the design can accommodate new resu l ts from theore t i ca l and experimental pro-
grams. This approach generates design c r i t e r i a which define the appropriate d i rec t ions f o r engineering 
and technology development e f f o r t s . 

The fundamental plasma and device cha rac te r i s t i cs , system economics, and technology considerations 
f o r a commercial reactor o f about 4000 MW(th), exclusive o f blanket m u l t i p l i c a t i o n , have been studied 
(see Appendix A). The neutron wal l loading has been res t r i c t ed to values near 1 MW/m . Although modest 

? 
increases in wal l loading improve system economics, loadings above 3 or 4 MW/m w i l l almost ce r ta i n l y 
be uneconomical due to the r e l i a b i l i t y and pumping penal t ies. 
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The plasma size is determined by specifying power output, power density, and neutron wall loading. 
Plasma dynamics simulations, equilibrium, and d r i f t orbi t calculations show that a plasma radius of 
about 1 m is adequate to at ta in ignit ion, assuming neoclassical and/or classical scaling. However, no 
def ini t ive basis for the size required for the reactor plasma has been developed. As in the other 
system studies, size and plasma parameters are determined self-consistently from theoretical models, 
but the ultimate values wi l l be determined by experimental results which validate the assumptions used 
or provide the basis for changing them. 

3.1 System Characteristics 

The f i r s t material boundary surrounding the plasma is assumed to be capable of tolerating a 
neutron wall loading, Lw , on the order of 1 to 3 MW/m2. This boundary exists at a distance from the 
plasma center equal to the average plasma radius, a, plus the cold zone, <5. The total fusion thermal 
power output (exclusive of blanket multipl ication), P ^ , produced in the plasma is 

p th = S i r Lw ( 2 n } 2 A a ? ( 1 4 6 / a ) ( 1 ) 

where A is the plasma aspect ra t io . 
The wall loading is coupled to the thermal power density, which in turn w i l l dictate the desirable 

characteristics for the plasma. For example, 

V ^ i r r ! ( l + 6/a) - (2) 
p 

where Vp i s the plasma volume. Note that for an assumed wall loading, the thermal power density is 
independent of A and depends only on 5 and a. The self-consistent relationships between the geometrical 
and power production parameters are shown in Fig. 2. 

The plasma power density required to at ta in a particular wall loading in a given size device has 
been determined, and dictates the range of plasma densities and temperatures required to produce the 
power density. That i s , 

2 
l n N̂  <ov> 

P t h /Vp i 2.8 x 10"48 - J - 5 , (3) 

where <av> is the fusion reaction rate probability and Np i N./2 has been assumed. The power 
density can be written in terms of beta (B), the rat io of plasma pressure to magnetic energy density, 
and B, the magnetic f ie ld strength: 

P t h / V D . 2 . 8 x l O - 1 8 ^ ^ . (4) 
t h P 4T (4u) 

The trade-offs between B and B must be considered. High-B, low-B operation is desirable. The 
practical minimum magnetic f i e l d in this work is taken to !-e B ^ 2.5 T. 

In addition to the magnetic and plasma physScs constraints described above, the required microwave 
frequencies must be determined. A magnetic f i e ld of *v 4.0-4.5 T exists near the magnet throat, where 
the resonant frequency is 120 GHz, suitable for background plasma heating. Because of the decreased 
density and f i e ld strength in the region of the stabil izing annull, microwave frequencies less than this 
by a factor of 2 may be acceptable to sustain the annuli. A f inal decision on the means of heating tha 
EBTR plasma should not be made now but the frequency requirements, i f microwaves are used, are compatible 
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with those of components under development. I t is more l i ke ly , in view of cost, complexity, and efficiency 
c r i t e r i a , that an optimized system wi l l u t i l i z e microwaves to sustain the annuli but use neutral beam 
injection to heat the plasma to ignit ion. To test the plausibi l i ty of beam heating, a plasma point 
kinetic model (see Appendix D) was used in a computer study of various start-up scenarios. For the 
particular case studied in Appendix D, i t was determined that 200 MW of neutral beam power (150 keV) 
would be sufficient to heat EBTR-48 to ignition in about 3 sec. The value of 200 MW is probably an 
overestimate since longer start-up times may require smaller amounts of input power. Full penetration 
calculations have not been completed. The estimates in Appendix D serve to demonstrate feas ib i l i t y , but 
are not suff iciently detailed for optimization studies. 

3.2 System Economics 

Several conclusions can be drawn from economic analysis of an EBTR. Although absolute component 
costs are not well known, the economic analysis indicates that an EBT reactor should be an ignition 
davice and specifies l imits on the feedback power which would be available to sustain the plasma con-
dit ions. In the simplest case the sustaining power is that necessary to drive the stabi l iz ing annuli. 

The effect on capital cost of the physical dimensions of the reactor is investigated through 
trade-off analysis (see Anoendix A) to determine how a reduction in reactor size would reduce the cost 
of e lec t r ic i ty . 

4. PLASMA PHYSICS 

The plasma physics areas which determine the EBTR operating characteristics are: (1) part icle 
orbits and their effects on e f f i c ien t use of the plasma chamber volume, (2) plasma s tab i l i ty and equi l i -
brium, and (3) scaling, transport, and modeling, which are described at length in Appendixes B-D. 

For a high beta, steady state system, the plasma equilibrium, part ic le orbi ts , ambipolar e lectr ic 
f i e l d , and transport phenomena are closely coupled to one another, and an adequate treatment of any 
one requires consideration of the others. The interrelations are: (1) equilibrium magnetic f ie lds 
depend on the plasma pressure pro f i l e , (2) guiding-center d r i f t orbits depend on the equilibrium magnetic 
f i e l d and the ambipolar e lectr ic f ie lds , and (3) transport rates, which together with energy sources 
and sinks determine the p ro f i l e , depend on the guiding center d r i f t orbits. A self-consistent treatment 
of this coupled set of problems for a large-scale EBTR, while being vigorously pursued, is not yet 
available. Intermediate and/or part ia l answers have been used to proceed into the fu l l self-consistent 
treatment. 

4.1 E q u i l i b r i a and D r i f t Surfaces 

The requirement for e f f ic ient use of the volune within the vacuum chamber of the reactor proved to 
be very important to the design. The shield and blanket which surround the plasma chamber in the reactor 
make e f f i c ien t f i e ld usage nore d i f f i c u l t than in the present experimental device (E8T - I ) . ' 

Finite beta and anbipolar e lectr ic f ie lds oake considerable differences in the part ic le orbi ts . 
For the reference design (E8TR-48), a detailed calculation was carried out for a sample equilibrium, 
guided by th* experimental observe Men that the aabipolar e lectr ic H e l d 1$ strongest in the v ic in i ty 
of the annull. The spatial position of the hot electron annull is c r i t i c a l to obtaining e f f i c ien t 
u t i l i z a t i o n of the volune within the vacvun chanber. Macroscopic s t a b i l i t y demands that the toroidal 
core p l i s a i pressure be re la t ive ly constant near the minor axis and f a l l rather rapidly In the region 
of the annuli . so the annuli torn a set of "guard rings* which surround th* toroidal core. Experimental 
observation and numerical computation show that the annuli form near contours of constant | 5 „ „ . ! in 

VICWIpi tfte aidplane of the device. Toroidal effects cause these contours to be shifted inward toward the 
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major axis. To the lowest order, the plasms follows the f i e l d l ines, and for the present inner wall 
design some of the f i e l d lines which pass through the coil aperture intersect the lateral wall of the 
chamber, so the present wall design l imits the diameter of the annuli. This problem can be solved by 
"bulging" the inner wall near the midplane (as in EBT-I) and using a nonuniform shield and blanket 
thickness within the coil throat. In EBTR-48, the shield is suff iciently thick that a radial shi f t w i l l 
not result in a significant change in coil heat loading or radiation damage. An alternative solution 
is to increase the coil radius by about 25 cm while keeping the plasma location and the thickness of the 
blanket and shield constant. Either method would lead to the plasma size required for EBTR-48 and would 
correspond to a usable volume of about 100%. 

There are three features which are relat ively independent of the details of the inner wall design 
and the magnetic equilibrium and ambipolar electr ic f ie lds: (1) low energy particles 
are well confined, (2) mirror trapped particles are well confined, and (3) high energy particles with 
V||/v 1 are not well confined. The use of supplementary coils can improve the confinement of this 
last class of part icles. 

4.2 Macroscopic Stabi l i ty 

The v iab i l i t y of EBT as a reactor requires the stable confinement of a plasma with a density of 
20 -3 about 10 m and a temperature on the order of 10-15 keV. A re la t iv is t ic hot electron population 

(annuli) with T t- 100 keV is crucial to the stabi l i ty of the EBT plasma. The annulus density, however, 
18 3 

is only about 10 m , a small fraction of the total electron density. The hot electron population 
is immune to the macroscopic f lu te - l i ke d r i f t instabi l i t ies because of the fast d r i f t velocities and 
large Larmor radi i of i ts particles. By modifying the magnetic f i e l d , the annuli also provide 
stabi l i ty for the rest of the plasma, which is composed of warm ions and electrons. Thus the simplest 
model for discussing the s tabi l i ty of the EBT plasma is one with three components: hot electron 
annuli, warm electrons, and warm ions. One can treat f i r s t the instabi l i t ies of the hot electrons, and 
then the instabi l i t ies of the warm species. The ef fort to date has been concentrated on macroscopic 
instabi l i t ies , those which produce large part icle transport and would be fata l to a reactor. 

Stabi l i ty of the hot electron annuli 

The requirement for s tabi l i ty is that the temperature of the hot electrons be high enough and the 
magnetic f i e l d gradient produced by diamagnetism be large enough to achieve a VB d r i f t frequency which 
exceeds the ion cyclotron frequency. When this condition is satisfied, the Vlasov-Maxwell equations 
show that hot electron d r i f t waves are stabil ized, apparently by interference between the responses of 
the fast dr i f t ing electrons and the slowly dr i f t ing ions.5 As the hot electron density or temperature 
is reduced, these waves become unstable, and at s t i l l lower temperature, where the magnetohydrodynamic 
(MHD) and guiding center theories are applicable, they become the unstable flutes and ballooning inter-
changes predicted by these theories. Thus, stable operation of a reactor wi l l require that the hot 
electrons achieve a temperature comparable to that in the present device (EBT-I) and a pressure prof i le 
of suff icient steepness to produce large 7B dr i f ts . Near the outer edge of the annuli, the hot electron 
temperature is not high enough to stabi l ize d r i f t waves. However, the outer edge of the plasma can be 
l ine - t i ed , which effectively stabilizes these modes. Present theory does not allow a definit ive answer 
on how large the l ine- t ied region must be, nor how line tying wi l l be affected by the addition of 
a divertor system. 
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Stabi l i ty and beta limitations of the bulk plasma 

In the vacuum f i e l d of EBT, the bulk plasma is likewise subject to unstable d r i f t and MHO modes 
at frequencies characteristic of their VB and diamagnetic d r i f t s . The hot electron annuli s tabi l ize 
these modes by a very interesting mechanism. The hot electron diamagnetic currents act as "Invisible 
coils" colocated with the bulk plasma to create a region of minimum average B in which £dt/B decreases 
with radius. In this region a stable bulk plasma can be established and then stably extended t the 
magnetic axis, even though the minimum average B region does not extend to the magnetic axis. Figure 4 
shows the location of the hot electron plasma, the region of decreasing tfdi/B, and the stably confined 
bulk plasma. The bulk plasma B can approach that of the annuli before instabi l i t ies occur. 

ORNL-OWG 76-14061R 

COGE OF 
, ANNULUS 
LINE TYING 

RADIUS IN MIDPLANE 

Fig. 4. 0d£/B, magnetic f i e l d , and pressure vs distance from the minor axis 1n the midplane for 
the vacuum f i e l d (dashed) and the f i n i t e B f i e l d (sol id) . 

Once a magnetic well has been established by the annuli (a t annuli B ^ 5-15S), a B of the bulk 
plasma comparable to, or even somewhat higher than, the B of the annuli can be achieved which is stable 
to a l l modes encompassed by guiding center or ideal MHD theories. The modes, which l imi t bulk B, are 
pressure-driven ballooning interchanges. 

Experimental confirmation of these optimistic 6 predictions is not possible 1n the present device 
because there 3 is limited by heating and transport considerations. However, the lower threshold for 
stable confinement at annuli B * 8% is observed, where i t marks the boundary between the C- and T-modes.* 
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4.1 ing. Transport, and Modeling 

• lie design of EBT fusion reactors must be based on scaling laws which have not been fu l ly veri f ied 
by experiments. However, in the observed macrostable regime of operation in EBT-I6 there is a reasonable 
agreement between experiment and a simplified neoclassical point model. The EBT-S and EBT-II3 devices 
are designed to allow further study of transport and scaling properties, especially in the collisionless 
regime (of interest to reactor operation). Theoretical work in support of these experiments w i l l 
ref ine the existing transport theories. 

In view of the uncertainties in the theoretical coefficients and the present leek of experimental 
evidence in this area» the plasma energy balance was modeled using both neoclassical and classical 
theory with appropriate density and ternperature scale lengths (see Appendix D). The reactor plasma 
model is consistent with the theoretical physics model: a toroidal core with nearly uniform density 
and temperature within the plasma radius, which is determined by the stabil izing annuli. F lex ib i l i ty 
was retained in the simulation models to permit updated data to be incorporated as they become available. 

5. TOROIDAL MAGNET SYSTEM DESIGN AND SCALING 

The EBTR magnet system designs are determined by considerations of scaling, conductor design, coil 
design, cryogenics, and protection. Aside from the plasma constraints, the main goal was the design of 
coils which could be buil t with existing technology or with technology which is the immediate goal 
of existing development programs. 

A description of an alternate magnet design is also given. This design is based on the high 
current density, forced-flow, bundled conductor concept. This approach holds great promise for the 
future. Main features of both designs are discussed in detail in Appendix E. 

5.1 Magnet Scaling 

Independent of plasma physics considerations, the number of coi ls , mirror ra t io , coil radius, and 
the reactor major radius can a l l be related by the geometry of the vacuum magnetic f ie lds. Plasma 
physics considerations further relate the allowable mirror ratios to the aspect ra t io , electron ring 
beta, stable plasma volume, magnetic axis s h i f t , and similar quantities. 

5.2 Conductor Oesign 

I t Is generally agreed that superconducting magnets are required for an economical fusion reactor. 
Reactor application also demands high r e l i a b i l i t y , requiring a fu l ly cryostabilized conductor design. 
Multlfilamentary Nb33n is at an early stage of development, so presently available monolithic composites 
of toulti filamentary NbTi in Cu matrix are used in the reference reactor study. The average current 
density in the windings 1s 1500 A/cm2, which gives a peak f ie ld strength in the winding of 7.3 T. The 
alternative design uses NbTI-NbjSn composite superconducting col ls , yielding peak fields 1n the Nb3Sn 
and NbTi windings of 10 T and 5.2 T and corresponding average current densities of 2000 arid 4000 A/cm2. 

Cryostability is achieved by soldering the composite to formed copper strips with puifthed slots. 
There are suff ic ient cooling surfaces to transfer ip to six times the Joule heating produced 1f a l l the 
current were to flow 1n the copper. 

5.3 Magnet Design 

In contrast to the tokamak, the EBT has a high aspect ra t io , so the magnetic f ie ld and loading are 
nearly synaetrlcal and there Is no need to use D-or oval-shaped colls to minimize the bending moments. 
Circular col ls are used in EBTR-48 and fcBTR-24. 
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The coils are fa i r l y long compared with their radial thickness, and their axis is horizontal. 
Pancake-wound construction with spaces between pancakes is chosen for i t s high voltage capability 
and short cooling channels. 

Natural convection pool boiling is chosen as the cooling method for the reference design, while 
the alternative design option operates under forced-flow conditions. Coolant can pass along the 
conductor through the copper str ip f ins or through the slots, resulting in a flow in both radial and 
azimuthal directions. This allows flow mixing and aids helium bubbles to reach the top of the c o i l , 
an important feature for a coil with a horizontal axis. 

An interesting possibil i ty is that the magnets may be made modular and used in reactors of 
di f ferent sizes. As long as the rat io of major radius to the number of coils is f ixed, the f i e l d 
strengths produced by modular magnets of the same size are not sensitive to the size of the reactor. 
The mirror rat io and coil bore fixes the length of the blanket and shield modules which are located 
between adjacent magnets. These parameters are fixed by plasma physics and blanket-shield engineering 
requirements. Furthermore, for given neutron wall loading, the plasma radius is relat ively insensitive 
to changes in the major radius of the machine. The various components of the reactor system can be 
modular and standardized and s t i l l serve in reactors of different major radi i and power outputs. 

5.4 Cryogenics 

The toroidal magnets in the EBTR wi l l be cooled by l iquid helium under pool boiling conditions for 
the reference case and by supercritical helium under forced-flow conditions for the alternate case. 
Individual dewars and vacuum vessels are used for each coi l . To avoid in ter ference with the remote 
assembly of the blanket, helium w i l l be supplied to the magnets in the radial direction from the cold 
box. 

The EBT reactor is expected to operate in steady state. Accordingly, there wi l l be no heat load 
requirement due to pulsed f ie lds . The heat loads that must be removed by the l iquid helium (or 
supercritical helium) cryogenic system include the radiation heat absorbed from the magnet dewar 
surface, the loads due to conduction through the support and instrument leads, and the radiation energy 
absorbed from incident neutrons and gamma rays. 

5.5 Protection 

High operating current (25 kA) is used to reduce terminal voltage during discharge, and four 
conductors (each carrying 6.25 kA) are connected in parallel to supply the total current. To ensure 
even distribution of current, a spiral winding technique is adopted. 

Voltage taps are used on each coi l as the main quench detection device. Pick-up coils on the 
current leads of the power supplies can be used to compensate for the Inductive voltage. External 
dump resistors are used as heat sinks. 

6. DIVERTORS 

Divertors may be required in fusion reactors to provide for the removal of plasma reaction 
products, to act as conduits for steady state removal of diffusing plasma, to serve as access for 
i n i t i a l pumpdown, and to keep atoms sputtered from the system boundaries from diffusing deeply into 
the plasma. The high aspect rat io and relat ively low magnetic f ie ld of EBT make i t possible to 
design a . re la t ive ly simple "classical toroidal divertor." (See Appendix F. ) 
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6 .1 Divertor Requirements 

The magnetic f i e l d geometry of the divertor must be such that the separatrix can be accurately 
placed at the plasma boundary with re lat ively small f i e l d perturbations inside the l imit ing radius. 
Field curvatures should be as gentle as possible out'ide the separatrix. The diverted f i e ld lines in 
the scrape-off layer assure that the escaping plasma energy is uniformly distributed over the surface 
that intercepts i t . The region in which the divertor f i e ld lines penetrate the f i r s t wall should be 
as small as possible to minimize any chance of gas back-streaming into the plasma and to avoid excessive 
neutron streaming into and through the divertor. Divertors must also have suff icient heat transfer 
area to handle f u l l steady state overloads in an emergency plasma shutdown. 

The forces on the divertor w i l l be large, so the design must provide nchanical support and 
access, te compatible with the standard EBT module and be capable of staged multiple use so that three 
of the four divertors in the reference design would be capable of handling the total load. 

6.2 Divertor Field Design 

In the EBT divertors described here, f i e ld reversal is accomplished by reversing the current in 
one of the standard coils. The reversed current required in this coil is less than the standard 
current by a factor of 1.8-2. For the same overall current density, the coil can be smaller than one 
of the standard coi ls. To maintain the f i e l d intensity at the plasma center l ine under the reversal 
co i l , two additional "shaping" coils are required. These are positioned on either side of the reversal 
coil and approximately one-quarter to one-half of the reactor section length away from the reversal 
coi l . The current in each of these is about one-half of the current in the reversal co i l . In addition, 
a set of low current "tickling coils" with radi i about 2-2.5 times that of the standard coil radius 
are used for the separation of diverted f i e l d l ines. 

For reactors with larger major r a d i i , the divertor design w i l l be easier and effective use wi l l 
be made of the available volume; the design of an EBTR divertor does not seem to present any major 
d i f f i cu l t ies . 

6.3 Divertor Mechanical Design 

Four divertors are equally spaced around the reactor, designed so that any three of them wi l l be 
capable of handling the power recovery (see Fig. l ) . The wall loading for three operating divertors 
would be about 0.4 MW/m2, well below the l imits imposed by heat transfer to the l iquid lithium coolant. 
A possible cryopump system for reactor pumpdown and reaction product removal is considered. Eight 
such systems (two for each divertor) wi l l be suff icient to maintain a base pressure of 10~7 atm with o 
a cryopumping speed of 1.7 K/cm -sec, well below currently available cryopumping capacities. 

7. MECHANICAL DESIGN 

The EBT reactor study has considered the mechanical design of the following: (1) the f i r s t wal l , 
(2) the nuclear blanket, (3) the radiation shield to protect the coi ls , (4) the superconducting coil 
support, and (5) the concrete enclosure and biological shield. The design was carried to suff icient 
detai l (see Appendix G) to demonstrate fabrication and remote maintenance. The stresses wi l l be within 
acceptable l imits and the required heat removal w i l l be possible. 

Since the EBTR has a high aspect rat io and relat ively wide magnet spacing, i t is possible to 
design one module that can be used In machines of various sizes. The module 1s composed of the f i r s t 
wal l , blanket, shield, and coi l . In the case of a reactor with a 30-m major radius, 24 modules are 
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required. The number of modules in a larger device increases in proportion to the major radius so that 
the spacing of the magnets remains constant. This concept of standardized modules is extremely favorable 
in the context of a fusion reactor economy. 

Two fabrication approaches have been studied. In the f i r s t , there are twice as many modules as 
magnets. A standard module is located undor each coil and a module is located between each pair of 
adjacent coils. Removal of the spacer modules (between coils) permits the less accessible modules to 
be rolled axial ly into position for vertical removal from the machine. This procedure permits mainte-
nance to be performed with the coils in place and at 4 .2 ° K. In the second approach the number of 
magnets and modules is equal. Maintenance is performed by removing the entire blanket-coil unit . This 
feature is combined with other differences relat ive to the reference design: (1 ) l i th ium coolant is used. 
(2) electromagnetic pumping is employed, and (3) the magnet shield is made cf concrete which contains 
40% iron shot by volume. The two designs are referred to as the fixed magnet and movable magnet concepts. 

The blanket and f i r s t wall designs d i f fe r in the movable and fixed magnet concepts. The primary 
differences are in the structural material and the method of heat removal. In the fixed magnet case 
the blanket is contained in a set of stainless steel compartments which surround the plasma and are 
f i l l e d by a stagnant lithium pool, a canned graphite ref lector , and stainless steel slabs for gamma-ray 
shielding. The blanket is cooled by a nitrate eutectic sa l t which is circulated through stainless steel 
tubes. The ca l t enters the blanket at 260° C and exits at 485° C. The blanket and f i r s t wall absorb 
about 96% of the energy produced by the plasma. 

The movable magnet concept is fabricated from Nb-l%Zr and uses lithium as the coolant. The EBT 
reactor configuration may permit the use of lithiiBn, which has the advantages of superior heat transfer 
and neutronic characteristics. The disadvantage of the high pressure drop due to MHO effects requires 
particular attention. The pressure drop in an in le t or outlet plenum is about ISO psi. This imposes 
high stresses on the plena and the f i r s t wall , so electromagnetic pumps are reconmended ior use in the 
plena. The f i r s t wall in this concept is an integral part of the blanket and has a conmon l i thium 
coolant c i rcui t with i t . In the f ixed magnet case, a tota l ly separate f i r s t wall is employed with i ts 
own cooling c i rcu i t . The maximum temperature in the wall is about 365° C so that the wall l i fe t ime 
for radiation damage should be acceptable. 

The superconducting coils must be shielded from the radiation produced in the plasma and blanket. 
In the fixed magnet case, the shield, which is 53.5 cm thick, is composed of concentric cylinders; the 
annular spaces are f i l l e d with stainless s t o l spheres, lead, and borated water. The borated water 
circulated to cool the shield enters at 35° C and exits at 90° C. The movable magnet concept shield is 
86 cm thick and is composed of cylindrical stainless steel shells f i l l e d with concrete mixed with 
austenitic iron shot (40% by volume). The shield is cooled by C02. This shield concept has several 
advantages and wi l l be studied further for possible application in the fixed magnet case. 

The magnet support structure di f fers in the two designs. In the movable magnet case, each coi l is 
supported and constrained by 16 tendons which are connected to a support ring. The ring is attached to 
the concrete moat which encloses the reactor. The overall module is positioned and secured to i t s 
foundation by wedges which are attached to the corners of the magnet dewar. The fixed magnet concept 
uses cables to support the gravity loads and the centering forces, so the dewars can completely enclose 
the magniOts except that bellows seals are used where the cables penetrate the dewar wal l . The cables 
give a uniform stress on the coll bobbin and maintain a uniform load distribution during magnet cool-
down. This scheme is restricted to the fixed magnet case since the cable would make coil removal 
d i f f i c u l t . 

A concrete moat with articulated roof slabs encloses the torus. The moat 1s about 15 m wide and 
18 m high with a wall thickness of 3 m. In the fixed magnet design, concrete abutments are located 
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on the inner side of the walls adjacent to each coil- These are used to restrain lateral movement of 
the coils in case of a quench. The roof slabs over the coils are used to support the coil and module 
gravity loads- Modules between the coils are supported from the moat f loor . In the movable magnet 
concept, gravity loads are supported from tha floor. 

In sunmary although the fixed and movable magnet concepts d i f fe r in numerous respects, an ultimate 
design may include features frtsn both of them. The important point here is that the mechanical problems 
related to the EBT reactor can be solved. The high aspect ra t io , reduced forces, and lack of pulsed 
magnetic f ie lds make the EBT reactor very attractive from the engineering point of view. 

8. NEUTRONICS 

Preliminary neutronics analyses for the EBTR designs have been carried out using the one-dimensional 
discrete ordinates code ANISN7 to assess the ruclear performance of two proposed blanket-shield designs. 
The capability of the blanket assemblies to recover the kinetic energy of the fusion neutrons and 
secondary gamma-rays in the form of heat, to breed tr i t ium, and to reduce the radiation incident on 
the toroidal magnet coils, were evaluated. Two blanket and shield configurations are used. The f i r s t 
(or reference) design ut i l izes stainless steel 316 (SS-3I6) as the f i r s t wall and structural material. 
The blanket assembly consists of alternating layers of l ithium and graphite followed by a gamma-ray 
shield which consists of alternating layers of SS-316 and lithium coolant channels. The total 
thickness of the lithium is 41.92 cm and the graphite moderator-reflectors have a combined thickness 
of 15 cm. The main constituents of the shield are borated water (352) and SS-316 in the form of 
spheres (65%). A 12-cm-thick lead l iner surrounds the shield and reduces the garar.a radiation incident 
on the magnet coi ls. 

The second (or alternate) blanket and shield option ut i l i zes niobium as the f i r s t wall material. 
The remainder of the structure is SS-316. The total thickness of lithium in this design is 54.5 cm. 
A 15-cm-thick graphite reflector-moderator follows the lithium region. In this design, the main 
constituent of the shield is heavy concrete consisting of 40% iron and 60% ordinary concrete. A 5-cm-
thick lead l iner surrounds the assembly. C J 

In both designs, natural l i thium (7.4% of L i , 92.6% of ' L i ) is the t r i t ium breeding material. 
The magnet coils were taken to have the same composition as those considered in the EPR neutronics 
analysis.8 

Some of the results are given in Table 2. In the design u t i l i z ing niobium as the f i r s t wal l , the 
tr i t ium breeding ratio is 1.614 compared to 1.353 for the design u t i l i z ing stainless steel as the f i r s t 
wal l . However, the tr i t ium breeding rat io per cubic centimeter is essentially the same in both designs. 
The energy deposition rate in the f i r s t winding of the magnet coil is also given. The concrete shield 
option is more effective in reducing the nuclear heating in the f i r s t winding of the magnet co i l . The 
heavy concrete shield is 86 cm thick compared to 53.5 cm for the shield of borated water plus SS-316. 
The lead l iner in the reference design is 12 cm thick, compared to 5 cm in the alternate design. The 
radiation damage to the f i r s t wall materials is also given in Table 2. 
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TABLE 2 
Calculated Nuclear Performance for Two EBTR Reference Options 

Tritium Breeding Ratio 
( tr i t ium nuclei/incident neutron) 

Li 

' L i 

Total 

Nuclear Heating in the First 
Magnet Coil Winding 

(W/cm )/(n/s/cm) 

Radiation Damage to the First 
Wall 

Displacements per atom/year3 

Hydrogen gas production (appm/yr) 

Helium gas production (appm/yr) 

Stainless Steel 
Salt Coolant 

0.855 

0.498 

1.353 

10.71 

444.38 

131.21 

Nb-lSZr, Stainless Steel 
Lithium Coolant 

0.881 

0.733 

1.614 

neutron 1.00 X 10" •23 2.96 X 10" •25 

gamna ray 5.61 X 10" •23 2.52 X 10' •24 

Total 6.62 X 10" •23 2.78 X io- 2 4 

aBased on effect ive displacement energies of 40 eV for SS-316, 60 eV for Nb. 

9. CONCLUSIONS 

13.14 

127.2 

27.2 

An EBTR reference design has been developed. I f the present understanding of the physics extends 
to the reactor regime, the system w i l l operate at high beta and high power density, and in steady state. 
Problems of accessibi l i ty, structural design, and remote maintenance are eased considerably because of 
the hiqh aspect rat io in the EBTR and the fact that there are no pulsed magnetic f ie lds . 

The f l e x i b i l i t y afforded by the EBTR configuration leads to several options in the areas of 
materials, primary coolant, blanket and shield arrangements, superconducting magnets, and maintenance 
procedures. When an EBTR reference design is envisioned which uses the more conventional options, i t 
is found that the reactor could be constructed using techniques and technologies which exist or are 
the objectives of present development programs. The other more advanced design options require longer 
range development but lead to a potentially more at tract ive reactor plant. 
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APPENDIX A 
PLASMA ENGINEERING 

1. INTRODUCTION 

Plasma engineering involves the use of the results from applied physics analyses in the design of 
fusion systems. Design process of the ELMO Bumpy Torus Reactor is d i f f i c u l t because some of the most 
c r i t i ca l aspects of the system and i ts behavior are not well understood at present; thus, the procedure 
involves making plausible estimates and retaining a f l e x i b i l i t y so that the design can always accom-
modate new results from theoretical and experimental programs. This approach generates design c r i te r ia 
which wi l l suggest the appropriate direction for engineering and technology development. 

In this appendix the fundamental plasma and machine characteristics, system economics, and 
technology considerations are addressed. A commercial reactor is considered in which the design 
thermal power output is taken to be in the range of 2000 to 5000 MW. This is an important point. I t 
may be possible to construct smaller reactors which are based on the EBT containment concept and 
which operate at lower design power levels; there is u t i l i t y interest in such systems. Here the power 
output is taken to be comparable to typical low beta commercial reactor designs to permit comparisons 
between the two systems. 

2 
In a similar regard, the neutron wall loading has been restrained to values near 1 MW/m . There 

is an incentive to increase the power density in a fusion reactor which in turn means that an increase 
in neutron wall loading must be tolerated. A modest increase in wall loading improves system economics p 
but loadings above 3 or 4 MW/m w i l l almost certainly be uneconomical due to r e l i a b i l i t y and pumping 
penalties. Recent material developments suggest that an increase in wall leading may be achievable. 
For the present EBT reference reactor, EBTR-48, the design wall loading w i l l be taken to be near the 2 
conventional value of 1 MW/m . In EBTR-48 the wall loading constraint l imits the operating power 
density, which in turn results in 0 ^ .25. EBT physics analyses suggest that B .40 to .50 may be 
tolerable. Emphasis to date has been focused on EBTR-48 although alternative, smaller-size reactors 
(EBTR-24) with increased power density, neutron wall loading, and beta are presently being studied. 
Some of the early results from the study are included here. 

Final ly, the plasma size is determined by specifying power output, power density, and neutron 
wall loading. Preliminary plasma dynamics simulations, equilibrium, and d r i f t orbi t considerations 
show that a plasma radius of about 1 meter is adequate to attain ignition assuming neoclassical scaling. 
However, a detailed physics basis for the size required for the reactor plasma remains to be developed. 
Physics investigations under way are outlined in Appendix B. As in other system studies, system 
size and plasma parameters are determined self-consistently from models which show that they are 
adequate from a containment point of view. The ultimate requirements w i l l be determined by experiments 
which w i l l either validate the present assumptions or w i l l provide the basis for change. 

In the remainder of this appendix, the constraints and trade-offs which were used to determine 
the characteristics of the reference design are described. 

2. SYSTEM CHARACTERISTICS 

2.1 Neutron Wall Loading 

The f i r s t material boundary surrounding the plasma is assumed to be capable of sustaining a neutron 2 
wall loading, L , which is on the order of 1 to 3 MW/m . This boundary exists at a distance equal to 
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the average plasma radius, a , plus the cold zone, 5, from the plasma center. Since each fusion event 
produces 17.6 MeV of thermal energy, the tota l fusion thermal output, P ^ , produced in the plasma is 

where A = 2ttR 2* (a • 6 ) , w o 

= ( 2 * ) 2 Aa2 (1 + 6 / a ) , and Qp - 17.6 MeV. QN - 14.1 HeV 

F ina l ly , P t h = Lw ^ Aa2 {1 + « / a ) . 

Note that in la te r discussions the tota l thermal output w i l l be redefined to include blanket mu l t ip l i -
cations and an equivalent energy per fusion of ^ 21 MeV. 

Figure A- l shows P t h A w
 f o r several values of aspect r a t i o . A, as a function of average plasma 

radius. Tabular results are shown in Table A- l . (Note that 5 ^ 20 cm is assured to be the "cold zone-
in a l l cases.) 

OHN1.-OWC 7«-1«0'*« 

o (em) 

Fig. A- l . Relationship between geometrical and power production parameters. 
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The wall loading is . of e o v t e . coupled to the the*** ! power density in the pt«sa». This power 

density in t vm w i l l dictate the desirable characteristic* for the plaso*. for c*«s»!e, 

wftere ¥ p is the 9Usa» volutae. Thus. 

r^i -fa '!<"»"-
Hote that for an assumed wall loading, the thermal power density is independent of A and depends only 
on A and a. These results are shown graphically in Fig. A- l and tablulated in Table A-2. 

TABLE A-2 
Thermal Power Density Characteristics 

P t h (HH)/Lw (W/n2 ) 

a(cm) Vp{n»3) 

SO 6.99 
75 4.22 

100 3.00 
125 2.32 
150 1.89 
175 1.59 
200 1.37 
225 1.21 
250 1.08 
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2.3 Plasma Parameters 

The plasma power density required to attain a particular wall loading in a given size device has 

been determined. This in turn dictates the range of plasma densities and temperatures required to 

produce the power. That i s , 

pth_Ni ^ Q p 
V P 4 

Where Nj/2 - » 0 • »T 

Q f = 17.6 x 1.6 x 10"19 MJ . 

Figure A-2 shows the density/temperature characteristics which correspond to a particular power 

density. Table A-3 presents the same data in tabular form. 

ORNL-DWG 76-14080 

/V, X iO"20 (m~3) 

Fig. A-2. Relationship between density/temperature and power density. 
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TABLE A-3 
Pensi ty/Temperature Characteri s t i cs 

Pth(MW)/Vp(m3) 

N i 

( n f 3 ) 

T = 5 keV 

<a\> = 1.35 x 10"23 

10 

1.13 x 10"22 

15 

2.71 x 10 ' 2 2 

25 

5.63 x 10"22 

1 X 1019 9.51 x 10"4 7.96 x 10"3 1.91 x 10"2 3.96 x 10"2 

1.5 x 1019 2.14 x 10"3 1.79 x 10"2 4.29 x 10"2 8.92 x 10"2 

2 x 1019 3.80 x 10"3 3.18 x 10"2 7.63 x 10'2 1.58 x 10"1 

5 x 1019 2.38 x 10~2 1.99 x 10"1 4.77 x 10"1 9.91 x 3<f l 

1 x 1020 9.51 x 10"2 7.96 x 10"1 1.91 3.96 

1.5 x 1020 2.14 x 10"1 1.79 4.29 8.92 

2 x 1020 3.80 x 10"1 3.18 7.63 1.58 x 101 

5 x 1020 2.38 1.99 x 101 4.77 x 101 9.91 x 101 

The power density can also be written in terms of B ( rat io of plasma pressure to magnetic energy 
density) and B, magnetic f i e ld strength. Then, 

P 2 4 th = B B^ <ov> 0 
VP ~ ( 4 v f F 

2 4 
A unique value of 6 B exists when values for the temperature and power density are assumed. 

Table A-4 shows the corresponding parameters in this regard. 

TABLE A-4 

Beta-Magnetic Field Characteristics 

Pth(MW)/Vp0n3) 

T = 5 keV 10 15 25 
B2 B4 <CTV> = 1 . 3 5 x 1 0 " 2 2 -22 1.13 X 10 " 2.71 x 10"22 5.63 x 10"22 

0.015 5.877 x 10"3 1.23 x 10"2 1.31 x iO"2 9.80 x 10"22 

0.015 8.82 x 10"3 1.845 x 10"2 1.967 x 10"2 1.47 x 10"2 

0.02 1.175 x 10~2 2.46 x 10"2 2.625 x 10"2 1.96 x 10"2 

0.05 2.938 x 10"2 6.15 x 10"2 6.55 x 10"2 4.90 x 10"2 

0.1 5.877 x 10"2 1.23 x 10"1 1.31 x 10"1 9.80 x 10"2 

0.15 8.82 x 10"2 1.845 x 10"1 1.967 x 10"1 1.47 x 10"1 

0.2 1.175 x 10"1 2.46 x 10"1 2.625 x 10"1 1.96 x 10 ' 1 

0.5 2.938 x 10"1 6.15 x 10"1 6.55 x 10"1 4.90 x 10"1 

1.0 5.877 x 10"1 1.23 1.31 9.80 x 10"1 

1.5 8.82 x 10"1 1.845 1.967 1.47 
2.0 1.175 2.46 2.625 1.96 
5.0 2.938 6.15 6.55 4.90 

10.0 5.877 1.23 x 101 1.31 x 101 9.80 



A - 6 

Final ly , the tratfe-offs between a and B oust be considered. High-beta, low-B operation is desirable. 
However, the minlmun f i e ld strength assisted feasible i> ">• 2S kG. This is consistent with the cold 
zone thickness of 20 cm, i . e . , two gyroradli of a 3.5-MeV atpha part icle In a 25-kti f i e ld , and with 
the assumption that confinement time w i l l increase with an increase in magnetic f ie ld . 8 -- 25 kG 
1s taken to be a practical minimua in this work. Table A-5 shows the 5-9 data. Figure A-3 shows the 
same data graphically. 

TABLE A-5 
S-B Trade -Offs 

B(T) 

B 2 B 4 B « 0.05 0 .1 0.2 0.3 0.4 

0.01 1.41 1.0 7.05 x ID ' 1 5.76 x 10" 1 5.0 x 10"1 

0.015 1.56 1.11 7.80 x lO'1 6.37 x 10" 1 5.55 x 10"1 

0.02 1.68 1.19 8.40 x I0"1 6.86 x 10" 1 5.95 x 10"1 

0.05 2.11 1.50 1.06 8.61 x 10" 1 7.5 x 10"1 

0.1 2.51 1.77 1.25 1.02 8.85 x 10"1 

0.15 2.78 1.96 1.39 1.13 9.80 x 10"1 

0.2 2.99 2.11 1.50 1.22 1.06 
0.5 3.76 2.66 1.88 1.54 1.33 
1.0 4.47 3.16 2.24 1.82 1.58 
1.5 4.95 3.50 2.48 2.02 1.75 
2.0 5.32 3.76 2.66 2.17 1.88 
5.0 6.69 4.73 3.34 2.73 2.36 

10.0 7.95 5.62 3.98 3.24 2.81 

2.4 Microwave Frequencies 

In addition to the magnetic and plasma physics constraints described above, the required microwave 
frequencies must be considered. A magnetic f ie ld of 40 — 45 kG exists near the magnet throat. The 
resonant frequency there is ^ 120 GHz. This frequency is above that required by cutoff (wpe) and is 
suitable for background plasma heating. Due to the decreased density and f i e ld in the region of the 
stabil izing annuli, microwave frequencies less than this by a factor of 2 may be acceptable for 
sustaining the annuli. A decision on the means of heating the EBTR plasma and sustaining i ts annuli 
has not been made but the frequency requirements, i f microwaves are used, are compatible with those 
presently under development, i . e . , 120 GHz. This includes the case where fu(annulus) = 2 x (u>ce/2ir). 

Since microwave heating is anticipated in the machine, there are two main frequencies of interest. 
F i rs t , the electron cyclotron frequency: 

fce = w c e / 2 * = f e * f ' 

and, second, the plasma frequency: 

/?1r . 1 f47rNee2 1 
e 2tt sc— J f = u , pe pe' - ...e 

In the present design neutral beam heating for the background plasma is assumed. I t is also assumed 
that the stabi l iz ing annuli w i l l be sustained by microwaves. Detailed magnetic f i e ld contours and 
electron density profiles are necessary to permit a determination of the precise microwave frequency 
required in the reactor. Table A-6 shows the resonant f i e l d and electron density which result 
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in cutoff for a given frequency. A frequency of 120 GHz Is resonant at -v. 43 kG and can penetrate 2Q i 
densities ^ 1.8 * 10 / « . This frequency is considered to be an upper l i m i t for the reactor 
application. 

OOML-OWS 7«-1«0»» 

Fig. A-3. Relationship between plasma, magnetic f i e l d , and power production parameters. 

Resonant Fields and Cutoff Densities vs. Frequency 

f u-wave B 
Ne 

(GHz) i l l (#/m 3) 

50 1.78 3.1 x 1019 

60 2.14 4.45 x 1019 

70 2.50 6.0 x 1019 

80 2.86 7.94 x ; 1 0 1 9 

90 3.22 1.0 x 1020 

100 3.57 1.24 x ; 1 0 2 0 

110 3.93 1.5 x 1020 

120 4.29 1.78 x : 1 0 2 0 
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2.5 Mirror Ratio and Magnet Spacing 

A choice of magi? ^ic f ie ld strength can be made at this point. The f inal information needed to 
specify the basic paiuaeters for the systea depends on the magnetic f ie ld coi ls. In the high aspect 
rat io approximation the following equation relates the f i e l d strength a t various radi i and toroidal 
locations to the number ef coi ls, the current, the coil radius, and the spacing between coils: 

B(r.o) s ^ p - Q + n ^ (n {£ ) I Q (n Cos (nN«)) 

R: Major radius 
I : Current (per coi l ) 
N: Number of toroidal sectors 
d: Mirror ndius (coll radius at the current center) 
s: Coil spacing (2sR/N) 
I and K,: Modified Bessel functions o l 

For a specific mirror rat io (the maximum f i e l d at the coi l throat compared to the f ie ld on the midplane), 
this equation can be rewritten as follows: 

im 1 * i - K /Ml 
R *1 VR ' 

For example, by choosing a mirror rat io of about 2, a blanket and shield thickness, t ^ , a cold zone, 
5, and a radial thickness for the c o i l , t c , the number of coils required can be approximated by 

» , Aa x 2.62 

(Note that A • 60, a = 1 m, 6 » 0 .2 m, t b s » 1.75 m and t c / 2 = 0.35 m yields N % 48 co i ls . ) 

2.6 Referenc-a Parameters 

The information developed in the previous paragraphs was used to establish the parameters for the 
self-consistent EBT reactor reference design. The results are summarized in Table A-7. 

I t should be noted that a large aspect rat io torus 1s implicit in the above set of requirements; 
i t is dictated by the simultaneous constraints imposed on coil spacing and mirror rat io. The mirror 
rat io required for the formation of a high-beta mirror plasma fixes the mirror curvature. The coil 
radius and mirror rat io determination fixes the Intercoil spacing within narrow l imits. The aspect 
rat io then has a lower bound which must be such that the toroidal curvature is smaller than that 
fixed by equilibrium considerations, i . e . , mirror curvature. From an economic point of view, i t is 
desirable to optimize the system parameters. Preliminary work has begun in this area but emphasis 
to date has not been on this optimization procedure. 
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TABLE A-7 
EBT Reactor Reference Parameters 

EBTR-481 EBTR-24* 

Plasma radius, a(m) 1.0 1.0 
Aspect ra t io , A(-) 6 0 30 
Major radius, RQ(m) 6 0 3 0 

Mirror ra t io , M(-) 1.78 j ^ g 

Ion temperature, T^(keV) 
Ion density, Nf * 10~20 

Beta, &(%) 
Magnetic f i e l d , BT (on axis) (T) 
Number of coi ls , « c ( - ) 

Total fusion power, P(MH) 
Power density, P/Vp(MW/m3) 
Neutron wall loading, L (MW/m2) 

15 
1.2 
25 

2 . 5 - 4 . 5 
48 

4000 
3.37 
1.13 

15 
1.25 2.13 
24 42 
2.5 - 4 . 5 

24 

1775 5300 
3.0 9.0 

1 3 

Cold zone, 6(m) 
Blanket and shield thickness, t, 
Coil inner radius, r,(m) 
Current density, Jc(A/cm ) 
Coil radial thickness, tc(m) 
Coll half length, L/2 (m) 

sb (m) 
0.2 
1.75 
2.95 
1500 
0.71 
1.30 

0 . 2 
1.75 
2.95 
1500 
0.71 
1.30 

'Emphasis to date has been focused on EBTR-48. 
'Alternative smaller size reactors with increased neutron wall loading are presently under study. 

3. SYSTEM ECONOMICS 

Even at this early stage of the study, several conclusions can be drawn from a preliminary economic 
analysis of an EBT reactor. The absolute values of reactor component costs are not as important as the 
relationships between the costs; the fact that these relationships can be quantified for certain 
assumptions allows some design and operation constraints to be specified. 

A simple energy balance which accounts for the circulating power in the system defines a figure of 
merit for the reactor. An upper l im i t for the recirculating power fraction (defined as the recircula-
ting power divided by the power produced) is specified by a cost breakdown of the reactor, using 
limiting assumptions for the cost of reactor components and of the recirculating power. Some of the 
recirculating power is used for auxil iary functions such as magnet refrigeration and blanket cooling, 
while the rest is available to be fed back into the plasma. Since the auxil iary power requirements 
can be relat ively well defined, the upper l imit on the recirculating power fraction effect ively 
restricts the amount of power available for feedback into the plasma, and hence demands that certain 
plasma conditions be f u l f i l l e d . 

The economic analysis strongly indicates that an EBT reactor should be an ignition device and 
specifies l imits on the feedback power available to sustain the plasma conditions. In the simplest 
case the sustenance power is considered to be that necessary to drive the stabi l iz ing annuli. In high 
wall loading models, the coolant pumping power must also be taken into account. The feedback power 
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l imitat ion implies that almost a l l of the plasma heating is due to the thermonuclear alpha particles. 
This, in turn, specifies an energy containment time that must be attained by the plasma system. 

The ef fect on reactor capital cost of the physical dimensions of the reactor is also investigated. 
The approach is based on trade-off analyses in order to determine to what extent a reduction in reactor 
size reduces the cost of e lect r ic i ty . The total cost of the reactor is assumed to be made up of two 
components — the nuclear island (consisting of blanket structure and magnet costs), and the rest of 
the reactor. For a fixed power output, a change in reactor size directly affects the nuclear island 
cost while the rest of the costs stay essentially constant. By further breaking up the cost of the 
nuclear island into i ts components, the sensit ivi ty of reactor capital cost to reactor size is 
investigated. The main conclusion is that a smaller reactor costs proportionally less only under 
certain restr ic t ive conditions. In any case, the savings in cost must be balanced against the 
resulting increase in structural complexity and the possible detrimental effects on the plasma which 
may result from increased curvature. 

3 .1 Power Balance and Economic Constraints 

3 .1 .1 Recirculating power fraction and conversion efficiency 

Consider the simple reactor power balance shown in Fig. A-4. The thermal energy, P ^ , includes 
both the fusion power produced and the power produced by blanket multiplication. P ^ is converted to 
e lect r ic i ty with a net conversion eff iciency nT- Assuming that the system requires an input maintenance 
power, PM, then the power available to the grid is 

(1) 

(2) 

(3) 

and Pe is the total electr ic power produced. The quantity Q* is a f i ju re of merit for the reactor. 
A larger value of Q* implies a lower recirculating power fraction and a higher overall reactor 
efficiency. 

ORNL-DWG 76—14075 

or 
Q = P g / P M . Q* - 1 . 

where 
Q* = Pe/PM 

Fig. A-4. Reactor power balance. 
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The quantities P^ and P^ can be expressed in terns of better defined reactor parameters. For 
example, for a given reactor size and wall loading, P t h > the gross thermal power is f ixed. Since 

Pe = p th ' <4> 

where n-p is the overall thermal-electric conversion eff iciency, specifying nT f ixes Pg . 
Assuming a steady state reactor operating with a divertor system, and defining two conversion 

efficiencies — nb ( for the conversion of the thermal energy deposited in the blanket) and tid ( for the 
conversion of the thermal energy deposited in the divertor or f i r s t wall) — yields 

Pe = r,b Pn (l+m) + nD (Pa + Ps) , (5) 

where Pn is the 14-MeV neutron power, m is the blanket multiplication factor per neutron, and is 
the power injected into the plasma. Pg includes the power that is delivered to the plasma to sustain 
the stabi l iz ing annuli. The total thermal power is 

P th * Pn <1+m> + P
a

 + Ps • M 

Combining Eqs. (4, 5, and 6) yields 

T~ P P P ' K n 

nb 

(i+m) cr + r + jr 
KT PT HT 

where Pj is the total energy produced/fusion event. For small values of Ps /Pn (Q* » 1) . and assuming 
that 21 MeV is released per fusion event, ( i . e . , the blanket multiplication per neutron is 1.24), 

nT = 0.83 nb + 0.17 nD - (8) 

I f nb = nQ then nT = nb ; i f np = 0, then n T = 0.83 n b . Further, i f n c o n v i s the efficiency of inject ion, 
i . e . , eff iciency of converting electr ical power into power absorbed by the plasma, 

V w 
where Pgux is the power required for refr igerat ion, pumping, and other auxi l iary loads. Thus, Q* may 
be expressed as: 

nh (l+m) P_ + nn (P„ + P J 
Q* = ———p !! . (io) 

+ P 
nconv a u x 

3.1.2 Reactor cost dependence on 0* 

The impact of not having an ignit ion device is considered in this section. In part icular, the 
l imit ing value of Q* from an economic point of view is determined. I t should be realized that the cost 
figures presented here are expected values rather than exact ones and that the conclusions pertain to 
the variation in costs rather than to the absolute costs themselves. In order to allow for cost 
variations a range of values is chosen for each component cost. 



A-12 

The system is divided into f ive cost groups1: 
1. Liquid metal primary coolant system ( C ^ ) . This is defined as the cooling system for the 

blanket and divertor including piping and pumps. 
2. The energy conversion (steam) system (C s t ) . Cost assumptions are made for the steam 

turbines, condensers, heat exchangers, and cooling towers. 
3. Section and divertor costs (C s e c ) . A section is defined as the basic mirror segment which 

is repeated to form the EBT reactor. Material and construction costs for the reactor blanket, 
divertors, and magnets are included. 

4. The auxil iary costs of the plant ( c
a u x ) - These include land, structures, s i te f a c i l i t i e s , 

auxii 'ary reactor plant, and other fixed costs of the system. 
5. Sustenance power cost (Cs) . The cost of the conversion system required to convert electrical 

power into power that can be delivered to and absorbed by the plasma. In the case of the 
particular reactor investigated, this would be the cost of the microwave system. The power 
required by auxil iary reactor functions is neglected. Table A-8 shows the range of values 
investigated. 

TABLE A-8 
Range of Costs (in arbitrary units) 

Cost/kWe Scale Factor ( e ) 

Primary coolant 100 200 0.8 
Steam plant 200 1 
Section cost 300 500 1 
Auxiliary cost 600 0.75 
Sustenance power 10 200 1 

The scale factor, e, in Table A-8 takes into account the effect of size scaling: 

Cost 2 _ Cost 1 I S i z e j l e _ 1 

Size i STze~T (Size 1 j • 

The value of 0 .8 and 0.75 for primary coolant and auxil iary cost scaling are taken from Ref. 1. The 
size scaling factor of unity for the section/divertor cost is just i f ied by the argument that the 
sector size is re lat ively invariant for two reactors with the same mirror rat io and the same neutron 
wall loading. The cost/kW. of the nuclear island is relat ively constant between two such cases. 
The cost per available to the grid may be expressed as follows: 

C, . (R)"2 + C 4. + C + C (R)"*2 5 + ts! 
c . Li v ' st sec aux v ' ( £ 

i — — ' 1 q* 

where R is given by1 

R = 1§§5 ' (13> 

The results are shown in Fig. A-5. Even for widely varying sustenance power costs and for 
varying reactor sizes, the curves show that for small Q* the cost/kWg rises sharply. This is not 
surprising, since a small Q* implies less power sold for essentially the same capital cost. At 
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higher values of Q* the unit power cost decreases and is relat ively f l a t for Q* > 20. Hie absolute 
value assumed for the unit cost of sustenance power does not influence signif icantly the cosc/kW at 
high Q*. These curves show quite dramatically that for values of Q* less than ^ 8 - 1 0 , economic 
considerations indicate that the EBT reactor becomes less attract ive. For a 1000 MW plant, this e 
implies that the amount of electr ic power fed back into the plant must be less than 125 MW . 

1 r SECTION COST:300 UNITs/kWt 
SUSTENANCE POWER_ 

10 UNITS/kWe 
2 0 0 UNITS/kWe 

COOLANT 
UNITS/kWe 
UNITS/kWe 

ORNL-OWG 76-WOTO 

Fig. A-5. Cost/kWe (sold) versus Q* 

3.1.3 Implications of a Q* l imi t 

The maintenance power discussed in the previous section is made up of two components. From 
Ecu (9) i t can be shown that 

= I - Ps (14) 
pe Q* W e 

Figure A-6 shows the dependence of Pa u x /Pe on Ps/Pe for various values of Q* and n c o n v - Basically, 
this plot can be used to determine whether or not a particular reactor sat isf ies the imposed economic 
constraints. For example, i f the power required for refrigeration and cooling is ^ 10 MWe> the 
microwave power required to sustain the stabil izing annuli in a 1000 MWfi reactor must be less than 
92 MW . This assumes that the electric-to-microwave conversion efficiency is 80%. The l imitat ion 
is 52 MWe for a conversion efficiency of 45%. I f the refrigeration and cooling power requirements 
increase, the power available to sustain the plasma decreases correspondingly. 
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— 17conv = 0 - 8 0 

—'CONV110-45 

0.20 

Fig. A-6. Allowable sustenance power for various Q 

One f inal piece of information can be extracted from the limiting value of Q*. Note that in 
steady state 

W 
?Pa + Ps = ̂  . 5 

(15) 

where £ is the fraction of the alpha energy produced which is deposited in the plasma, Wp is the stored 
plasma energy and t^ is the global energy confinement time for the plasma. Defining t * as the stored 
plasma energy divided by the total fusion power produced, or 

= ! e (16) 

P. PT x* P-
and substituting into Eq. (15), 

. IT . H _ ,1a, 
n pn t L ' 

Final ly , substituting this result into Eq. (10) and assuming nb = nD , yields 

|l+m + n t nconv 
Q* = 

Pn 5 pn 

1 Pa , PT T * 
Pn Pn 

f ' aux 
Pn xonv 

(17) 

(18) 



A-15 

Figure A-7 shows Q* as a function of the normalized confinement time for two values of £. Note that 
T* is the confinement time required for breakeven, i . e . , the confinement time which would permit break-
even i f the total energy produced could be delivered back into the plasma with an efficiency of 100%. 
Figure A-7 shows two values of n „ _ „ and two values of the rat io P̂ ,, , / P . A value of 0.005 for P=i , / P „ conv aux n flux n 
(Figs. A-7b and A-7c) implies that for a 1000 MW reactor about 10 MW. is required for pumping and 6 6 
refr igerat ion. In Fig. A-7a, this power is 40 MW. The curves show that for Q* ^ 8-10 the confinement 
time ra t io (T/T*) must be n, 6 for C = 1 and io for £ = 0 .5 . Basically these figures lead to the 
conclusion that the EBT reactor should be an ignition system. This result is common to that derived 
in reactor studies based on other confinement concepts. 

ORNL-DWG 76-14076 

* 
Fig. A-7. Q versus confinement time. 

3.2 EBT Reactor Cost Scaling 

The EBT reactor is considered to be made up of two constituents: the nuclear island which consists 
of the blanket and magnets, and the "rest" of the reactor. The cost difference between two reactors 
with the same thermal output is investigated by comparing the differences in each component separately. 
In order to f a c i l i t a t e this analysis each component cost is expressed as a fraction of the cost of 
that component in a reference reactor of interest. The basic requirements of reactor design are used 
to quantify the range of rea l is t ic values for this rat io . Where possible, optimistic assumptions are 
used so that the cost of the smaller reactor is reduced to the maximum extent possible. The ef fect 
that the assumptions on the component cost ratios have on the cost of the total reactor is investigated. 
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3.2 .1 Basic equations 

I f CR is the cost of the nuclear island and Cr the cost of the rest of the reactor, and i f 
superscripts b and s refer to the reference system and a scaled down or smaller reactor respectively, 
then 

and 

C* - cj • cj (19) 

CT = Cn + C r ' ( 2 0 ) 

where CT is the total cost of the reactor. Thus, 

rS 

where 

cr - i = a* - (a* - f * ) r , (21) 
C? 

c s cs cb 

f * = n ; a, = r. r = n (22) 

n r T 

Further, the cost of the nuclear Island may be expressed in terms of the blanket cost per reactor 
section, C^, and the magnet cost per section, C^, as 

Cn = N(Cm • Cb) , (23) 

where N is the number of sections in the reactor. Thus, 

= C"b 5" ^ . (24) c? 
n m i + _d 

Cm 

Equations (21) and (24) are general equations and can be used to compare the costs of two reactors 
once the component cost ratios have been evaluated. Clearly, each cost rat io can be extended to include 
more basic or detailed units i f necessary. However, interesting information about cost scaling can be 
drawn from Eqs. (21) and (24) as they are given here. 

ch ch ct , i b b „ m 
1 • 3 ' 7s 

3.2.2 Cost comparisons and options available 

Figure A-8 shows the total cost rat io for two reactors as a function of the rat io of the cost of 
the nuclear island to the total cost for the reference reactor. Consider, for example, two reactors 
with the same thermal output. The reference reactor is taken to be the 48 section device (major 
radius 60 m) and the smaller reactor is assumed to be a 24 section device (major radius 24 m). All 
other reactor parameters, such as mirror ra t io , blanket thickness, and magnetic fields are assumed to 
be equal. 
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Fig. A-8. Reactor cost ra t io versus nuclear island cost rat io for the reference reactor. 

Since the total thermal output is the same for both reactors, the cost of the auxi l iary systems 
is expected to be essential ly the same and thus a* ^ 1. The impl ic i t statement here is that the 
capital loss for the steam plant , re f r igerat ion, pumping, and plasma heating equipment w i l l be the 
same. I t could be argued that building costs would be reduced for a smaller reactor, but as discussed 
elsewhere, these costs amount to a small f ract ion of the tota l capital cost. Note that any additional 
capital costs incurred due to the complexity of remote maintenance of a smaller major radius reactor 
are neglected by assuming a* ^ 1. In order to be optimist ic, the cost variat ion for a* = 0 .8 i s 
investigated. 

The smaller reactor costs a factor of two less than the larger one only i f r > 0.375. For the 
expected values of r for the reference reactor of 0.4 - 0 .6 , say r is 0 . 4 , then f * needs to be < 0 .01 
and i f r is 0 .6 , then f * needs to be < 0 .3 (Fig. A-8) to achieve the same factor of 2 in cost reduction. 

The var iat ion in the nuclear island cost r a t i o , f * , is shown in Fig. A-9 for various magnet cost 
rat ios. I t is unlikely that the cost of a magnet w i l l be reduced for a smaller reactor r e l a t i v e to 
a larger reference case. In f a c t , since the magnets w i l l tend to be of larger diameter to allow for 
reactor assembly and maintenance and w i l l carry larger currents in order to produce the same magnetic 
f i e l d in both cases, i t is almost certain that an individual magnet w i l l be more expensive. The 
variat ion in f * for magnet cost rat ios of 1.0 and 0.8 is examined, and results are probably opt imist ic . 
The curves in Fig. A-9 are plotted for various values of the blanket cost ra t io . Since reactors with 
the same mirror ra t io are being compared, section lengths are expected to be about the same in both 
cases; therefore, the blanket cost is expected to be essent ia l ly unchanged. The upper two curves 
(cost rat ios 1.2 and 0.8) are probably the r e a l i s t i c ones. The blanket cost/magnet cost ra t io f o r 
the reference reactor is expected to be ^ 0.2 - 0 . 3 . For r e a l i s t i c magnets and blankets the nuclear 
island cost r a t i o , f * , w i l l be 'v 0.4 - 0 .5 . In fac t , the only conditions under which f * < 0 .3 are 
those where the blanket cost/magnet cost ra t io for the reference reactor is 0 .4 and the blanket cost 
ra t io is 0 .1 . This si tuat ion is considered to be unreal is t ic . From Fig. A-9 for f * = 0.4 — 0.5 i t i s 
found that halving the number of reactor sections, reducing the major radius, and increasing the 
wall loading to keep the reactor output a t the same value is beneficial only i f most of the reactor 
cost (> 752S) is due to the nuclear island cost i t s e l f . 
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Fig. A-9. Nuclear island cost rat io versus blanket cost/magnet cost rat io . 

Equations (21) and (24) can be extended to compare reactor cost variations which accrue due to 
changes in magnet cost in a given reactor by specifying Ns = N®3 and C^ = (same number of sections 
and the same blanket cost). The resultant values of f * are shown in Fig. A-10. I t is evident that 
when the nuclear island cost/reactor cost ratios ( r ) are 0.4 — 0.6 and the blanket cost/magnet cost 
ratios are 0 .2 - 0.3, a 25% change in the magnet cost results in f * of ^ 0.8. This results (Eq. 21) 
in a new reactor cost of 0.88 - 0.92 times the reference reactor cost. For a 50% change in the 
magnet cost, the new reactor cost is ^ 0.76 — 0.84 times the reference. 

From these analyses i t is concluded that EBT reactor systems are such that the optimum cost 
reactor is not dependent on reactor size in an obvious way. The cost/kWe is not a strong function 
of size and there are many construction, engineering, and maintenance benefits gained by high 
aspect ra t io operation. Secondly, i f reactor cost optimizations are to be attempted in the future, 
considerable attention should be given to components outside the nuclear island since they have 
significant impact on total plant costs. 
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APPENDIX B 
PLASMA PHYSICS 

1. INTRODUCTION 

The ELMO Bumpy Torus Seactor (EBTR) is the f i r s t reactor design study based on the bumpy torus 
confinement concept. In the early stages of the EBTR study, power production, technology, and engi-
neering considerations (discussed in Appendix A) primarily were used to establish the EBTR characteris-
tics and operating point. Refinements in plasma engineering and plasma physics have resulted in a 
revised system description. In this appendix the plasma physics considerations that determine the 
operating point are discussed. Specific considerations are: 1) part icle orbi t behavior and under-
standing of ef f ic ient use of the plasma chamber volume, and 2) plasma s tab i l i ty and equilibrium. 

The v iab i l i ty of EBT as a reactor requires the stable confinement of a plasma with densities about 
20 3 

10 /m and temperatures on the order of 10 — 15 keV. These parameters correspond to a plasma B of 
20 — 40% in a moderate magnetic f i e l d . For a high beta, steady state system, the plasma equilibrium, 
part icle orbits, arobipolar electr ic f i e l d , and transport phenomena are closely coupled to one another 
and adequate treatment of any one requires consideration of the others. Specif ical ly, the interrelations 
are: 1) equilibrium magnetic f ie lds depend on the pressure prof i le , 2) guiding-center d r i f t orbits 
depend on the equilibrium magnetic f i e ld and ambipolar electr ic f ie lds , and 3) transport rates, which 
together with sources and sinks determine the prof i le , depend on the guiding-center d r i f t orbi ts . A 
self-consistent treatment of this coupled set of problems for a large-scale EBT reactor, while being 
vigorously pursued, is as yet unavailable. Here intermediate and/or part ial answers are obtained in 
order to proceed progressively into the fu l l self-consistent treatment. 

2. EQUILIBRIUM AND DRIFT SURFACES 

Eff icient use of the volume of an EBT reactor is proving to have a greater impact upon the design 
assessment than was expected. The shielding and blanket which surround the chamber in the reactor 
make the problem more d i f f i c u l t than that in EBT-I. The essence of the problem is that toroidal effects 
cause the plasma to be shifted inward toward the major axis. 

Here this problem is discussed and several solutions are suggested. The f i r s t point is that modi-
f ication of the present inner wall design so that i t more nearly follows f i e l d lines (as in EBT-I) makes 
the coil structure the l imit ing factor. Such a modification would increase the usable volume in EBTR-48 
by about 25%. The second point is that the coil-blanket-shield structure can be modified to increase 
the plasma volume. Here one can either make the aperture eccentric to the coil axis or increase the coil 
radi i by about 25 cm. Either procedure would permit a plasma of the required size. 

Finally, there is the possibil i ty of supplementary coils. This is a very promising but re lat ive ly 
unexplored area. One class of supplementary coils was considered for EBT-I, but in that case the 
cost/benefit ratio was low. This is probably not the case for large devices with different classes of 
supplementary coils. This topic is being pursued vigorously in the EBT-II design study. The results 
of these calculations wi l l be used to an advantage in the EBT reactor study. The notion of supplementary 
coils holds out the promise of high volumetric, efficiency for a machine which includes a re lat ively 
small number of sectors (perhaps as low as 24). 

The spatial position of the hot electron annuli is c r i t i ca l to e f f i c ien t u t i l i za t ion of the volume 
within the vacuum chamber. Macroscopic s tab i l i ty demands that the toroidal core plasma pressure be 
relat ively constant near the minor axis and f a l l rather rapidly in the region of the annuli. Thus the 



B-2 

annuli form a set of "guard rings" surrounding the toroidal core. To a certain extent, i f the 
diameter of the annuli can be increased, the usable volume within the chamber can also be increased. 
The caveat i s that the toroidal core plasma must pass through the coils and their supporting structure 
(shield, blanket, e tc . ) . As w i l l be seen, the present inner wall design reduces the diameter of the 
annuli. When the diameter of the inner wall near the midplane is increased, the annuli diameter is 
increased and the coil structure becomes the determining factor. 

Experimental observation and numerical computation show that the annuli form near contours of 
constant l®v a c u u m! i " the midplane of the device. This is a natural consequence of microwave heating. 
The annular profi les can be adjusted by prof i le microwave heating at lower freauencies. No overriding 
technological d i f f icu l t ies are introduced by assuming that lower frequency microwaves can be used to 
adjust the position of the annuli. Thus, for a given coil configuration i t is suff icient to examine 
the contours of constant |B..„ I to determine the maximum diameter of the annuli. ' vacuum1 -» -» 

Figure B- l shows these contours of !Bvacuun)| for EBTR-48 as well as !B
v a c u u n , l in the equatorial 

plane versus distance from the minor axis for EBTR-48. (The magnetic f i e ld was produced assuming 
filamentary colls,which is suff icient for our purposes here.) Figure B-2 shows the corresponding 
data for EBTR-24. I t wi l l be noticed that the contours are nearly concentric circles. The center 
of these circles is shifted away from the minor axis toward the major axis. Using a simple approxima-
tion for the vacuum magnetic f ie ld of a bumpy torus, one finds that the magnitude of this shi f t is 
given by 

= T! M — I N U ' 

where M is the mirror ra t io , N 1s the number of coils, and d is the separation between the coils. The 
inward shi f t for EBTR-24 is slightly in excess of three times that of EBTR-48 because both M and N are 
smaller. While one can reduce this sh i f t in EBTR-24 by increasing the mirror ra t io , i t seems l ikely 
that e f f ic ient use of the chamber volume for a 24-sector machine can only be achieved by introducing 
supplementary coi ls . For this reason, attention is focused on EBTR-48 in the remainder of this appendix. 

For a mirror f i e l d , the f i e ld l ines naturally compress as one goes from the midplane to the coil 
plane, as shown in Fig. B-3. To lowest order the plasma follows the f i e l d l ines. Notice that for the 
inner wall design in Fig. B-3, many of the f i e ld lines which pass through the coil aperture intercept 
the lateral wall of the chamber. Consequently, the diameter of the plasma is limited by the portion of 
the inner wall in the midplane rather than in the coil plane. Figure B-4 shows an inner wall configu-
ration where the coil aperture l imits plasma diameter. As indicated in Fiq. B - l , this allows an increase 
in the plasma diameter. The corresponding increase in the usable volume of the container is about 25%. 
This inner wall configuration is somewhat arbitrary. The important feature is that the part of the 
wall closest to the major axis follows a f i e l d l ine as closely as is practical . 

Figure B-5 shows a case in which the coil structure aperture has been shifted inward approximately 
25 cm ( I ts diameter was held constant). This case allows vir tual ly 100% ut i l i za t ion of the aperture. 
The notion here is that i t may be technologically feasible to have a nonuniform layer of shield and 
blanket within the coil throat. An alternative is simply to increase the radius of the coil by about 
25 cm while keeping the thickness of blanket and shield constant. Either method would lead to the 
plasma size required for EBTR-48. 

The d r i f t motion of single particles is now considered. Here f i n i t e beta and the ambipolar 
e lectr ic f ie lds must be taken into account. As wi l l be seen, only a small region of velocity space 
is lossy. The bulk of the particles in the toroidal core and annuli are well contained. 
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Fig. B-1. Contours of constant B in the midplane for EBTR-48 (a) and B/Bo vs distance from the minor 
axis (b). B0 is the value of B on the minor axis in the midplane. Fig. B-lb indicates the 
positions of the inner wall for the several designs shown in Figs. B-3, B-4, and B-5. The 
non-cross hatched parts indicate the maximum usable portion for the three designs. The 
displaced aperture inner wall design would produce nearly 100% maximum volumetric eff iciency. 

T'ie general features produced by f i n i t e beta and ambipolar electric f ields can be most easily 
understood in terms of the local d r i f t velocity 

VQ = + ^ (H n x Vin B + v | k] (2) 

where G = tS/m is the cyclotron frequency, n = S/B, and the curvature vector is given by 

< = n x on/as . 

Notice that for low energy (small v^ and vy) the part icle d r i f t is dominated by the E * B d r i f t . In the 
desirable mode of operation in EBT-I, the electrostatic potential , <)>, is such that e<f>/T.. is on the order 
of unity. Since the distribution of low energy particles is approximately Maxwellian, the bulk of the 
particles have energies below several cimes T . ; consequently, the bulk of the particles' motion is 
dominated by the E x B d r i f t . 
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Fig. B-2. Contours of constant B in the midplane for EBTR-24 (a) and B/S0 vs distance from the minor 
axis (b) . The exceedingly small usable volume can be improved somewhat by changes in mirror 
ra t io and wall design. 

OftftL-DarC 76—HC.33 

Fig. B-3. |B| contours and f i e l d l ines in the equatorial plane for a sector of EBTR-48 with the 
original inner wall design. The boundary is the inner wall (and the col l planes). Solid 
l v ' j s s show contours of constant B. Dashed lines represent the f i e l d l ines. 
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Fig. B-4. |B|contours and f i e l d lines for EBTR-48 in the equatorial plane for a "flux-following" inner 
wal l . The aperture in the coil plane has been fixed and the inner wall arranged to approxi-
mately follow the f i e ld l ines. The precise detail of such inner walls remains to be 
specified. 
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Fig. B-5. |B[contours and f i e l d l ines for EBTR-48 in the equatorial plane for a displaced aperture. 
The aperture has been moved toward the major axis so that is projection along f i e ld lines 
into the midplane l ies on |B| contours. This wall design would provide the necessary size 
plasma required for EBTR-48. 

On the other hand, for high energy particles (v^ and V|| large) , the E x B d r i f t is negligible and 
their d r i f t motion is dominated by the gradients and curvature of the magnetic f i e l d . Figure B-6 shows 
the effect of a high beta annulus on the magnetic f i e ld . Typically, the gradients in B are strongly 
affected, as evidenced by changes in the |B| contours. The f ie ld l ine shapes and therefore their 
curvature, k, are relat ively unaffected by f in i t e beta. Thus we see from Eq. (2) that f in i t e beta has 
i t s greatest effect upon particleswithvy = 0 (a l l VjJ and relat ively l i t t l e ef fect upon those with 
vjj = v ( V 0 ) . 

From the above discussion one can conclude that high energy particles with v ^ v are re lat ively 
unaffected by either the electr ic f i e ld or the f i n i t e beta. Particles with high Vy tend to be poorly 
confined in a vacuum f ie ld as wel l , as may be seen by referring to Fig. B-6. Notice that the curvature 
of the f ie ld lines in the coil plane is opposite to that in the midplane. Consequently, particles with 
high Vj| sample both signs of the curvature. The time-averaged curvature can be nearly zero. Hence, 
the poloidal d r i f t motion produced by the mirror- l ike f i e l d can be very small for these particles and 
the toroidal curvature causes them to d r i f t nearly stra-ight up (or*down) into a material wall . 

To carry out detailed evaluation of part icle orbits, i t is convenient to introduce the magnetic 
moment, u, and the longitudinal adiabatic invariant, J : 
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= d z 
Under the assumption that the ambipolar electrostatic potential, 4>, is constant along f ie ld l ines, the 
kinetic energy is given by e — e<J> where E is the total energy. As a consequence 

2 
h m v |j = e — e<{> — vB 

and 

<3 = i/27m ^"ds, /e — e$ — yB , (3) 

Since e, y, and J are conserved quantities (adiabatically), the particle must l i e on a surface of 
constant J for fixed e and y. Particle d r i f t surfaces may be determined by calculating J on a grid in 
the midplane for fixed e andu and from this the contours of constant J can be determined. 

ORML-OWS 76-H056 

b 

Fig. B-6. |B| contours and f i e ld lines for EBTR-48 with(b) and without (a) f i n i t e 6. Ttie 
minimum in |B| produced by the annulus is clearly visible in Fig. B-6b. 

To make a detailed calculation, a definite magnetic equilibrium and ambipolar potential must be 
chosen. Figure B-7 shows the annular pressure prof i le selected for evaluation along with i ts effect 
upon B. While one could consider an additional toroidal core of comparable beta (e .g . , ^ 50%) the 
important feature is the outer gradient in B. Here the present inner wall design has been used. This 
design, as discussed previously, poses severe restrictions on the annular diameter. Figure B-8 shows 
the ad hoc electrostatic potential. Notice that the potential has non-zero gradients in the outer 
portions of the annuli. This is in keeping with experimental observations from EBT-I. This has the 
consequence that contours of constant B and 4> are nearly identical so that the electr ic f i e l d has l i t t l e 
ef fect upon the shape of the d r i f t surfaces for v jj ^ 0. 

An important question is what particle d r i f t orbits are contained within the chamber. A measure 
of this is provided by the area ( in the midplane) of the last closed contour which does not strike the 
wall . This notion is i l lustrated in Fig. B-9. Volumetric efficiency, F, is defined by 

f = area of last closed contour 
" area intercepted by the"liner " 
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Fig. B-7. Magnetic f ie ld vs distance from the minor axis in the midplane for the vacuum f i e l d (dashed) 
and f i n i t e B f i e ld (sol id) . The lower curve shows p. scaled by the vacuum magnetic pressure 
%liB§ [1. e . , Bĵ  £ Pj / (Hy0B2) ] . 1 
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Fig. B-8. The ambipolar electrostatic potential , vs distance from the minor axis. Comparison with 
Fig. B-7 wi l l reveal that non-zero gradients in <f> only occur in outer positions of the 
annul us. 
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Fig. B-9. Contours of constant J in the midplane (sol id) and the inner wall (dashed). Notice that the 
"last closed contour" is tangent to the inner wal l . 

Since the part ic le orbits depend upon e and y , so does the volumetric ef f ic iency. The results 
are displayed in terms of the more i n t u i t i v e variables vjj/v and the (k inet ic energy)/]e<J>0] measured on 
the minor axis in the midplane. (When plotted versus vjj/v» an isotropic distr ibut ion is constant. 
Thus, using V|j/V f a c i l i t a t e s estimating the fract ion of part ic les which may l i e in a loss region.) 
Figure B-10 shows the volumetric eff ic iency for ions and electrons. The differences between the two 
species are caused by the sign of the charge. At some points in velocity end configuration space, 
the e l e c t r i c f i e l d can nearly cancel the gradient B and curvature d r i f t s , leading to poorer confinement. 
This i s most evident in Fig. B-lOa for ions. 

The detai ls of the surfaces of volumetric e f f ic iency , such as shown in Fig. B-10, depend upon 
deta i ls of the inner wall design as well as the magnetic equilibrium and ambipolar e lec t r ic f i e l d . 
Thus the depression seen for the ions in Fig. B-10 is not universal. There are three features which 
are re la t i ve ly independent of these deta i ls : 

(1) low energy part icles are well confined, 
(2) well-trapped part icles are well confined, 
(3 ) high energy part icles with high vjj/v are the worst confined. 
The notion of supplementary coils was considered for EBT-I to improve the confinement of this las t 

class of part ic les. There are a number of possible supplementary coil configurations currently under 
investigation. Only those factors motivating the coil design are discussed here. 

For part ic les with y = 0 (vj| = v ) , the-longitudinal adiabatic invariant can be writ ten as 

J = /57m / e - etp £ dz . 

For highly energetic particles we may neglect the <)> dependence and obtain 

J . 

Thus, for these par t ic les , J is proportional to the length of the f i e l d l ine . Because of the tendency 
for the f i e l d l ines a t larger major radi i to be longer, an inward sh i f t of the constant J surfaces 
results. 
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Fig. B-10. Ion (a) and electron (b) volumetric eff iciency, F, vs v||/v and kinetic energy scaled by 
eijiQ. The magnetic and e lectr ic f ields are those indicated in Figs. B-7 and B-8. The 
details of the figures depend upon the details of the inner wall design, e lectr ic f i e l d , 
and f i n i t e beta f i e l d . The more universal features mentioned in the text are clearly 
present. The maximum volumetric efficiency here is s l ight ly less than 0.5. By using the 
inner wall design of Fig. B-5 this could be increased to unity. 

By adding supplementary coils, the inner f i e l d l ine length can be made equal to the outer f i e l d 
l ine length. The so-called H&S configuration1 '2 is an example of such a configuration, but requires a 
large number of coi ls. The focus of the EBT-II supplementary coil design studies is on more 
economically attractive coil configurations which produce nearly the same effect upon f i e l d l ine 
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length. The configurations under consideration should also allow a more synrnetrized set of l^ v a c u O T l 
surfaces. This would avoid the use of the eccentric or larger main coils mentioned earl ier in 
this appendix. Indeed, supplementary coils may even make a design with a small number of coils 
( e .g . , 24} at t ract ive. 

3. MACROSCOPIC STABILITY 

20 3 
The v i a b i l i t y of EBT as a reactor requires the stable confinement of a plasma with n ^ 10 /m 

and T 10 — 15 keV. These parameters correspond to a plasma B of about 20 - 40SS in a magnetic f i e l d 
of 25 kG on the minor axis in the midplane. However, in the vacuum f ie ld produced by the EBT coi ls, 
such a plasma is grossly unstable according to either magnetohydrodynamic (MKD) theory or Vlasov theory, 
both of which predict macroscopic f l u t e - l i k e d r i f t instabi l i t ies having growth rates of less than 
a microsecond, leading to correspondingly short containment times. Such instabi l i t ies have been 
observed in other bumpy tor i and appear to exist in EBT in the C-mode. 

Crucial to the s tab i l i ty of the EBT plasma is the presence of a re la t iv is t ic hot elec.ron 18 -3 
population, with Tg 100 keV, but with a required density of only about ng 10 m , or a small 
fraction of the total electron density. This hot electron population (annuli) is immune to the insta-
b i l i t i e s mentioned above because of the fast d r i f t velocities and large Larmor radii of i ts particles. 
By modifying the magnetic f i e l d , i t also provides stabi l i ty for the rest of the plasma, composed of 
warm ions and electrons. Thus the simplest model for discussing the s tab i l i t y of the EBT plasma is 
one with three components: hot electrons, warm electrons, and warm ions. One can treat f i r s t the 
ins tab i l i t ies of the hot electrons, and then the instabi l i t ies of the warm species. The ef for t to 
date has been concentrated on macroscopic ins tab i l i t i es , those which produce large particle transport 
and would be fatal to a reactor. Microinstabi l i t ies, which could lead to enhanced transport, are not 
included in this discussion. 

3 .1 Stabi l i ty of the Hot Electron Annuli 

Although the hot electrons in EBT form annuli about the magnetic axis, this configuration is not 
necessary for either their s tab i l i ty or that of the bulk plasma. What is required is that their 
temperature be high enough and the magnetic f i e l d gradient produced by their diamagnetism be large 
enough to achieve a VB d r i f t frequency which exceeds the ion cyclotron frequency. When this condition 
is reached, analysis of the Vlasov-Maxwell equations shows that hot electron d r i f t waves are stabil ized, 
apparently by interference between the responses of the fast dr i f t ing electrons and the slowly dr i f t ing 
ions.3 As the hot electron temperature or density is reduced, these waves become unstable, and at 
s t i l l lower temperature, where the MHD and guiding center theories are applicable, they become the 
unstable f lutes and ballooning interchanges predicted by these theories. Thus, stable operation of a 
reactor w i l l require that the hot electrons achieve a temperature comparable to that in the present 
device and a pressure prof i le of suff icient steepness to produce large VB d r i f t s . 

Near the outer edges of the annuli, the hot electron temperature is not high enough to stabi l ize 
these ins tab i l i t i es . However, in the present EBT the cavity shape is such that this region is l ine-
t ied, and l ine-tying is an effective stabi l iz ing mechanism for these modes. We believe that the outer 
edge of a reactor plasma must also be l ine - t i ed , unless a supplementary coil system is used to create 
a local minimum in the vacuum B-f ie ld . Present theory does not allow a def ini t ive answer as to how larae 
the l ine - t ied region must be. The experiment qives a practical answer in that the location of the annuli 
can be varied by changing the magnetic f i e ld strength and hence the resonant zone in which the annuli are 
formed. The outer edge always extends to a l ine- t ied region, but in general this region is quite small. 
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3.2 Stabi l i ty and Beta Limitations of the Bulk Plasma 

In the vacuum f ie ld of EBT the warm ion and electron populations forming the bulk plasma are 
likewise subject to unstable d r i f t and MHD modes at frequencies characteristic of their VB d r i f t . The 
hot electron annuli stabi l ize these modes by a very interesting mechanism. The hot electron diamagnetic 
currents act as "invisible coils" colocated with the bulk plasma and create a region of minimum average 
B in which tfda/B decreases with radius. In this region a stable bulk plasma can be established and then 
stably extended to the magnetic axis, even though the minimum average B region does not extend to the 
magnetic axis. Figure B - l l shows the location of the hot electron plasma, the region of decreasing 
tfdi/B, and the stably confined bulk plasma. In general, one finds that the bulk plasma beta can 
approximate that of the annuli before instabi l i ty occurs. 

ORNL-DWG 7 6 - ' « 0 6 t 

Fig. B - l l . tfdH/B, magnetic f i e l d , and pressure vs distance from the minor axis in the midplane for the 
vacuum f ie ld (dashed) and f i n i t e B f i e l d (so l id ) . 

To just i fy these results, several steps of analysis are required. F i rs t , a l l three species are 
considered using Vlasov equations, but here only simple geometries such as planar or cylindrical can 
be considered. I t is found that because of their fast d r i f t velocity and low density the hot electron 
terms in the dispersion relat ion for localized electromagnetic d r i f t waves are negligibly small. How-
ever, the hot electrons do modify the magnetic f ields seen by the other species and hence the equilibrium 
configuration. When the hot electron beta becomes large enough to reverse the direction of VB re lat ive 
to the curvature (or gravity) these d r i f t waves are stabil ized. Repeating this calculation using the 
MHD or guiding center equations in the same simplified geometry, and considering the hot electrons as 
invisible currents which af fect the equilibrium but not the s t a b i l i t y , one finds the same results as 
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for the Vlasov equations, except that when the VB dr i f ts are reversed a l l localized MKD modes are 
stabilized. 

The simple way in which the hot electron terms drop out of the dispersion relation gives one 
confidence that the same would occur i f one could apply the Vlasov equation to the real bumpy torus 
geometry. The expected agreement between the Vlasov analysis and the MHD analysis then leads 
to the next step: the guiding center equilibrium equations are solved numerically for mirror-confined 
annuli together with a scalar pressure bulk plasma in a bumpy cylinder geometry. Then the hot 
electrons are treated as r igid in a 6W MHD stabi l i ty analysis of the bulk plasma. Figure B-12 shows 
that once a well has been established by the annuli (a t eA t 5 - 15%) a beta of the bulk plasma compar-
able to, or higher than, the beta of the annuli can be achieved which is stable to a l l modes 
encompassed by the guiding center or ideal MHD theories. These modes which l imi t bulk beta are 
pressure-driven ballooning interchanges. Tht last step, extension to fu l l bumpy torus geometry, has 
been carried out analytically."*'5 Because the bumpy cylinder provides an excellent approximation to 
the bumpy torus, both in equilibrium and s tab i l i t y , the numerical calculation of s tabi l i ty boundaries 
in the torus is not considered essential. 

ORNL- 0WG76-W06Q 
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Fig. B-12. Maximum toroidal B for MHD stab i l i ty 



B-13 

Experimental confirmation of these optimistic beta predictions is not possible in the present 
device because there beta is limited by heating and transport considerations- However, the threshold 
for stable confinement at -v. 82 is observed, where i t marks the boundary between C- and T-modes. 
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APPENDIX C 
CYLCOTRON RADIATION 

1. INTRODUCTION 

One factor in the economic analysis of the EBTR is the question of how much power is lost from 
the annulus and bulk plasma as radiation; in part icular, the cyclotron losses of the very hot annular 
electrons must be replenished by the microwave sources sustaining the annuli. 

In this approach, because of the complexity of the problem, a simplified theory has been used to 
estimate the cyclotron losses by assuming slab model geometry with (Maxwellian) temperature, density, 
and magnetic f i e l d uniform within each plasma region but differing between the neighboring bulk and 
annular regions. General formulae are presented for the total cyclotron power loss and i ts dependence 
on annular beta, annular thickness, and f i r s t wall re f lec t iv i ty . 

2. FORMULATION OF RADIATION LOSSES 

The equation governing radiative energy transfer is 

r 
where S is the spectral intensity into a given solid angle along a path z , a is the absorption coef-
f i c ien t , wc is the cyclotron radiation production rate, and n r is the index of refraction. The 
electron cyclotron motion principally radiates extraordinary waves which have roughly n r = 1 as long 
as their frequencies (w) exceed the local plasma frequency (oi ) . p i i 

The cyclotron frequency (w ) in the annulus and midplane is 4.4 x 10 sec and in the mirror 
1 1 - 1 2 0 

throat t»c = 7.92 x 10 sec . I f a bulk average density nfi = 1.2 x 10 m is used to compute 
the bulk plasma frequency, one finds <op = 6.2 x 1011 sec"1. Thus the annulus radiation w i l l not 
readily propagate through the bulk plasma. (The same is true of the bulk radiation in the midplane.) 
I f the bulk density is not f l a t ( e . g . , a parabolic prof i le ) , the peak plasma frequency could cut of f 
the f i r s t harmonic as well . The equation of transfer w i l l use n r = 1 for now but allow for spectral 
modification at ui_ and 2w . c c 

Generally, S = S(u,6) since cyclotron emission and absorption are anisotropic. However, a(9) is 
a f a i r l y slow function of 61 so the spectral flux is approximately 

ti/2 
s(w) y f dn cos e s(u>, tt/2) 

o 

= uS(U>, IT/2). 

So, one can do the calculation for radiation propagating perpendicular to the magnetic * ie ld lines 
only. 

An additional complication arises when treating the radiation reflected of f the walls of the 
containment vessel. Here, a simple treatment Is considered, which examines l ight 
propagating purely radially through the plasma and neglects details of the toroidal vacuum chamber. 
The characteristic cutoff frequencies (u>*) for black body radiation have only a sl ight dependence on 
plasma geometry,3 so values typical of a slab geometry wi l l be used. 
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Setting n
r
 = 1 a n d recall ing that emission and absorption are related by the black body formula 

in equilibrium, the equation of transfer is integrated to get 

S(2) = B + [S{1) - B{ e~4 adz . (1) 

For simplicity one can assume the plasma is a uniform temperature Maxwellian, in equilibrium, but note 
that anisotropic, non-Maxwellian distributions, suc'.i as occur ^in hot electron annuli, may considerably 
a l ter these results. The black body intensity above is B = ; points 1 and 2 are where the ray 8irc* 
enters and leaves the plasma. 

At this point a ray is traced as i t bounces back and forth through bulk plasma and the high 
temperature annular sheath (see Fig. C- l ) . 

Kt 

A REFLECTIVITY r 

Fig. C- l . Radiation path through bulk plasma and annular sheath. Wall re f lec t iv i ty is r . 

For uniform plasma properties across each section, purely radial propagation, a bulk plasma rs;ius a , 

and an annulus thickness one has 

S( l ) « B. + tS(0) - B»] e_aA6A 

5(2) = BB + IS 11) - BR1 e'aB2a 

(2) S(3) = Bft + [S(2) - Bftl e'aASA 

S(4) = r s (3 ) 

5 (4 ) = S(O) 

where r is the wall re f lec t iv i ty . From solution of Eq. (2) the outward flux across the surface of the 
bulk plasma is 

I 8 ( u ) = ir[S(2) - S ( l ) ] 

* { l - e V a } {(bg - bft) [1-r e"aA26A] + Bfl ( l - r ) e ' a A 6 A} 

1-re' - ° a 2 5 a - ae2a 
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and the outward flux across both surfaces of the annulus is 

I A (u) = w[S(3) - S(4) + S ( l ) - S{2)] 

_aA25A - aR2 d 1 , "aA25A , -aB2 a -= [1-re A A ^ ] Tr{BA(l-re A A ) ( l - e B ) 

-a,i5n -Oo2a -2{a .5 . + a-a) 
+ Ba ( l - r ) ( l - 2 e + 2e - e A A ^ ) 

-aR2a -otR2a - a . 6 . - a .6 . 
- Bb (1-e B + e A A _ e A A } 

- B H e ' ^ ^ " a B 2 a - e"°B 2 a + e " " ^ - e " ^ 2 6 * ) * B 

These expressions are very complicated due to the frequency dependence of the absorption and 
_g j, 

reflection coefficients. For example, a clean f i r s t wall of stainless steel has r = l - 7 . 3 x 10 u \ 
However, pumping ports, injection apertures, diagnostics, etc. wi l l reduce the total f i r s t wall 
re f lect iv i ty . Moreover, during the f i r s t wall l i fet ime i t s re f lect iv i ty w i l l probably degrade due to 
severe reactor conditions, so r = 0.9 as the typical value has been assumed. (Results are insensitive 
to the exact value of r provided r < 0.99.) 

The function a(u) has been published2 for T = 10, 50, and 100 keV and is available at ORNL for 
arbitrary temperatures. To simplify expressions for l ( u ) , cutoff frequencies (to*) are defined by 
aB(u*B) 2a h 1 and a^(u>*A) 26A = 1. Since a(u) decreases very quickly as to increases, the exponential 
factors in I(w) are easily approximated in various frequency intervals. For Case I where < w*A 

(very hot annulus of moderate thickness): 

{ 
11 [BB ~ BA] ' U < U*B 

IB(oo) % ^ i ra B 2a [Bg - BA] , m*B < ui < (u*A 

tt ij 2a Bg , u*A < a) 

I n M { 
*[BA ( l -r ) + BA - BB] , W < <O*B 

h[B a (1-D + (BA - BB) 2ABa] , u*B < u < u>*A 

mA26ABA , u*A < (0 

For Case I I where to*fl < uj*r (very thin sr.nulus): 

"P b-B a] , u < u*A 
IB(u)B % ^ IT BG(l-R) , 0)*A < 01 < (U*B 

iraB2aBg , w*B < u { 
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* mô ii-i / 

IA(«o)% / 'lBA2aA5A 

^ uBA2aAdA 

ir[BA(l-r) + SA - Bg] , to < u>-A 
2aA5A - BB (1+r)aASAl > < " < u»*B 

B ' M 

For a transparent plasma (u>* < ui), the formulas in Ref. 2 are extended to get a -(u)L- % p .exp t-q-w/u ] 
J J J J c 

with 

p., = Aj {0.50 ( T ^ I O ) ' 0 ' 7 6 + 0.003} 

= 3.33 ( l y i o r 0 - 2 9 ~ 1.13 

= wpj L j / C u c 

^2a , bulk plasma 
L j > annul us 

where T is in keV. 
For the EBT reactor reference parameters, i f the bulk average plasma and cyclotron frequencies 

and an average radius a = 0.88 m are used to compute A f i, then one finds from Ref. 2 that the bulk 
plasma black body spectrum cuts of f around m*B % 5oicg. The annulus is harder to treat since i ts 
theoretical beta and thickness are presently unknown. However, for a variety of possible upper l imits 
on these parameters one finds the product u>, 
and in a l l cases Aft < 10. 

'pA A -v < 1.4 x 1021 m/sec2, (e.g. BA = .08, 6. = 1.8 cm), 
Consequently, for a 100-keV annulus w*A % wcA. That i s , the annulus is so 

thin and tenuous that i t never radiates as a black body. 
With these cutoff frequencies the cyclotron radiation spectra of the bulk and annular plasmas are 

plotted in Figs. C-2 and C-3, using I (u ) for Case I I . (The dashed curves are radiation without 
reflecting walls; note that r = 0.9 substantially reduces bulk plasma losses.) There is so much energy 
loss from the higher harmonics that spectral modifications near uc and 2uic should not significantly 
change the total cyclotron power loss. Thus, use of n = 1 in the equation of transfer yields 
reasonable results even though the plasma density may cut off the lowest harmonics. 

The average cyclotron power density loss is the quantity of interest. I t is obtained by 
integrating I(u>) over a l l frequsncies, multiplying this flux by plasma surface area, and dividing by 
plasma volume: 

PCB = ! C d u I B M 

4.5 x 10' 
a 

-35 
TBwcB I 

(m-y - 1) PR 
( 1 - D — 5 g • - 8 j r o , qBmB*> 

qB 
(3) 

PCA = V 1 ' I W 

- V 1 X 10"35 TAo,cA
3 ~3 
«A I A % T h r (3 ,x ) * + r(e. V*B 

''A B 
(4) 
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o r n l — d w g 7 6 - 1 4 0 6 4 

Fig. C-2. Cyclotron radiation spectrum of bulk plasma (sol id) ; ne = 1.2 x 1020 m-3, Te = 15 keV, 
B = 2.5 T, a = 0.88 m, r = 0.9. Dashed curve is black body portion of spectrum in absence 
of reflecting walls. 

o r n l - o w g 7 6 - 1 4 0 6 5 

Fig. C-3. Cyclotron radiation spectrum of typical annulus (sol id) ; ne = 1.2 x 10 ' m~J, Te = 100 keV, 
B = 2.5 T, 5a = 1-8 cm, r = 0.9. Dashed curve is the same spectrum in the absence of 
reflecting walls. 
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Here r (a ,b ) is the incomplete gamma function, o* s m*u , m*. = 1, T is in keV, lengths are in meters, o C M 
and Pc is in watts/m . (Note that in the unlikely event that r > 0.99 the formula for PCB becomes a 
function of the annulus length.) 

One question br ie f ly considered in the study was the effect of the nonuniform magnetic f ie ld on 
cyclotron radiation. Since VB $ 0, the electron orbits are not simple gyrations and the single particle 
emission spectrum ought to be appropriately modified. However, in a reactor the variation of B(r) is 
so small over a gyroradius that for these high energy electrons the usual re la t iv is t ic effects dominate 
and Eqs. (3) and (4) seem reasonable. Another caution on the results is that the total plasma beta 
should include the alpha particle pressure. Consequently, since the very heavy alpha particles have 
negligible cyclotron losses, the Aj parameter should be reduced from the na = 0 case and the cyclotron 
losses would be reduced. For reasonable alpha particle densities, e .g . , n^ < 0.03 n^, this also turns 
out to be a small e f fect . 

As an application of the formulae, the bulk plasma losses would be computed in the absence of any 
reflection at the f i r s t wall , r = 0. For TD = 15 keV, n = 1.2 x 1020 m"3, B = 3.5 T, and a = 0.88 m, 

3 Eq. (3) gives PCB = 8.5 kw/m . An alternate method of calculating this, originally due to 
Trubnikov3 and later published by Rose and Clark,11 reduces the sum of the cyclotron emission of a l l 

-17 2 the individual electrons, w . by a factor K. For the reference EBTR design u„ = 6.2 x 10 B nT x 
T 3 3 

[1 + = 1.47 MW/m , and K = 0.006, so PCB = 8.8 kw/m . There seems to be reasonably close agree-
ment between Eq. (3) and Trubnikov's calculations for this case, and the result is encouraging since a 
radiation loss this small is less than one percent of the thermonuclear power density produced. 
Reflecting walls reduce the power loss even more, as seen in Fig. C-2. For r = 0.9 one obtains 3 
PCB = 1.1 kw/m . (Trubnikov's method is useful only for r = 0 . ) I t can be concluded that bulk plasma 
cyclotron losses are negligible during the steady state operation of the reference EBT reactor. 

Equation (4) is useful for estimating the microwave power required to sustain the annulus. In 
steady state the annulus power balance (point model) is 

pu = P t A + PBrA + PCA ' 
3 nflTa -37 2 k where PxA = j - 2 - 2 represents thermal conduction and convection, PBrA = 3.2 x 10 nfl TA is brem-

sstrahlung from the annulus, and PCA is given by Eq. (4) . For Tfl » Tg, PCA is only weakly dependent 
on wall re f lec t iv i ty , so that r = 0.9 should yield representative results. Then, with mft* % 1, we 
find PCA and P t A are roughly proportional to while PB r A <* T ^ . For the sake of comparison one 
might take = 100 keV and T0 = 15 keV, so 

PBrA = 3 " 2 * 1 0 " 3 6 "A2 

P t A = 2.4 x ID ' 1 4 n A / t A (5) 

P C A = 3.5 x 103 PA/SA 

The power lost from the annulus in each sector of the torus is found by multiplying these power 
densities by the annulus volume, 2va LA6A- For this example take a = 1.0 m, LA = 1.96 m, and 
SA = 0.01 m. Finally, since p^ * nft, a l l three losses are sensitive to annular electron density, or , 
equivalently, to annular beta. Taking t a = 1.0 sec as an example, one is able to construct Table C-l 
for three postulated values of BA-
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Annulus Power Loss 

TABLE C 
for Various 

- 1 

Ba , Kilowatts Per Sector 

<TA = 100 keV, SA = 0. 01 m, t a = 1 sec) 

h PBrA ! IA !CA 

.02 0.004 9.09 2.29 

.08 0.064 36.4 9.16 

.32 1.02 145.0 36.6 

In a l l cases, i t is found that the bremsstrahlung is insignificant compared to cyclotron radiation 
from the annulus, and the cyclotron losses are quite tolerable when compared with the typical thermo-2 
nuclear power production (% 10 MW/sector). Very roughly speaking one can see from Eq. (4) that 
PCA a TAPA " TAnA6A * eA a n d f r o m T a b 1 e C"1 o n e 9 e t s t h e scaling law: PCA £ 100BA6A kw/sector 
(5 a in cm). However, the most important observation from Table C-l is that P t A » PCA, even for a long 
one second energy containment time for the annulus. For a thin annulus (of the order of a few 
centimeters) much shorter containment times are conceivable, and, since « t a ~ 1 , classical 
or neoclassical energy transport may determine the microwave power required to sustain steady state 
annuli. 
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APPENDIX D 
PLASMA SIMULATION AND MODELING 

1. INTRODUCTION 

The present state of knowledge requires that the design of fusion reactors be based on scaling 
laws which have not been fu l l y verif ied by experiments. Various scaling laws are assumed in modeling 
the plasma; this leads to differences in the results, which depend on the detai ls of the assumptions 
themselves. 

Two of the important parameters in designing and determining the feas ib i l i t y of an EBT reactor are 
the plasma particle and energy l ifetimes. The key question then is which of the various theories that 
predict these lifetimes is most appropriate. During start-up the plasma temperature and density change 
through many orders of magnitude, so i t seems evident that dif ferent transport models w i l l apply at 
different times. Even in steady-state operation, dif ferent regimes of plasma w i l l have di f ferent 
density and temperature prof i les, so that di f ferent physical processes wi l l dictate plasma behavior 
depending on the spatial location analyzed. Moreover, the uncertainties surrounding present-day trans-
port theories have resulted in a large number of possible diffusion coefficients. Reactor modeling 
must be carried out using the theories which seem to be the most plausible ones. Within neoclassical 
theory, effects due to radial electr ic f ie lds , f i n i t e beta, non-Maxwellian part ic le distributions, 
microwave f ie lds , and the presence of multiple species act to compound the d i f f i cu l t y . Even within 
classical theory, i t is d i f f i c u l t to self-consistently and separately characterize the processes of 
heat conduction and convection in an anisotropic plasma. 

In view of the uncertainties in the theoretical coefficients and the present lack of experimental 
evidence in this area, i t seems reasonable to model the plasma using both classical and neoclassical 
theory. F lex ib i l i ty wi l l be retained in the simulation models to permit updated data to be incorpora-
ted as they become available. The particle and energy confinement times have been chosen consistently 
with reactor design and current understanding of the plasma physics involved. The absolute numerical 
values of confinement times and l imit ing beta are important design determinants and must be approached 
i f the EBT concept as developed here is to prove feasible. The detailed scaling of these parameters 
is less c r i t i c a l ; this is the same approach which is used in tokamak reactor studies. 

The following studies demonstrate the sensit ivi ty of the EBT reactor design features to the 
scaling laws assumed. The models are suitable for simulating the energy and part icle balances in a 
bumpy torus plasma. 

2. PHYSICS MODEL 

As a f i r s t step in assessing the energy balance in an EBT reactor plasma, a simple model has been 
analyzed in which the bulk plasma is characterized by simple energy and particle containment times 
with appropriate density and temperature scaling. This model is consistent with the physics model 
described in Appendix B: a toroidal core with nearly uniform density and temperature within the 
plasma radius determined by the stabil izing electron annuli. The resulting part icle and energy balance 
equations are: 

ion + SDC0LD + S, DBEAM ,(1 - f ) - nDnT<av>DT - -D"f p,D 
(1) 
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dnT 

dt" = nenoT
< o v > ion + STCOLD " SDBEAM f " nDnT<0V>DT 

dnQ n 
d T = SDBEAM f + nDnT<0V>DT " x ° 

T P , T 

p,a 

n = n . + nT + 2n e D T a 

(2) 

(3) 

(4) 

a = n„ + n (5) 

£ (t neTe> = SDBEAM tUDBEAM Ge + f Pu 

+ nDnT<oV>DT U / a e " PRAD 

70 no nn nT 
- 1.5 x 10 itn A (Te - T.)(-sp + - f ) 

3 neTe 
2 Ti E,e 

(6) 

DBEAH [UDBEAM G i + f V a i 1 

n.T. M llj I , 
+ nnnT<ov>lvr U f . - 4 ——1 

D T DT a a l 2 t c , 
to n n» nT 

1,5 X 10 3̂72 Kn A (Te " V <T + T> (7) 

V nT» na> "o 
V n, 
T e ' T i 

The parameters used in the equations are defined as follows: 
Average deuterium, t r i t ium, alpha, and neutral densities. 
Average electron and ion densities. 
Average electron and ion temperatures. 
Deuterium source from fast ions. 
Deuterium, t r i t ium cold fueling rate. 
Particle confinement times of deuterium, tr i t ium, and 
alphas. 
Energy confinement times of electrons and ions. 
D-T fusion reaction rate. 

<av>- Ionization rate. 

DBEAM 
DCOLO' 

Tp,D' Tp,r Tp,o 
SDC0L0' STCOLD 

TE,e' T E, i 
<av>DT 

ion 

f , f . ae' al 
G , G-e* l 

U, DBEAM 

RAD 

Fraction of injected deuterium beam which undergoes 
suprathermal fusion. 
Fraction of fusion produced alpha energy delivered to the 
electrons and ions. 
Fraction of injected deuterium beam power delivered to the 
electrons and ions. 
Neutral beam injection energy. 
Microwave power delivered to background electrons. 
Total power loss from radiation (bremsstrahlung, cyclotron, 
e tc . ) . 

A brief description of the key terms in the above equations is given below. 
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2.1. Containment Times 

The particle and energy containment times are c r i t i ca l in determining the detailed energy balance 
for a system. Since at present the scaling laws appropriate to large, hot plasmas in the EBT configur-
ation are not known, theoretical and empirical estimates have been used. From appropriate transport 
coefficients, particle confinement times for the j t h thermal specie are given by 

TP,J = | 

Classical: C, n^1 t ! / 2 

r 2 
C- V. 

Neoclassical: (1 + - 4 ) (8) 

Others: 
where C, is a constant which is adjusted so that T - has a desired value at the steady-state operating 

P»J 
conditions. Also, 

7 2 n 
-17 i i 

vj = 3; 8 x 1° 
J ^ 

° j = t A [1 + V 1 t i w i t h n = 1 0 " 3 " t t 

j c 1 

C2 = | t d + Z j n ) ] 2 . 
Rx and R_ are the toroidal and mirror radii of curvature and E„ is the radial e lectr ic f i e l d . From i c r quasi-neutrality 

TP»e = T p , i ' 
where 

p.1 = n. p,D n i p,x 

The electron and ion energy containment times, x r n and xF . , may be di f ferent . For electrons 

and for ions 
*E . e * C 3 T p , i ' (1 0> 

Cj is a constant and xcx is the time for charge exchange between hot ions and cold neutral atoms. 

2.2 Radiation Losses 

PRAD = PBREM + PLINE + PREC0MBINATI0N + PCYCLOTRON 

a - PBREM + PLINE + PRECOMBINATION 

ft ne Z e f f [3 x 10"21 Tg / 2 + 1.14 x 10"22 T~ 1 / 2 

+ 2.58 x lO"2 4 l " 3 ' 2 ] (12) 
e m -s 

b" PCYCLOTRON i s d i s c u s s e d i n d e t a i l in Appendix C. 
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2.3 Alpha Energy Deposition 

The fraction of the alpha energy produced by fusion which is delivered to the electrons, f , is 

* 1 " ! \l P " i ) + ~ tan"1 f 1 ^ 1 ) + -3023 ] , (13) * L6 V {1 + ftfj V3 \ /T ' 1 

where x s l>a/UQCJ., and U a C r is the c r i t i ca l energy, i . e . , the energy at which alpha particle energy is 
transferred to the electrons and ions at equal rates. The fraction delivered to the ions, f is on 
(1 - f J-x ae 

2.4 Neutral Beam Injection Heating 

The energy delivered to the background plasma electrons and ions from injection of fast deuterium 
atoms is given by the functions Gfi and G-.1 Gg and Ĝ  can be found, neglecting charge exchange, by 
using Eq. (13) for f B e and let t ing x = ^BEAM^cr' w h e r e u

c r
 i s t h e c r i t i ca l energy as defined above 

but for the fast injected ions. 
When charge exchange is included, an approximate f i t to the Gg, G- curves yields 

G, % 0.5 exp [ -0 .1 ^Sgiffli (1 + 0.5 
cr cx 

+ 0.5 exp [ -0 .6 ( 1 + 0 . 5 ] (14) 
cr cx 

G e = l - G . - G c x , (15) 

where 

G c ^ l - exp [ - 0.121 , 
I x cx' cr 1 

U D B E A M < J 

cx' cr 1 cr 
1 / 2 1 

D B E A M "J. V 
1 \ ex'*- ucr ' cr 

(16) 

t £ is the Spitzer ion-electron momentum exchange time. 

2.5 Further Comments on the Model 

Two dist inct models have been studied. The cr i t ica l assumptions and approximations included in 
these models are described below. 

a. Classical scaling: The temperature and density behavior of the thermalized electrons, 
deuterons, and tritons have been examined by assuming classical scaling for both the particle and 
energy confinement times. In addition to the classical assumption: ( i ) The energy confinement time 

20 3 
is taken to be 2.5 seconds at the reference operating point ( i . e . , nx ~ 3 x 10 sec/m ) , and the 
ratio of part icle to energy confinement time is assumed to be three, ( i i ) The effects of a background 
neutral density are neglected, ( i i i ) Thermal alpha particles are assumed to diffuse out of the plasma at 
approximately the same rate as the other ion species, which results in a small thermal alpha part icle 
population. [Eq. (3) is not used.] ( iv ) The plasma beta l imi t is chosen consistently with the 
limiting beta s tabi l i ty model of Appendix B. When the value is exceeded, the particle confinement is 
modified so as to maintain constant plasma energy density. For most cases considered, including the 
start-up run described below, the l imit ing energy density was given by 

«i Ti + ne Te^ 6liml^ = 7- 2 x l o 5 j/ m 3-



D-5 

When the beta l imi t is exceeded, the part ic le loss rate is assumed to increase; as a resul t , the plasma 
react ivi ty decreases and l imits the thermal excursion which otherwise occurs due to the variation of 
confinement time with temperature, (v) is taken as unity. With divertors, this assumption is 
probably val id. considerably larger than unity would have a deleterious effect on both start-up 
and steady-state requirements, (v i ) Neutral beam injection heating is included and suprathermal 
fusion due to beam-plasma interactions is neglected, ( v i i ) The electron annulus is physically 
separated from the bulk plasma and power transfer between the electron ring and the bulk plasma is 
included in the synchrotron radiation term. 

b. Neoclassical scaling: In the present EBT device, plasma transport seems to be governed 
largely by neoclassical processes. Analyses leading to this conclusion include a treatment of the 
ambipolar electric f i e l d and the presence of a non-Maxwellian electron population. The containment 
times are derived from the appropriate transport coefficients original ly calculated by Kovrizhnykh2 

( for the case of a strong radial electr ic f ie ld ) and modified by Harris and Spong to include arbi-
trary values of the ambipoler e lectr ic f i e ld . In addition to the neoclassical assumption: ( i ) Since 
the transport calculations of Harris and Spong are s t i l l being developed and w i l l include the effects 
of f i n i t e plasma pressure, the microwave power and radial electr ic f i e l d presently are treated as 
parameters rather than self-consistently. This approach permits many unknowns to be lumped together 
in these parameters, ( i i ) The rate of energy transport includes a contribution from thermal con-
ductivity. ( i i i ) Charge exchange losses are incorporated into the model, ( iv ) Thermal excursions 
to high temperatures also have been observed as in the classical model but here no beta-l imiting 
mechanisms have been included in the model. Again the thermal excursion is due to the favorable 
scaling assumed and is identical to the results obtained a few years ago in low-beta systems studied 
where neoclassical scaling was assumed. 

In the next section, the results for EBT start-up wi l l be discussed. These results are based on 
the classical model. 

3 . E B T S T A R T - U P 

I t is of interest to determine the characteristics of the neutral beam system which can be used 
to start up and ignite the EBT reactor plasma. Also, a start-up scenario refers to a procedure for 
systematically controlling the reactor plasma parameters during the heating phase and to the achieve-
ment of the conditions necessary for the steady-state, self-sustaining operating point. For the 
purposes of this study, i t w i l l be assumed that the beam power is held at a constant value until the 
steady state is reached, at which point the beam is terminated. The beam power used is 200 MW and the 
i n i t i a l beam energy is 150 keV. Both of these values are consistent with the recognized objectives 
of long-range beam development programs. The plasma density is bu i l t up and maintained by injection 
of cold neutral particles at an externally determined rate (e .g . , some form of pel let inject ion). The 
contribution to particle input from the neutral beams is much smaller than the required fueling rate. 
The cold fueling rate and, therefore, density control w i l l influence the plasma behavior. I t may be 
possible to use injection and fueling to reach steady state by one of the following approaches. 

1. A. I n i t i a l l y maintain a fixed density and raise the temperature to the steady-state value. 
Then, 

B. maintain the temperature constant and raise the density to the steady-state value. 
2. A. Increase the temperature (or density) to an intermediate value, while the density (or 

temperature) remains fixed. Then, 
B. repeat (A) with the roles of the two quantities reversed, and 
C. alternate (A) and (B) unti l the steady-state plasma parameters are attained. 
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3- Increase the temperature and density simultaneously. 
Note that reversing the roles of (A) and (B) in Case 1 wi l l not permit the desired steady-state 

20 -3 
conditions to be reached. This is due to the fact that with a density of ne * 1.5 x 10 m , the 
power loss rate wi l l exceed at some intermediate time the power input as the temperature is increased. 

As an i l lust ra t ion of a successful start-up approach, a version of Case 2 w i l l be shown. Using 
the reference reactor parameters and the assumptions l isted in Section 2 .5 (a ) , consider the following 
start-up scenario: 

(1) From 0 to t j (-u .5 s) the cold fueling is very rapid, thus causing the density to increase 
to about one-half of i ts steady-state value. During this time the temperature increases a 
few keV. 

(2) From t 1 to t ? (^ 2.6 s) the cold fueling rate is adjusted so that the density is held 
constant. With a constant beam power, the plasma temperature increases. At t 2 the steady-
state temperature is reached. 

(3) From t 2 to t 3 (^ 4 s) the cold fueling is readjusted. The fueling rate then causes the 
density to build up to the steady-state value without quenching the plasma ( i . e . , the steady-
state ion temperature is maintained). 

(4) At t j the beam is turned off and the fueling rate is set to a value to maintain a constant 
density. At this point, the temperature would continue to r ise (due to the transport 
assumptions) unless there is some mechanism such as a beta-l imit to increase losses and 
stabi l ize i t . 

The fueling rate and the resulting density time histories are shown in Fig. D-1 and the tempera-
tures are given in Fig. D-2. 

orn l -dwg 76-15427 

t i m e — ^ 

Fig. D-1. Fueling rate and density vs time during start-up. 

There are a number of interesting observations that should be made with respect to the temperature 
profi les. 
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At the beginning of the s tar t up {0-0.5 s) the temperature rises rapidly. This is because the 
i n i t i a l density is low, and only a low power input is needed to rapidly increase the average par t ic le 
energy. (The temperature can be viewed as a measure of average part ic le energy.) Note that at low 
temperatures the beam heats the electrons preferential ly . 

In the f ina l stage of the f i r s t start-up phase the density has increased to the point that trans-
port losses are signif icant. As a result , the rapid temperature increase no longer occurs. Further-
more, the electron-ion equil ibration becomes more pronounced due to the increased coll ision frequency 
at higher densities. 

In the second stage of s tar t up (0 .5 -2 .6s) the temperatures of the electrons and ions are approxi-
19 3 

mately equal and continue to increase. This result occurs since n *»< 8 x 10 m and Coulomb col-
l isions between electrons and ions transfer the input energy e f f i c ien t ly from the electrons (where 
i t is deposited by the beams) to the ions. 

In the th ird stage (2 .6 -4 .0 s) the density is increased. This s igni f icant ly increases the alpha 
power produced by the plasma. Since the alphas preferential ly heat the electrons, the electron 
temperature increases modestly above the ion temperature. 

Other considerations have been included in the numerical model that are not considered in the 
particular case i l lustrated here. For example, i f the suprathermal alpha confinement time (x p a ) is 
small compared to the alpha slowing down time, t 2 and t 3 would increase. I f TDa becomes very small, 
perhaps due to ins tab i l i t i es , the possibi l i ty of achieving ignit ion a t a l l would be questionable. 

ORNL-owe 76-15426 

TIME- " -

Fig. D-2. Temperature vs time 
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APPENDIX E 
TOROIDAL MAGNET SYSTEM DESIGN 

1. INTRODUCTION 

The EBT reactor magnet system designs are described i n t h i s appendix. Section 2 deals w i th general 
sca l ing , Sect. 3 wi th conductor design, Sect. 4 w i th co i l design, Sect. 5 w i t h cryogenics, and Sect. 6 
w i th pro tec t ion. Two designs were carr ied out , one f o r a 48-co i l reactor w i th a major r a d i j s of 60 m 
(EBTR-48) and one f o r a 24-co i l reactor w i th a major radius of 24 m (EBTR-24). The l a t t e r design has 
since been modified to a 24-co i l reactor w i th a 30 m major radius. Aside from the plasma const ra in ts 
summarized i n Table E-1, the main c r i t e r i o n was to design c o i l s tha t could be b u i l t w i th ex i s t i ng 
technology or wi th technology which is the ob jec t ive o f ex i s t i ng development programs. 

TABLE E-1 

Plasma Constraints on the EBTR Toroidal Magnets 

Major radius (m) 
Number of co i l s 
Mir ror r a t i o 
Magnetic f i e l d (on ax is) 

Throat (T) 
Mid-plane (T) 

Plasma radius (m) 
Cold zone (m) 

Blanket and shie ld thickness (m) 

EBTR-48 

60 
48 
1.8 

4.5 
2.5 
1 
0.2 
1.75 

EBTR-24 

24 
24 

1.5 - 1.7 

4.5 - 4.9 
2.9 
0.8 
0 . 2 
1.75 

A descr ip t ion o f an a l te rnate magnet design f o r the 48-co i l reactor is given in Sect. 7. This 
design is based on the high current densi ty , forced- f low, bundle conductor concept. This approach 
requires more development in technology but holds great promise fo r the fu tu re . 

The magnet design considerations are summarized i n Sect. 8. 

2. MAGNET SCALING LAWS 

Independent of plasma physics considerat ions, the number o f c o i l s , the m i r ro r r a t i o , the c o i l rad ius , 
and the reactor major radius o f the EBT conf igurat ion can a l l be re la ted by the geometry o f the vacuum 
magnetic f i e l d s . Plasma physics considerations f u r t h e r re la te the maximum and minimum al lowable mir ror 
ra t ios to the aspect r a t i o , the requ is i te e lect ron r i ng beta, the stable plasma volume, the magnetic 
axis s h i f t , and s im i la r quan t i t i es . The physics indicates that large aspect r a t i o systems are des i rab le , 
a l l e lse being equal, but present understanding o f these systems is not ye t s u f f i c i e n t l y re f ined to 
y i e l d quant i ta t i ve data. However, a few r e l a t i v e l y r igorous engineering constra ints serve t o f i x the 
minor radius and the aspect r a t i o once the m i r ro r r a t i o is f i xed . The engineering constra ints are more 
r igorous than those imposed by the physics; an optimized engineering design w i l l almost ce r ta i n l y be in 
a regime tha t s a t i s f i e s the physics requirements. 

The mir ror r a t i o can be re la ted to the major radius R, the co i l radius d , and the t o t a l number of 
co i l s N, by 
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- . _ 2Nd „ 1 i 
where Kj i s the modif ied Bessel func t ion . The mir ror r a t i o in EBT reactor systems w i l l be i n the range 
o f 1.5-2.0 and the co i l bore, set by sh ie ld ing requirements, w i l l not be much less than 3.0-3.5 m. This 
expression re lates the number o f sectors i n the system to the magnet aspect r a t i o , defined as R/d. 
Maximization o f the stable plasma volume i n the vacuum f i e l d of the bumpy torus suggests1 

M 1 / 2 2: (N 1 / 2 + 1 ) / (N 1 / 2 - 1) . 

These "g lobal" re la t ions between the system parameters, along w i th reasonable values of current 
densi ty i n the c o i l s , can be used to demonstrate that the number of c o i l s w i l l be large (a t least 14 and 
opt imal ly perhaps twice tha t number) and tha t the co i l s w i l l be widely spaced re l a t i ve to the charac-
t e r i s t i c dimensions of the magnet winding. The wide spacing allows an opt imizat ion o f the magnets which 
i s r e l a t i v e l y independent o f the spec i f i c reactor system in which the magnets w i l l be employed. One 
can, i n e f f e c t , design a "standardized module" and, providing tha t the aspect r a t i o does not get too 
smal l , choose the f i n a l p lant design on the basis o f desired t o t a l power output . In th i s appendix, 
various design features are demonstrated, the s e n s i t i v i t y to d i f f e r e n t magnet design parameters i s 
shown, and the advantages to be gained i n adopting a somewhat more advanced conductor/cooling design 
are described. The object of t h i s discussion i s to show tha t although ex i s t i ng technology i s nearly 
adequate t o meet the r e l a t i v e l y relaxed magnet requirements of an EBT reactor , there are f u r t he r advan-
tages to be gained i f the technology i s extrapolated reasonably. 

The global parameters are inner bore rad ius , RQ; magnetic f i e l d i n tens i t y a t the magnet t h r o a t , B; 
m i r ro r r a t i o , M; and t o t a l number of main co i l s in the reac to r , N. The loca l parameters, those which 
a f f e c t only the magnet design, are the length o f magnet, L; the average current density in the windings, 
<J>; and the in te rna l magnet design. Both the rad ia l thickness of the c o i l s and the distance between 
magnets i n the reactor are determined once the global and local parameters are spec i f ied . In the 
fo l lowing discussion, a 48-coi l EBT reactor (wi th no d iver to rs ) i s considered. 

As can be seen in Fig. E - l , the distance between magnets i s only weakly dependent on <J> or magnet 
length f o r values o f these parameters in the reactor regime. Thus, the global parameters can be set 
independently o f the local magnet parameters, and the local parameters can then be optimized w i th regard 
t o cos t , cool ing needs, and cryogenic s t a b i l i t y . Optimization o f the current density d i s t r i b u t i o n i s 
discussed i n Sect. 7. 

The opt imizat ion o f the magnet length i s cont ro l led by the fo l lowing considerat ions: 
A) With a l l independent magnet parameters f i xed except length , the cost of the co i l s can be 

minimized wi th respect to L (see Fig. £-2) . 
B) Heat deposit ion as the r e s u l t o f plasma operation makes a small magnet length more favorable, 

since i n t h i s case the magnet presents a smaller cross-sect ional area to the plasma. 
C) The peak magnetic f i e l d a t the inner surface of the windings is important. With the f i e l d i n 

the magnet throat held constant , the peak magnetic f i e l d a t the windings decreases as the c o i l 
length is increased. Thus, cryogenic s t a b i l i t y tends to favor a longer magnet due to the 
magnetoresistance o f the copper i n the windings. 

As can be seen from Figs. E-3 — E-6 the distance between magnets ( f o r a f i xed mi r ror r a t i o ) and 
the m i r ro r r a t i o ( f o r a f i xed magnet separation distance) are only weakly a f fec ted by the choice of the 
local parameters o f the magnetic c o i l s . They are more strongly dependent on the global parameters, such 
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as the inner bore rad ius . The r a t i o o f the t o t a l magnet cos t t o the p l a n t thermal output i s s t rong l y 
dependent on both the g lobal and l oca l magnet parameters. The magnet cos t f i g u r e s are based on reasonable 
estimates o f mate r ia l and cons t ruc t ion costs but should be used as comparat ive, ra ther than abso lu te , 
values. 
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F ig . E-1. Distance between magnets vs magnet length f o r m i r r o r r a t i o 1.8. 
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F ig . E-2. Opt imizat ion of magnet length w i t h respect t o magnet cost f o r a 4000 MW(th) r eac to r . 
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F ig . E-3. Magnet cost / thermal reac tor output vs d is tance between magnets f o r var ious m i r r o r r a t i o s and 
cur ren t dens i t i es f o r the reference magnet design. 
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Fig. E-4. Magnet cost / thermal reac tor output vs distance between magnets f o r var ious m i r r o r r a t i o s and 
cu r ren t dens i t i es ( a t outer windings) f o r an a l t e rna te magnet design. 
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F ig . E-5. Magnet cost / thermal reac to r output vs d is tance between magnets f o r var ious m i r r o r r a t i o s and 
c o i l r a d i i f o r the reference magnet design. 
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Fig. E-6. Magnet cost / thermal reac to r ou tpu t vs d is tance between magnets f o r var ious m i r r o r r a t i o s and 
c o i l r a d i i f o r an a l t e r n a t e magnet design. 
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Changing the current density or the length o f the magnet w i l l change the mirror r a t i o when the 
spacing of the magnets i s f ixed. As discussed before, however, the change i n the mirror r a t i o w i l l be 
small as the optimal design i s var ied, whi le the cost and weight of the magnet, in comparison, w i l l 
r i se rap id l y . The in ternal design of the magnet does not dominate the re lat ionship between mirror 
r a t i o and magnet separation distance and i s an ine f fec t i ve control var iable. 

3 . CONDUCTOR DESIGN 

3.1 Design Cr i t e r i a 

I t i s generally agreed that superconducting magnets are required fo r an economical fusion reactor. 
Reactor appl icat ion also demands high r e l i a b i l i t y , which implies a f u l l y cryostabi l ized conductor 
design. I n contrast to the tokamak-type reactor , EBT has no pulsed magnetic f i e l d s . Hence the more 
exot ic conductor designs, such as multi-component matrices (CuNi), very f i ne superconductor f i lament 
size (< 10 ym), hollow or forced-f low conductors, cabling and braiding o f composite conductors, e t c . , 
are not required. These designs are aimed at reducing eddy current losses and/or increasing the heat 
t ransfer efficiency of the magnet coolant. They are more expensive than the conventional monolithic 
conductor and require considerable development. 

With respect to superconducting mater ia ls , mult i f i lamentary Nb^Sn i s s t i l l a t an early stage of 
development. Tape-wound Nb^Sn could be used to provide a higher f i e l d i n the plasma. Since there are 
no pulsed f i e l ds , eddy currents and the associated diamagnetic forces are not severe problems. However, 
provided i t can generate the required f i e l d i n the plasma region, the cheaper and more duc t i l e NbTi 
i s preferred i n the present reactor study. 

There are several advantages in going to a high current conductor. For example, th i s reduces the 
terminal voltage i n the co i l during discharge. I t also reduces fabr ica t ion -ost and improves winding 
accuracy. The operating current i s 25 kA for the present designs. This i s a pract ica l value based on 
technological expectations consistent w i th protect ion devices and conductor manufacturing techniques. 
For small monolithic conductors, the surface-to-volume ra t i o is large, and the conductor can be cooled 
s u f f i c i e n t l y by having a reasonable f rac t i on o f i t s edge area exposed to l i q u i d helium. But as the 
conductor is made la rger , the surface-to-volume ra t i o i s reduced, and edge cooling alone is not 
s u f f i c i e n t f o r c r yos tab i l i t y . Furthermore, f o r a large conductor i t i s not economical to process the 
bulk of copper as matr ix f o r the superconducting f i laments, so that a large conductor i s customarily 
b u i l t up from a mul t i f i lamentary composite wi th p la in copper s t r ips soldered onto the composite. Luton2 

suggested that th i s copper s t r i p should be formed with addit ional s lo ts to increase the cooling surface 
area and c ryos tab i l i t y of the conductor. The conductor design described below i s a scaled-up version 
of such an extended-area conductor design. 

3.2 Description 

Figure E-7 shows an isometric view of a short length of the conductors described i n Table E-2. 
The central composite is about twice the size of the largest composite current ly avai lable commercially, 
and could be made of two such composites located side by side. The superconductor current density o 
needed (18.82 kA/cm ) is w i th in the ex is t ing capabi l i ty fo r operation a t 4.2 K and 7.5 T. Since the 
co i l s are not pulsed, superconducting f i laments o f r e l a t i ve l y large size and tw is t p i tch (e .g . , 5 m i l s , 
4 t w i s t s / f t ) may be used. The copper/superconductor r a t i o in the composite is kept at the re la t i ve l y 
low value of 2 to 1 t o take advantage o f the existence of the copper s t r i p and to reduce the conductor 
cost. 
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Fig. E-7. Extended-surface conductor design f o r EBTR t o r o i d a l magnets. 

TABLE E-2 
Conductor Design Parameters 

Overal l w id th ( i n ) 
Overal l he ight ( i n ) 
Composite wid th ( i n ) 
Composite height ( i n ) 
Average wetted perimeter ( i n / i n ) 

Cu/SC ( i n composite) 
Cu/SC ( o v e r a l l ) 
Design cur rent (kA) 
Superconductor current 

dens i ty (a t rated curj-ef i t)(kA/cm2) 
Power per u n i t length ( i f a l l 

cur rent f lows i n cojjp^j-
Average surface ptityer det^s 

cur ren t f lows i n copper)(W^l))' 
PC u (4 .2 K, 8 T)(N-em) 
Twist p i t c h Of s 

1! ii 

f i lament 
Filament d i a l e r (m 

Number o f f { t f t ) |»HU H e i * ^ 
6 
ms 

EBTR-48 EBTR-24 

1.48 1.42 

0.36 0 .4 

0.66 0.66 
0.23 0.23 
2.57 2.48 

2 i 
5.23 6 .3 
6.25 6.25 

18:82 18.82 

0.94 0.78 

0.12 
f :8 x 10"8 4.2 x 10' 

im 

One coolant pass^p i s l oc i i ec j betWeeji t | ie f i r i? i t eap(j g t j ^ Bf the cSHdiictor and provides azimuthal 
helium f l o w . The s]ptS Wi i t f l bi^Hfett wjfch tfiese parages allBW Hadiai f l ow . The most narrow f low 
r e s t r i c t i o n is 0 . 1 i n . and is severell times the breakaway bubble s ize (0.02 i n . ) . 2 Table E-2 shows 
t h a t under these assumptions,3 the peak nucleate poo l -bo i l i ng heat t r ans fe r ra te i s 0 .8 W/cm2 and 
heat t r a n s f e r occurs a t the v e r t i c a l sur faces, upward-facing hor i zon ta l sur faces, and downward-facing 
hor izonta l surfaces which are vapor covered (0.13 W/cm ) , wh i le no heat conduction occurs down or 
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between the conductors. The coo l ing surfaces are large enough so tha t the heat that can be t ransferred 
to the he l i um i s four to s i x times the j o u l e heating produced i f a l l the current flows i n the copper. 
Therefore, the conductor i s c r yos ta t i ca l l y s tab le , and w i l l recover i f forced normal. 

The conductor i s insulated between turns by two 2-mil Kapton sheets. Because o f the way the ex-
tended surfaces are formed, there i s a t leas t a 120-mil space between bare surfaces of copper, so tha t the 
t u r n - t o - t u r n voltage standof f c a p a b i l i t y i s high. Since t h i s i nsu la t ion i s a t h i n , f l a t s t r i p and 
because i t i s f lat-wound, i t should be possible to use mater ia l which i s inorganic and therefore 
rad ia t i on - res i s tan t . 

The copper s t a b i l i z e r s t r i p s must have s lo ts punched and formed in to channels and must be 
soldered onto the composite conductor. The forming can be done w i th r o l l e r s a t the time of so lder ing. 
The peak value o f rad ia l compression i n the s t ruc tura l por t ion o f the conductor face i s about 6.9 ks i 
f o r both designs. The peak ax ia l compressive stress i n the copper s t r i p die to the cumulative ax ia l 
loads occurs a t the post region o f the conductor. Stress values are 11 ksi and 11.5 ksi f o r EBTR-48 
and EBTR-24 respect ive ly . Shorter s lo t s (0.2 i n ) reduce t h i s stress to about 9 ks i . Further reduction 
can be achieved by using in ter leaved sta in less steel s t r i p s . 

4. MAGNET DESIGN 

In contrast to the tokamak, the EBT has a major radius which i s large compared to the inner 
radius of the c o i l s . Thus, the magnetic f i e l d and loading are nearly symmetrical. There i s no need 
to use "D-shape" or oval-shape c o i l s to minimize the bending moment, and c o i l s w i th a c i r cu la r shape 
are used. The t ransient heat loads tha t have been i d e n t i f i e d are minimal; therefore, the choice o f 
poo l -bo i l ing cool ing seems appropr iate. The reason f o r the qu ie t thermal environment i s tha t there 
are no pulsed f i e l d s and there i s adequate space f o r sh ie ld ing w i th in moderate size c o i l s . 

The parameters o f the EBT reactor to ro ida l magnets are given in Table E-3. As mentioned i n Sect. 
3, the operating current w i l l be 25 kA. To achieve t h i s , four conductors w i l l be inter leaved along 
t h e i r wide faces and co-wound i n para l le l to make up a s ing le tu rn . Var iat ions i n the current d i s t r i b u -
t i o n i n each conductor can be avoided by winding the four conductors'1 symmetrically i n a sp i r a l as 
indicated in r i g . E-8. 

The c o i l s are f a i r l y long compared w i t h t h e i r rad ia l thickness. Furthermore, t he i r ax is is 
hor izon ta l . For layer-wound const ruc t ion, in order to provide protect ion against high laye r - to - laye r 
voltage d i f fe rences, s o l i d sheets of insu la tor are required between layers . This introduces long h o r i -
zontal cool ing channels which tend t o t rap helium bubbles. Pancake-wound construct ion is preferred 
since i t allows the helium bubbles to r i se quick ly to the top of the c o i l . A 0 .1 - i n . spacer i s provided 
between pancakes f o r insu la t ion and f o r load transmission. Addi t ional t u r n - t o - t u r n voltage protect ion 
is provided by an insu la t ing s t r i p 0.13-0.14 cm long co-wound w i t h each turn o f the conductor. The 
winding i s insulated from the c o i l case by insu la t ion 0.56-0.75 cm th i ck . 

Tensile (hoop) stress i n the windin9 has been estimated by MARTON,* d stress cods f o r homogeneous 
i so t rop ic solenoids. I f the Young's modulus of copper (17 x 106 ps i ) is used fo r the winding region, 
then the peak stress and s t r a i n are 19.6 ksi and 0.11% f o r E3TR-48 and 19.2 ks i and 0.113% f o r EBTR-24. 
These values are w i t h i n the al lowable t ens i l e stress f o r copper (25 ks i ) and the allowable s t r a i n f o r 
the NbTi superconductor (0.15%). Addit ional s t ruc tu ra l support i s not needed. The compressive ax ia l 
stress i s 4.31 ksi f o r EBTR-48 and 3.75 ksi f o r EBTR-24. These values pose no problem f o r spacers made 
from glass-re inforced composites. To improve the e l e c t r i c a l insu la t ion and to s imp l i f y winding con-
s t r u c t i o n , the inter leaved s t ruc tu ra l s t r i p s are omitted. Instead o f the s t r i p s , a 5-cm s ta in less steel 
wal l i s used as the c o i l case and a t the same time provides addi t ional s t ruc tu ra l support. The peak 
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stress in the winding can be f u r t h e r reduced by applying tension dur ing winding. Here, t i g h t winding 
wi thout pot t ing i s the preferred method for co i l f ab r i ca t i on . The supports f o r g rav i t y and center ing 
forces are discussed in Appendix G. 

TABLE E-3 
EBTR Toroidal F ie ld Coil Design 

EBTR-48 EBTR-24 

Number o f co i l s 
Major radius (m) 
Peak f i e l d i n winding (T) 
Operating current (kA) 
Inside radius 

co i l case (m) 
winding (m) 

Outside radius 
co i l case (m) 
winding (m) 

Ha l f -ax ia l length 
co i l case 
winding (m) 

2 
Current density in winding (kA/cm ) 
Number o f pancakes/coil 
Number o f turns/pancakes 
Number o f conductors/turn 
Length o f conductor/coi l (A-m) 
Thickness o f insu la t ion s t r i p e (between turns)(cm) 
Thickness o f spacer between pancakes (cm) 
Insu la t ion between winding and c o i l case (cm) 

face pa ra l l e l to c o i l axis 
face perpendicular to c o i l axis 

48 
60 

7.28 
25 

2.95 
3.0 

3.65 
3.56 

1.3 
1.25 
1.55 

62 
14 
4 

4.47 x 10' 
0.14 
0.254 

0.635 
0.56 

8 

24 
24 
7.43 

25 

2.75 
2.8 

3.45 
3.4 

1.1 
1.05 
1.5 

54 
14 
4 

3.68 x 10' 
0.131 
0.254 

0.635 
0.75 

8 

An in te res t ing p o s s i b i l i t y i s that the magnets may be made modular and used i n reactors c f 

d i f f e r e n t s izes. As shown i n Table E-4, as long as the r a t i o of major radius to the number of c o i l s 
i s f i x e d , the f i e l d strengths produced by modular magnets of the same s ize are not sens i t i ve t o the 
s ize o f the reactor . This r a t i o also f i xes the length of the blanket and sh ie ld modules which are 
located between adjacent magnets. Furthermore, f o r a given neutron wal l loading (MW/m2), the plasma 
radius i s r e l a t i v e l y insens i t i ve t o changes i n the major radius of the machine. There i s a strong 

ind ica t ion tha t various components o f the reactor system can be modular and can be standardized and 
s t i l l serve in reactors of d i f f e r e n t major r a d i i and power outputs. 

As mentioned in Appendix G, the modular design o f the blanket and sh ie l d allows f i r s t wal l 
maintenance operations tha t do not d is turb the c o i l . Because o f the complexity and time required 

- 8 

to make sound e l e c t r i c a l connections ( ^ 10 ohm) w i th remote handling equipment, e f f o r t s to minimize 
these operations are desi rable. 
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Fig. E-8. Schematic diagram f o r sp i ra l winding o f four conductors i n pa ra l l e l i n a pancake. 

TABLE E-4 
Magnetic Fie ld Values f o r Same Winding Parameters But D i f fe ren t Ma.ior Radius 

Number 
o f 

Coi ls 

Major 
Radius 

(m) 
Mi r ro r 
Ratio 

F ie ld at 
Midplane 

(T) 

Maximum ! 
i n Wind 

(T) 

48 60 1.77 2.5 7.28 
Major radius/number o f c o i l s = 24 30 1.77 2.5 7.32 
1.25 m, winding parameters 72 90 1.77 2.5 7.27 
same as EBTR-48 design. 96 120 1.77 2.5 7.26 

36 45 1.77 2.5 7.30 
50 62.5 1.77 2.5 7.28 

24 24 1.45 3.10 7.43 
Major radius/number of c o i l s = 30 30 1.45 3.10 7.40 
1 m, winding parameters same 48 48 1.45 3.10 7.36 

as EBTR-24 design. 60 60 1.45 3.10 7.35 
70 70 1.45 3.10 7.34 
96 96 1.45 3.10 7.33 

5. CRYOGENICS 

The to ro ida l magnets i n the EBT reactor w i l l be cooled by l i q u i d helium under poo l -bo i l ing 
condi t ions. C i rcu la t ing pumps w i l l be used to assure some f low of helium to the magnets f o r the 
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natural c i r c u l a t i o n system. To avoid in ter ference w i t h the remote assembly o f the b lanket , helium w i l l 
be suppl ied to the magnets i n the rad ia l d i r ec t i on from the cold box. Each cold box ( ra ted 3 kW a t 4.2 
K) w i l l supply the helium required by e ight magnets. Each co i l w i l l have i t s own dewar and vacuum 
vessel , and there i s no connection f o r helium f low between c o i l s . Cold boxes w i l l , however, be i n t e r -
connected to al low f o r back-up operation i n case the helium supply i n one o f the cold boxes runs low. 
To avoid excessive losses i n the vapor-cooled current leads, the cur rent leads between c o i l s which use 
the same power supply w i l l be run i n conduits cooled to 4.2 K. L iquid helium w i l l be fed to the bottom 
o f each magnet and w i l l f low out o f the top. This w i l l f a c i l i t a t e the removal o f any helium bubbles 
formed. 

The EBT reactor is expected to operate a t steady s ta te . Accordingly, there w i l l be no heat load 
requirement due to pulsed f i e l d s . The heat loads tha t must be removed by the l i q u i d helium cryogenic 
system include the rad ia t ion heat absorbed from the magnet dewar surface, the loads due to conduction 
through the support and instrument leads, and the rad ia t i on energy absorbed from inc iden t neutrons and 
gamma rays. 

The co i l s have a large surface area, since they are about 2.5 m i n length and about 3 m i n bore 
radius (EBTR-48). Radiation heat losses are kept to a value o f about 10 W/magnet by using vacuum-
jacketed and LN~-cooled dewars and super insulat ion around the magnets. (An average rad ia t i on loss o f 

2 7.5 pW/cm is assumed over the magnet surface.) 2 
The t o t a l neutron and gamna heating i n the magnets, assuming a neutron wal l loading o f 1 MW/m , was 

estimated to be 96.4 W and 76 W per co i l f o r EBTR-48 and EBTR-24 respect ive ly . A 70-cm-thick sh ie ld 
was used to provide an energy at tenuat ion fac to r o f 2 x (see Appendix H). The average power densi ty 
i n the windings due to t h i s energy deposit ion i s about 1.28 x 10~6 W/cm3 and should pose no heat 
t rans fer or vapor removal problems. 

The heat input to the vaporized helium used f o r vapor-cooling the leads i s about 2 .8 W/kA per 
p a i r , 2 w i th a r e f r i ge ra t i on load about f i v e times t h i s value. (The helium b o i l - o f f ra te may be 
estimated at 3 Jl/hr per pa i r o f 1-kA leads.) Thus a pa i r of 25-kA leads w i l l need 0.35 kW of 

ige ra t lon . I/r the pa i r o f leads i s only used f o r discharging the co i l and not to carry current 
dur ing normal operat ion, i t s r e f r i g e r a t i o n load i s estimated to be 0.12 kW per pa i r . 

The load due to heat conduction through the s t ruc tu ra l supports i s conservat ively estimated to be 
35 W/coi l . This loss can be reduced by providing l i q u i d ni t rogen (LNg) cool ing f o r the supports. Each 
cold box w i l l need a 125-W c i r c u l a t i n g pump to pump the helium through the c o i l s . The estimated heat 
loads on the l i q u i d helium cool ing systems are summarized in Table E-5. 

TABLE E-5 
Magnet Cooling Requirements f o r EBTR 

EBTR-48 EBTR-24 

Conduction to s t ruc ture (kW) 1.68 0.84 

Thermal rad ia t ion (kW) 0.49 0.20 
Pumping c i r c u l a t i o n (kW) 0.75 0.38 
Neutron and gamma heating (kW) 4.63 1.82 
Vapor-cooled leads, (kW) 

Act ive leads 2 .1 1.05 

Passive leads ( f o r use i n discharge) 10.8 2.52 
Total loads (a t 4.2 K)(kW) 20.45 6.81 
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Note t h a t , because o f the segmentation requirement f o r EBTR-48, which introduces add i t iona l passive 
cur rent leads, i t s cryogenic load i s more than doubled compared to the EBTR-24 load. For th i s reason, 
one spare cold box w i l l be needed f o r EBTR-48. The passive lead loss can be cut dowr. considerably 
by provid ing intermediate cool ing a t LN^ temperatures. 

6. PROTECTION DESIGN 

6 .1 Design C r i t e r i a 

As mentioned i n previous sect ions, i n order to reduce the terminal voltage a t the magnet during 
discharge, a high operating current (25 kA) i s used. Modular power supplies of 25 kA, 20 V are used to 
charge e ight magnets i n ser ies. Six un i ts are needed f o r EBTR-48 and three un i ts are needed f o r 
EBTR-24. Charging times are about 16 hr and 13 hr respect ive ly . As discussed elsewhere,6 the tempera-
tu re r i s e , the terminal vol tage, and the mechanical loading need to be w i t h i n safe l i m i t s during a c o i l 
quench. 

Dump res is to rs w i l l be used to discharge the energy stored i n the c o i l during a quench. Each c o i l 
needs to be discharged through i t s own dump res i s t o r . Otherwise, the terminal voltage f o r eight c o i l s 
discharged i n ser ies would be too high. I f one co i l has quenched, discharging a l l 48 c o i l s i n the 
system (EBTR-48) i s proposed, instead o f keeping them i n operat ion. There are several reasons fo r t h i s . 
F i r s t , there i s no incent ive to keep the res t of the c o i l s i n operat ion, since a l l co i l s are necessary 
f o r plasma operat ion, and the time to recharge the c o i l s i s not excessively long. Second, i f co i l s in r 
t o ro i da l set are kept i n operation wh i le one o f them is quenched, large out-of-p lane loadings and 
l a t e r a l displacaments w i l l be induced i n the co i l s adjacent to the one tha t has quenched. Third, the 
current w i l l change i n the unquenched co i l s due to induct ive coupl ing. This w i l l require a fu r the r 
readjustment before the whole system can be brought back to normal operation again. 

6.2 Descr ipt ion 

Voltage taps are used on each c o i l as the main quench detect ion device. Without external pulsed 
f i e l d s , the only induct ive voltage tha t should be monitored ex is ts during the charging phase o f 
operat ion. Pick-up co i l s a t the current leads o f the power supplies can be used to compensate fo r the 
induct ive voltage. S e n s i t i v i t i e s of detect ing res i s t i ve signals which are less than 0.1% of the 
induct ive voltage have been demonstrated.7 Other transducers such as s t r a i n gauges and temperature-
pressure sensors can also be used to improve r e l i a b i l i t y . As soon as the quench signal exceeds the 
set voltage and time durat ion, the discharge sequence w i l l be t r iggered automat ical ly . 

The discharge sequence can best be i l l u s t r a t e d by Fig. E-9. Coi ls ( ins ide dotted l i n e ) are a t 
l i q u i d helium temperature, whi le everything else is at room temperature. In normal operat ion, a l l Sj 
switches are open and a l l S2 switches are closed. A diode i s placed i n f r on t o f each c o i l ' s dump 
r e s i s t o r (Rj) to a l low proper charging dur ing normal operat ion. To discharge, a l l S j switches are 
closed f i r s t to provide a current bypass ar.ti to protect the power suppl ies; then a l l S^ switches are 
opened to i so la te the co i l s and to force the current i n each c o i l t o f low through i t s 
dump res i s t o r . The maximum voltage i n the system i s the terminal voltage across one c o i l . A f te r 
discharging i s complete, Sj w i l l be opened and S? closed, and recharging can then resume. 

The use o f the dump res is to rs al lows the ex t rac t ion of the most energy from the c o i l , and thus 
keeps the time required f o r cooldown a f t e r quenching to a minimum. In Table E-6, an upper bound f o r 
the maximum temperature r i s e inside the co i l during discharge i s given. The enthalpy o f l i q u i d helium 
i s ignored i n t h i s est imate. The actual temperature r i s e i s l i k e l y to be much less than 100 K, 
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especia l ly f o r c o i l s constructed w i t h good coolant f low and without po t t i ng . The l i m i t i s chosen as 
AT = 100 K, so tha t the corresponding maximum possible thermal s t r a i n induced by quenching (5 x 10"4) i s 
wel l w i t h i n the to le rab le l i m i t . The durat ion o f discharge i s i n the range o f minutes and i s adequate 
to al low the plasma to be purged. The response time o f instrumentat ion must be i n the mi l l i second 
range. For EBTR-48, the vol tage across each co i l during the discharge i s qu i te high. Thus i t i s 
desirable t o reconnect each c o i l i n t o two independent sections during discharge. Each sect ion w i l l 
have a dump res i s to r w i th one-half (0.043 ti) the t o t a l dump resistance. In t h i s way, the maximum vol tage 
i n EBTR-48 can be kept to the leve l of 1 kV. Recently, such a scheme has been v e r i f i e d exper imenta l ly .8 

For EBTR-48, instead of the e igh t sect ions shown i n Fig. E-9, s ixteen sect ions w i l l be used, each d i s -
charging one-hal f o f a c o i l and i n pa ra l l e l w i th other sect ions. The S2 switches located between two 
sections may be replaced by superconducting switches f o r pers is ten t operat ion. This would reduce lead 
loss , assumed i n Sect. 5 . I f the m i r ro r r a t i o and f i e l d pa t te rn turn out to be c r i t i c a l , one may want to 
use one power supply fo r each co i l i n order to be able to adjust the current leve l i n each c o i l independ-
e n t l y . In tha t case, the pro tec t ion c i r c u i t r y i s fu r the r s i m p l i f i e d , since each c o i l w i l l be discharged 
independently. However, lead loss w i l l increase. The mechanical load dur ing the f a u l t is covered 
in Appendix G and w i l l not be discussed fu r t he r here. 
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Fig. E-9. EBTR protect ion scheme, one sect ion (e ight magnets). 

TABLE E-6 

Protect ion Character ist ics of EBT Reactor Coi ls 

EBTR-48 EBTR-24 

Coil Parameters 
Total energy s tored/co i l (GJ) 1.84 1.43 
Bath temperature (K) 4.2 4.2 
Dump res is tance/co i l (fl) 0.086 0.045 

Calculated Protect ion Character is t ics 
Voltage d i f ference i n c o i l (V) 2153 1127 
Turn- to- turn voltage (V) 2.5 1.5 
Coil dumping durat ion (s) 68.4 101.6 
Upper bound f o r the maximum temperature i n co i l (K) 100 100 
Upper bound f o r the maximum thermal ""train in co i l 5 x 10"A 5 x 10" 
Number of sections needed per c o i l 2 1 
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7. EBTR-48 ALTERNATE MAGNET DESIGN 

7 . 1 Conductor Design 

The choice of an average current density (symbolized by < J > ) i n t h e magnet c o i l s i s inf luenced by the 
fo l lowing f ac to r s : 

A. Cost and weight of the magnet, 
8. Magnet s t a b i l i t y : 

1. maximum f i e l d a t the windings, 
2. type o f superconducting (SC) wi re used (NbTi or NbjSn), 
3. type o f cooling system, i . e . , poo l -bo i l ing ( l i q u i d He4) or forced-f low (superc r i t i ca l He4), 

C. Ref r igerat ion and pumping power requirements. 

In examining the t rade-o f fs involved i n choosing a current densi ty , two d i f f e r e n t magnet designs 2 
were considered. The reactor reference design assumes an average current densi ty of 1550 A/cm , and the 
a l ternate design uses a su i tab ly d i s t r i bu ted higher current densi ty. Detai ls o f the a l ternate design 
are given i n Table E-7. 

TABLE E-7 
Parameters f o r A l te rna t i ve (EBTR-48) Magnet Design 

<J>(A/cm2) 
Inner windings 
Outer windings 

Magnetic f i e l d a t magnet throat 
(from 1 magnet)(T) 

From inner windings 
From outer windings 

Length (m) 
Bore radius (m) 
Wire type 
Cooling system 
Maximum magnetic f i e l d 

At inner winding (T) 
At outer winding (T) 

Number of co i l s i n reactor 
M i r ro r r a t i o 
Distance between magnets (m) 

In cont rast t o the reference design, the higher current density i n t h i s design places more severe 
requirements on ensuring the stable operation of the c o i l . The higher maximum magnetic f i e l d increases 
the magnetoresistance o f the copper and the higher <J> requires an increased heat t rans fer ra te between 
the copper and He4 during a quench. The requirement i s greater than that obtained w i th poo l -bo i l ing 
cool ing. The requ is i t e increase in the heat t rans fe r ra te i s accomplished by using superc r i t i ca l He4 

and forced f low through a bundle conductor. ( In the bundle conductor concept, a number o f copper 
strands conta in ing mul t i f i laments of NbjSn are twisted i n to a cable and surrounded by a vacuum conduit . 
(For fu r the r d e t a i l s 3ee Ref. 9 . ) In t h i s forced-f low design He mass f low rates and the associated 
pressure drop w i l l be increased re l a t i ve to the poo l -bo i l i ng design. 

2000 
4000 

1.5 
2.5 
1.5 
3 
NbjSn (bundle conductor) 
Forced f l ow , superc r i t i ca l He 

10.1 
5.2 

48 
1.80 
7.6 
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An advantage o f Nb^Sn w i re compared t o NbTi w i re i s t h a t the current -shar ing temperature zone i s 
higher by several degrees Kelv in . The Nb^Sn wi re can also operate i n f i e l d s up to about 15 T compared 
to a maximum f i e l d o f about 9 T f o r NbTi w i re . The a l t e rna te design, w i th a maximum f i e l d a t the inner 
windings o f 10.1 T , necessitates the use o f NbgSn w i re . The main disadvantage of Nb^Sn w i re i s t ha t i t 
i s cur ren t ly more expensive than NbTi w i re . Mu l t i f i l amen t Nb^Sn i s a new technology and the wi re s t i l l 
has large developmental costs associated w i th i t . Under the assumption t h a t bulk t i n costs no more 
than t i t an ium, i t i s possible t ha t once these development costs d imin ish, the p r i ce of NbgSn w i re w i l l 
be compatible w i th tha t of NbTi w i re . 

Once the choice o f NbjSn wi re i s made, the fo rced- f low cool ing method (using s u p e r c r i t i c a l He4) 
o f f e r s a very a t t r a c t i v e advantage. The coolant temperature can be increased t o 5 K, s t i l l below the 
current -shar ing region. I f NbTi were used, a coolant temperature o f about 2.5 K would be needed t o 
ensure the same degree o f s t a b i l i t y . Thus a f a c t o r of two can be saved i n the r e f r i g e r a t i o n power 
requirements, assuming a f i xed percentage in the e f f i c i e n c y o f a Carnot-cycle r e f r i g e r a t o r . Ea r l i e r 
i t was mentioned t h a t the forced- f low cooling method would have higher pumping power requirements 
compared t o pool b o i l i n g due to the higher pressure drop. The pumping power s t i l l i s estimated to be 
only about 5-10% o f the r e f r i g e r a t i o n power requirements. Thus, forced- f low coo l ing should requ i re 
less power to run than a poo l -bo i l i ng system. 

A f i n a l advantage o f the higher current densi ty design i s tha t less superconducting w i re w i l l be 
needed. This w i l l make the magnet assembly l i g h t e r and less expensive. Th is , o f course, assumes t h a t 
the development of bundle conductors and Nb^Sn has been completed. The magnet modules might also be 
smal ler , which w i l l ease construct ion and maintenance procedures. Thus i t appears tha t the use o f 
forced- f low cool ing w i l l o f f e r many advantages i f research and development proves i t s engineering 
f e a s i b i l i t y . 

7.2 Force Calculat ions 

The forces in the EBTR-48 magnet con f igura t ion , using the a l te rna te magnet design, were ca lcu la ted . 
The conf igura t ion used i n these ca lcu la t ions included four d i ve r to r assemblies which were located sym-
me t r i ca l l y around the to rus . The d i ve r to r assembly includes one d i ve r to r c o i l and two shaping c o i l s 
(see Appendix F f o r d e t a i l s ) . The spec i f i ca t ions f o r the c o i l s are shown i n Table E-8. 

TABLE E-8 
Spec i f ica t ions f o r Diver tor and Shaping Coi ls 

Diver tor Shaping 
Coil Coil 

Length (m) 1 0.5 
Radius (m) 3 2.3 
F ie ld (on ax is) (T) 2 1 p 
Average current density (A/cm ) -2000 +2000 

(Note tha t pos i t i ve currents are i n the same d i r ec t i on as those i n the main EBT 
c o i l s . ) 

Radial and azimuthal forces on the magnet c o i l s were computed by d i v i d ing the cur rent i n each c o i l 
i n to a number o f cur rent -car ry ing loops. The resu l t s o f these ca lcu la t ions are shown i n Table H-9. 
Error estimates were made by repeating the ca lcu la t ions w i th a ten fo ld increase in the f ineness o f the 
wire mesh carry ing the cur rent . 
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I f an ind iv idua l c o i l f a i l s , the azimuthal force on the adjacent c o i l s w i l l be on the order o f 
60 MN and the rad ia l force w i l l be less than i n the case p r i o r t o f a i l u r e . I d e a l l y , i f a forced 
shutdown mechanism deenergizes a l l the magnets simultaneously when a quench occurs, large failure-mode 
forces w i l l not e x i s t . The forced shutdown mechanism is discussed i n Sect. 7 .3 . 

7.3 Forced Shutdown 

When one o f the main EBT c o i l s i n the a l t e rna t i ve design has quenched, i t i s desiraale t o deenergize 
both the quenched c o i l and the other reactor co i l s simultaneously and as qu ick ly as possible. This w i l l 
prevent the occurrence of unbalanced forces between the c o i l s . I t also w i l l prevent a large heat depo-
s i t i o n i n the quenched c o i l . Each c o i l has 2200 MJ stored i n i t s magnetic f i e l d and a t o t a l of 36 tons 
of copper and 57 tons o f s ta in less s tee l reinforcement ribbon in i t s s t ruc tu re . I f a l l o f the magnetic 
energy were d i s t r i bu ted uniformly as heat i n t o t h i s mater ia l , the temperature would increase from ^ 4 
K to 148 K. I t i s desirable from a r e f r i g e r a t i o n viewpoint to dump t h i s energy i n t o an external s i n k , 
and thus save the energy tha t otherwise would be needed to remove the heai from the magnet i t s e l f . 

The l i m i t i n g f ac to r on the speed a t which the co i l s can be deenergized i s the voltage drop between 
the magnet pancakes and the dewar. In designing the winding s t ruc tu re , t h i s voltage drop was kept 
below 4000 V. 

The shutdown equations fo r a model tha t includes the temperature va r i a t i on of a l l the physical 
proper t ies i n both magnet and dump r e s i s t o r were solved and i t was found tha t the worst case of f u l l y 
quenched emergency shutdown can be accommodated by use of the 15-tonne alpha i ron res i s to r . The res i s to r 

2 2 
was assumed t o be noninduct ively wound, to have a surface area o f 10 m , and to be cooled only by 
rad ia t i on during the shutdown t rans ien t . The voltage t rans ient i s i l l u s t r a t e d i n Fig. E-10. The 
maximum voltage drop incurred i n t h i s case was 3822 V and o f the i n i t i a l 2200 MJ i n the c o i l , 1986 MJ 
were deposited in the external r es i s t o r ( i . e . , only 7% remained i n the c o i l and i t s s t ruc tu re ) . 

ORNL-DWG 76-1545? 

T I M E (sec) 

Fig. E-10. Coil terminal voltage vs time f o r forced shutdown of a l te rna te 48-coi l design. 

7.4 Dewars f o r Al ternate Magnet Design 

The dewars housing the superconducting co i l s i n the EBT reactor must f u l f i l l three important 
func t ions . F i r s t , the c o i l , operating a t 4 K, must be thermally insulated from i t s immediate surround-
ings , which are operating a t 350 K. Second, the dewar must provide mechanical support fo r the c o i l both 
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d' ir ing reactor assembly and operat ion. In one reactor design concept where the c o i l s and blanket are 
removed as i n teg ra l modules f o r f i r s t wa l l and blanket r e p a i r , the dewar must provide support and 
physical p ro tec t ion f o r the c o i l during remote maintenance. Th i rd , the dewar must provide l a t e r a l 
r e s t r a i n t and thermal pro tec t ion i n case one or more o f the adjacent c o i l s quenches o r loses coolant 
f low. In t h i s accident s i t u a t i o n the c o i l i s subjected t o a l a t e r a l fo rce o f about 60 MN which must 
be borne i n t u r n by the dewar. 

The proposed dewar design i s shown i n Figs. G-10 and G - l l i n Appendix G. The dewar consists o f two 
aus ten i t i c s tee l s h e l l s . The outer she l l operates a t about 350 K and the inner co ld she l l a t 4 K. The 
warm and cold she l l s are separated by an evacuated annulus i n which aluminized mylar and a copper sh ie ld 
at 80 K serve as i nsu la t i on . 

The c o i l i s supported by s ix teen 2.25-m-long, 7.61-cm-diameter tendons. The tendons are constructed 
of 304 L s ta in less steel and are stressed to one ha l f o f t h e i r y i e l d st rength when the reactor i s i n 
operat ion. A t a po in t about 1 m from the warm end o f the tendon, a l i qu id -n i t r cgen -coo led c o l l a r i s 
placed around the tendon to minimize the power consumed by the r e f r i g e r a t o r s . The e l e c t r i c a l 
r e f r i g e r a t i o n work requi red, WE> i s given by, 

WE = 800qHe + 50 q ^ 

where qN 2 and are the heat leaks i n t o the ni t rogen and helium respec t ive ly . This equation assumes 
tha t the r e f r i ge ra to r s operate a t ^ 10% o f Carnot e f f i c i e n c y . The heat leak i s f u r t h e r reduced by 
using a nylon bushing [stressed to 20 ks i (138 MPa) i n compression] a t the po in t where the tendon 
attaches to the cold she l l o f the dewar. 

In add i t i on , shorter tendons are provided t o r es t ra i n the c o i l against the l a t e r a l forces tha t are 
caused by the asymmetries i n the magnetic f i e l d due to curvature. These forces have been calculated 
fo r a 4 4 - c o i t , 4 -d i ve r to r system and are shown f o r one octant in Table E-9. 

TABLE E-9 

Forces on the Reactor Coi ls (Normal Operating Condi t ions)9 

Azimuthal Force Radial Inward Force 
Coi l (MN, + 1.5%) (MN, + 0.5%) 

Diver tor c o i l 0.0 -3 .81 
Shaping c o i l 51.41 -0.17 
Main c o i l #1 54.38 4.42 
Main c o i l #2 5.92 7.53 
Main c o i l #3 1.32 8.06 
Main c o i l #4 0.41 8.20 
Main c o i l #5 0.14 8.25 
Main c o i l #6 0.0 8.26 

a44 main co i l s and 4 d i v e r t o r assemblies have been included i n the ca lcu la t ions . 

Tin.' l a t e r a l support tendons have been designed to withstand the l a t e r a l forces experienced i n 
posi t ions 2 through 5 as defined i n Table E-9. The c o i l used in pos i t i on 1 must be connected to the 
warm she l l by means of a cold tendon system as shown i n F ig. G - l l . The presence o f t h i s a u x i l i a r y 
support system and the f a c t tha t the cryopumping systems i n t e r f e re w i t h the removal o f co i l - b l anke t 
modules d i r e c t l y adjacent to the d ive r to rs may mean tha t the d i ve r t o r plus two adjacent modules must be 
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b u i l t as one u n i t . In t h i s case, the f i r s t wall and blanket could be removed f o r repai r without moving 
the c o i l , which i s the procedure used f o r the f i xed co i l design (see Appendix G). 

The insu la t ion chosen f o r the dewar i s an aluminized mylar f i l m wrapped in layers around the 
co i l i n the space between the warm shel l and the cold she l l . A t h i n copper sh ie ld , cooled by l i q u i d 
ni t rogen Hewing through attached tubes, reduces the heat leak i n t o the l i q u i d ni t rogen and thereby 
minimizes the power needed f o r r e f r i ge ra t i on . Af ter essembly of the co i l and dewar, the volume between 
the she l ls i s evacuated. 

At the ends of the dewar, the co i l w i l l contact impact pads under cer ta in very extreme accident 
condi t ions. These pads are separated by a small gap during normal operation of the reactor , and then 
the only heat leak i s due to rad ia t ion . To reduce these losses, a copper shie ld at 80 K has been 
posit ioned i n the gap. 

The heat leak i n to the dewar due to the c o i l leads has been estimated using the formula given by 
Montgomery10 f o r optimized leads, and the energy deposit ion in the winding from the neutrons and gamma 
rays coming through a 70-cm sh ie ld has been included (see Appendix H). 

A summary o f the expected heat leaks and re f r i ge ra to r power requirements i s given in Table E-10. 

TABLE E-10 
Heat Leaks in to One EBT Dewar 

(Calculated f o r one c o i l ) 

Source: 

Main support 
tendons 

Lateral 
support 
tendon 

Insulat ion 
Impact pads 

(no contact) 
Leads 
Neutrons 

gamma energy 
deposit ion 

TOTAL 

Heat Leak 
in to Liquid N0 

(W) 2 

228 

62.24 

27.4 

44.4 

362.0 

«He 

Heat Leak 
in to Liquid He 

(W) 

22.9 

4.96 

3.62 

0.145 

90 W 

24.9 

146.5 

WE 

Refr igerat ion 
Power Required 

(kW) 

29.7 

7.08 

4.26 

2.34 

72 

19.9 

135.3 

8. SUMMARY OF MAGNET DESIGN 

In suirmary, the toro ida l magnet system for the EBT reactor seems feasib le i n view of ex is t ing 
technological capab i l i t i e s . The large, high current conductor requires a moderate development e f f o r t 
which i s cur ren t ly under way i n the Superconducting Magnet Development Program at ORNL. The forced-f low 
bundle conductor i s cur ren t ly being developed by the MIT Francis B i t t e r National Magnet Laboratory under 
subcontract w i th ORNL. The magnet requirements f o r the d iver to r w i l l depend on the f i n a l design and 
loca t ion . The d i ve r to r magnet design w i l l be invest igated in more deta i l in the next f i sca l year. 
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APPEN01X F 
DIVERTORS 

1. INTRODUCTION 

D iver to rs may be requ i red i n * fus ion reactor t o prov ide f o r the removal o f plasoa reac t i on 
products, to ac t as condui ts f o r steady s ta te reeoval o f d i f f u s i n g p l a s m as « e l i as access f o r 
i n i t i a l pump down, and to prevent atoms sputtered f r e e the syst«a boundaries f r o e d i f f u s i n g deeply 
i n t o the plasma. The d i v e r t o r s w i l l i n te rcep t most o f the charged p a r t i c l e and sustenance energy 
de l i ve red to the plasma t ha t does not escape as r a d i a t i o n or charge exchange n e u t r a l s . An e f f i c i e n t 
d i v e r t o r can thus reduce the t o t a l f i r s t wa l l heat f l u x by fac to rs o f three o r mi re . (For reasonably 
t h i n w a l l s , the thermal f l u x i s several t ines la rger than the neutron heat load deposi ted i n the f i r s t 
w a l l . } 

The h igh aspect r a t i o and r e l a t i v e l y low magnetic f i e l d of EBT sake i t poss ib le to design a 
r e l a t i v e l y simple " c l a s s i c a l t o ro i da l d i v e r t o r . " In the fo l l ow ing sect ions the design c r i t e r i a t ha t 
a successful d i v e r t o r must meet are discussed. Also presented i s a d e t a i l e d d i v e r t o r design compatible 
w i t h the standard module and magnet design of EBTR-24 ( w i t h Ro • 30 sn) and EBTR-48 reference designs. 

2 . DIVERTOR REQUIREMENTS 

The magnetic f i e l d geometry o f the d i v e r t o r must be such that the separa t r i x can be accura te ly 
placed a t the plasma boundary w i t h r e l a t i v e l y small f i e l d per turbat ions ins ide the l i m i t i n g rad ius and 
f i e l d curvatures which are as gen t le as possib le ou ts ide the sepa ra t r i x . The d i ve r ted f i e l d l i n e s In 
the sc rape-o f f layer should be manipulated i n the body of the d i v e r i o r so tha t the escaping plasma 
energy i s un i fo rmly d i s t r i b u t e d over the sur face tha t i n te rcep ts i t . The region through which the 
d i v e r t o r f i e l d l i nes penetrate the f i r s t wa l l should be as small as poss ib le to minimize any chance 
o f gas back-streaming i n t o the plasma and to avoid excessive neutron streaming i n t o and through the 
d i v e r t o r . 

I n a d d i t i o n to these requirements on magnetic f i e l d geometry, the d i v e r t o r must have s u f f i c i e n t 
heat t r a n s f e r area to handle the f u l l steady s ta te load w i t h p rov is ion f o r handl ing b r i e f over loads 
i n the event o f an emergency plasma shut down. The d i v e r t o r a lso must have s u f f i c i e n t gas pmp lng 
surface (sh ie lded from the thermal load) t o pump away the neu t ra l i zed gas a f t e r the escaping plasma 
s t r i k e s the thermal t r ans fe r sur face. Because of the reversed f i e l d c o l l s , the forces on the d i v e r t o r 
w i l l be la rge . The design, t he re fo re , must be cons is ten t w i t h the requirements o f mechanical support 
and access. The main f i e l d reversal c o l l s w i l l almost c e r t a i n l y >jve to be superconduct ing, and 1t i s 
des i rab le f o r the shaping c o i l s a lso to be superconduct ing, 1 f poss ib le . 

In a d d i t i o n to the requirements l i s t e d above, add i t i ona l cond i t ions f o r the EBT reference design 
are Imposed. I t Is requ i red t ha t the d i v e r t o r design be such t ha t 1 t i s compatible w i t h the standard 
EBT module, be capable o f staged m u l t i p l e use so t h a t th ree o f the fou r d i v e r t o r s I n the re-Jerance 
design would be capable o f handl ing the t o t a l load , and t ha t I t use the sane coolant f o r the thermal 
recovery panels in order to s i m p l i f y the heat exchange system. 

3. DIVERTOR FIELD DESIGN 

The design process i s i l l u s t r a t e d here w i t h a d i v e r t o r compatible w i t h the movable c o i l , l i t h i u m 
cooled, concrete shie lded vers ion o f EBTR-48. The d i v e r t o r would be changed l i ' t l e i f i t was designed 
t o be compatible w i t h the f i x e d c o l l n i t r a t e cooled EBTR-48. The mechanical design o f d i v e r t o r s f o r 



l i te aor* h igh ly curved Jyswes Is S f n i i j r , g?e*\er eare «u»*l Wt taken to ensure tha i W* e f f t c t U c 
system aperture I t e i l n u l M d . 

!n the £8" d iver to rs described here. f i e l d reversal 1$ actcmplisfcetf reversing the cur r e m i n 
one of the s u m m c o l l s . i n general , the reversed ev i -«n i required in i h i i « H h less t h * n the 
sunS^rd current by a fac to r K 8 - i. far the sa»e overa l l current litmM/ t h i s c o i l can be w a l l e r 
i n cross sect ion one of the standard c o l l s . 

In onter that i h t f i e l d i n tens i t y !>c oa in ta lne* a t the plasna center t i n e untfer the reversal Cf„H. 
cmo add i t iona l "shaping" c o i l s a r * requi red. These are p e s t i l e n t * an ei ' fcer st4e et the reversal 
c o i l and approximately one-guanor to one-half o f a reactor ie<i ion length irm the n m r s a l 
c o i l {«> -- - a / 2 ) . The current fn each of t haw cot I * is about one-half of the current i n She 
reversal c o i l . 

The three c o l l i (two shaping and one reversal } are nc* ad jus t * * so tha t the r e t i r e d f i e l d l ines 
a r t d iver ted , fc a plasaa radius o f 1.0 «s and a given wa l l radius o f 1.2 a . she ob jec t ive H to 
create a f i e l d n u l l under the reversal c o l l a t a radius of 1.0 a f t v * the p t a m center l i ne . Once 
the f i e l d l ines have been d ive r ted , t w y e w « « separate* by reducing the f t « U s u f f i c i e n t l y . This 
i s achieved by using a set o f low current " t i c k l i n g t a i l s ' k i t h r a d i i about ? - ?.S t iaos that of 
the standard c o i l radius. 

Figure f - 1 shows two f i e l d t in?$ which would norsa i ly be at J.& » and 5.3 is f r w tSve reactor 
ten te r l i n e between a i r r o r sect ions. The quant i ty l £ re fe rs to the t o t a l Current in one of the 
standard c o i l s . The resu l ts are depen««t u*e ra t i os of the c u r m m i tutus th is stud* can be 
scaled t r m l c « 6000 a. The design presented he»*e was calculated in l inear asmwstry fo r po in t < o i l t . 
For a SO a aa jor radius reactor , e r rors tn twfec i t t l are «s» l ! am} can J«f KCmt t i c i i 8 * * S « t l y . 
the (lesion presented here provides a take-of f po in t f o r « eere de ta i led fu tu re design. 

DISTANCE FROM MODULE CENTERUNE (ml 

F ig . f - 1 . F ie ld l i nes f o r £8TIM8 d i v e r t o r . 
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A " t i c k l i n g " current o f 350 A a t 6 m rsdius is found to spread the f i e l d l i nes to about 0.5 m. 
! f t h i s current is increased, the 1.2 m f i e l d l i ne cu r l s around th is c o i l (see Fig. F-2, where a f i e l d 
n u l l has Coraed near the " t i c k l i n g c o i l " ) . By ad jus t ing the currents and using more " t i c k l i n g c o i l s ' , 
one can spread the f i e l d f u r t he r . By then steping the d i ve r to r wal l so tha t the f i e l d l i nes In tersec t 
i l a t an angle, the wa l l a r t a needed to ensure tha t the plastaa f l u x inc ident on the wa l l i s w i t h i n 
al lowable l iesi ts can be a t ta ined. 

A considerat ion o f ihe mechanics of f i e l d shaping shows that fo r larger major rad i i reac tors , 
d i ve r to r design w*U be eas ie r , and sore e f f ec t i ve use w i l l be made o f the ava i lab le volune. In 
general, however, the design of an EST d iver to r does not seem to present any major d i f f i c u l t i e s . 

0«n l -dw6 76-15428 

DISTANCE PROM MOOUCE CENTERING (ml 

f i g . f - 2 . F ie ld l i nes f o r EBTR-48 d i ve r to r (w i th " t i c k l i n g c o t ! " ) 

4. OIVESTCft KCCXAHICAL OCSICM 

Figure F-3 shows the mechanical design o f the EBTR-48 d i v e r t o r . Four such d iver to rs are located 
and equal ly spaced arotmd the reactor and the design i s such that any three o f them w i l l be capable 
o f handling the power recovery. The l i t h l u e cooled surface o f each d i v e r t o r i s 597 e a n d fo r a t o t a l 
heat rcooval requirc«icnt o f 800 KK{ih) ( the alpha p a r t i c l e power) the wal l loading i s 0.45 HW/m2 when 
three d ive r to rs are operat ing. This wal l loading is we l l below the l i m i t s imposed by heat t rans fer to 
the l i q u i d l i t h i u m . 

A possible cryopuap systc« for reactor pump down and react ion product removal is shown in F ig . F-4. 
t i g h t such systems (two fo r each d i v e r t o r ) w i l l be s u f f i c i e n t to maintain a base pressure o f 10"7 atm 
i n the reactor w i t h a cryopuaping speed o f 1.7 t /cra2-s, which i s wel l below cur rent ly ava i lab le cryo-
ptnping capac i t ies . This f i gu re i s based on a plasma dens i t y , n , of 1.5 x 1020 m"3 , a p a r t i c l e conta in-
ment t i n e , of 7.5 s , and a t o t a l plasma volume, Vp , o f 1184 m3. Then the p a r t i c l e f low r a t e , r . ^ s 

p t 
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r = J15L. = 2.37 x 1022/sec , 
b 

and f o r e ight cryopumping systems the speed, s , i s 

c - f V r 
s ~ V 8pP?^ ' 

2 
where A ^ i s the area o f the helium panels (256 m ) , o i s the gas density a t 1 atm, P i s the base 
pressure, and r i s the r e f l ec t i on at the a i r and nitrogen-cooled panels (assumed t o be 50%). 

The power required f o r nitrogen and helium r e f r i g e r a t i o n may be estimated from the energy 
deposited on each o f the cryopanels (see Fig. F -4) . Table F - l summarizes the energy deposited. 

TABLE F-1 
Energy Deposited i n Cryopanels 

Total 
Panel Deposited due to (fcW) 

Par t ic les Blackbody 
(fcW) {fcW? 

A i r 0.010 25.8 25.8 

Nitrogen 0.011 1.21 (q„ ) 1.2 
Helium 0.003 0.005 (qH

2) 0.008 

Assuming that the ni t rogen and helium re f r i ge ra to rs operate a t -v 10% of the Carnot e f f i c i e n c y , the 
t o t a l power required f o r the re f r ige ra to rs i s 

WR » 5D + 800 q H e = 68 kW per cryopump system . 

or a to ta l of 544 kW f o r e ight systems. 



CHrunMff NasrfTtMCROSUiCTKX ' 
atCTIOMCCI 

Fig , F-4, Cryopumping system cross section (Section C-C). 



BLANK PAGE 



G-1 

APPENDIX G 
MECHANICAL DESIGN 

1. INTRODUCTION 

Conceptual designs have been made of EBT reactors based on a modular concept w i th iden t ica l super-
conducting c o i l s f o r a wide range of s izes. The major radius o f the reactor was var ied f r i . t a minimum 
of about 30 m to a maximum of about 120 m using the same c o i l design. The spacing between co i l s 
remained constant w i th the number of c o i l s , of course, increasing d i r e c t l y w i th the major radius. The 
plasma radius and blanket and sh ie ld thicknesses also remained nearly constant f o r the various major 
r a d i i considered. 

In the reference design, the e n t i r e torus i s enclosed i n a concrete moat wi th an in terna l width 
of about 15 m and a height of about 18 m, covered by modular concrete s labs. The concrete moat provides 
s t ruc tu ra l support fo r the torus and b io log ica l shie ld ing t o reduce rad ia t ion leve ls to l i m i t s which 
are to lerab le f o r personnel on a constant-exposure basis. 

A l l maintenance i s accomplished from overhead. The necessary remote maintenance equipment is 
mounted on top of the moat and can be moved -ver the top of the to rus ; a t rave l i ng gantry crane is 
also mounted on top of the moat and spans i t . Power supplies fo.* a l l the EBT reactor components, 
inc luding the re f r i ge ra t i on systems f o r the cryogenic c o i l s , and the t r i t i u m recovery processing 
systems are located outside the moat. 

The torus i s constructed of modules to make assembly and remote maintenance less d i f f i c u l t . The 
number of modules used can be equal to the number o f superconducting co i l s or i t can be twice the 
number of c o i l s . In the l a t t e r case the modules which are located between the c o i l s are not exact ly 
iden t ica l to those located under the c o i l s . When the number of modules i s equal to the number of c o i l s , 
the c o i l s must be removed along wi th the blanket and sh ie ld when module maintenance i s required. 
A l t e rna t i ve l y , when there are twice as many modules as there are c o i l s , the modules can be maintained 
without d is tu rb ing the c o i l s . In th i s case a co i l needs to be moved only i f there i s a f a i l u r e in 
the c o i l i t s e l f . 

Two reactor designs using f i xed magnet concepts have been examined. S p e c i f i c a l l y , a machine w i t h 
48 co i l s and a 60-m major radius and a machine w i th 24 c o i l s and a 24-m major radius have been 
considered. They represent two ends o f a reasonable s ize range. As par t of the studies i t was 
determined that i t i s possible to design d i f f e ren t - s i ze devices which use the same c o i l and module 
design. The probable minimum size in t h i s case is consistent w i th a 30-m major radius. In the present 
discussion the EBTR-48 and EBTR-24 modules are not standard and t h e i r mi r ror ra t ios are not equal. 
Work on the standardized system i s proceeding a t present. 

Sections 2 through 5 are a discussion of the mechanical and maintenance aspects of a reference 
device which i s based on the f i xed magnet concept, i . e . , the number o f modules i s twice the number of 
c o i l s . In t h i s case n i t r a t e s a l t coolant and stainless steel s t ructure and sh ie ld ing are used. Section 
6 describes an a l te rna te module concept using movable magnets, l i q u i d l i t h i u m coo l ing , niobium s t ruc tu re , 
and a "heavy concrete" sh ie ld . Various other permutations o f s t ruc tu re , s h i e l d , and coolant concepts 
are possible and w i l l lie considered when the overa l l system i s optimized. The high aspect r a t i o 
conf igurat ion o f f e r s few constra ints i n t h i s regard. 

2. FIXED MAGNET CONCEPT 

The f i r s t f i xed magnet design studied had a 60-m major rad ius, produced about 4000 WJ(th), exclusive 2 
of blanket m u l t i p l i c a t i o n , and had a neutron wal l loading of about 1 MW/m . A plan and a sect ion 
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elevat ion view o f a por t ion o f the torus are shown i n Figs. G-1 through G-5. This machine includes 
48 c o i l s and has a m i r ro r r a t i o of 1.8. Two 24-coi l systems w i th major rad i i o f 24 and 30 m have also 
been studied. The more in te res t i ng o f these i s the 24 -co i l , 30-m system which uses the same co i l and 
module design as the la rger device. This design is pa r t i cu la r l y a t t r a c t i v e i f the neutron wal l loading 
can be increased to 3 MW/m i n which case the t o t a l thermal power of the 48-coi l machine becomes 
unacceptably large. The layout f o r the EBTR-4^ w i l l be described, but the concepts apply i n general 
to a Hide range of device s izes. 

ORNL DWG »IS4M 

Fig. G-1. A plan and section elevat ion view. 

The main torus consists o f f i ve concentric regions: 1) plasma, 2) f i r s t w a l l , 3) b lanket, 
4) sh ie ld , and 5) superconducting co i l s to provide the mi r ror f i e l d s . These f i ve regions are continuous 
around the torus but are composed of two types o f cy l i nd r i ca l modules. One type i s located under the 
c o i l s and the other type i s located between the c o i l s . In addi t ion to these basic modules, there are 
blanket and sh ie ld clamshell f i l l e r pieces which are put in place at the junct ions between two modules 
a f t e r the j o i n t between the module inner wal l sections i s completed. 

With the torus j o i n t s located near the f i e l d c o i l s , the modules between the co i l s present a large 
surface area which i s ava i lab le f o r vacuum por ts , microwave and neutral pa r t i c l e i sec to rs , and 
diagnost ics. This area i s avai lab le around the complete circumference o f the module. The access 
gained here i s d i s t i n c t l y superior to tha t i n a low aspect r a t i o device. The in jec to r design can also 
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be modular an--* an increased heating power may be provided fo r a larger p lant by adding more heating 
modules, such as in jec to rs . 0*<u.«a6 »iim* 

Fig. G-2. Section A-fi o f Fig. G - l . 

OKftkOWG 7»>s«<s 

SECTION B-B 

Fig. G-3. Section B-B o f Fig. G - l . 
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S E C T I O N C - C E B T R E A C T O R 

S E C T I O N S 

Fig. G-4. Section C-C of Fig. G-1. 

ORNL-DWG 76-15*43 

TYPICAL MOUULE 
EBT REACTOR MODULE ASSEMBLY 

Fig. G-5. Typical module assembly. 

The modules of vacuum w a l l , b lanket , and shie ld tha t are located under the co i ls are mounted as a 
un i t and suspended by composite cables from a beam which spans the concrete moat on the bulkhead ex-
tensions from the wal ls . The superconducting co i l s have t he i r own suspension cables and are mounted 
from the beam. The support cables f o r the co i l s and the sh ie ld are not attached t o them, but pass 
under the cy l i nd r i ca l un i ts i n a continuous loop. The suspension cables f o r the co i l contact the co i l 
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bobbin and are completely enclosed in the c o i l dewar. Where a cable leaves the bobbin a t the tangent 
po in t , the dewars extend two fee t up the cable and are sealed to i t through a bellows. The blanket 
modules are supported from the inner radius of the sh ie ld by a pad and hallway l i n e a r bearings. 

The modules between the co i l s are mounted from beams which run between the curved parts o f the 
bulkheads rather than being suspended from an overhead beam. The sh ie ld i s supported by four pedestals 
from the f l o o r of the moat. The blanket rests on the sh ie ld on ballway l i nea r bearings so tha t the 
blanket may be removed from the cy l i nd r i ca l sh ie ld a f t e r the sh ie ld has been l i f t e d out o f the torus. 
There are no forces other than g rav i t y act ing on these i n t e r c o i l modules, so no fu r the r mechanical 
r e s t r a i n t i s necessary. 

In the case of the magnetic co i l s there are magnetic forces which must be counteracted. Under 
normal operating condi t ions, because of the large aspect r a t i o , the forces are essen t ia l l y uniform 
and resu l t mainly i n a centering force. As i n the case o f the grav i ty loads, t h i s force i s also 
handled by cables which are looped around the co i l under the co i l dewar. There are two sets o f 
these cables, one running through the inner wall o f the moat and the other running through the outer 
w a l l . The cables to the inner wal l serve only to res t ra in the c o i l , so tha t the centering load 
cables can be preloaded to make the load d i s t r i b u t i o n uniform. 

The cable suspension and res t ra in ing method has two s i g n i f i c a n t advantages over r i g i d mechanical 
mounts. The f l e x i b l e cables conform to i r r e g u l a r i t i e s in surface contours and therefore ensure equal 
stress on the various parts of the c o i l bobbin. There i s no danger of concentrations of s t ress resu l t ing 
from point contact. The other advantage has two aspects. F i r s t , the cable supports are located under 
the dewars and w i l l create lower thermal losses than those which would resu l t i f r i g i d supports were 
used. Second, as the c o i l s are cooled down from ambient condi t ions, the cables w i l l fo l low the 
dimensional changes so tha t support and res t ra i n t charac ter is t i cs are unchanged a t cryogenic tempera-
tures. This could not be accomplished s a t i s f a c t o r i l y using a r i g i d support scheme. 

I t is evident that cables can be used successful ly f o r v e r t i c a l and rad ia l loads, and these are 
the only loads imposed during normal operation. However, i f one or more c o i l s f a i l whi le the others 
remain exc i ted, there w i l l be large l a te ra l loads which must be constrained. I t may be possible to 
pro tect against t h i s by e l e c t r i c a l l y unloading a l l co i l s i n a cont ro l led manner i f one co i l f a i l s . 
Methods f o r doing t h i s are discussed in Appendix E. In case t h i s pro tect ion scheme s t i l l permits 
large forces, gross movement of a co i l must be prevented. At the same t ime, r i g i d mechanical r es t ra i n t s 
which would present thermal leakage paths are undesirable. 

Provision has been made to i n s t a l l "bumpers" in the concrete bulkheads adjacent to the c o i l s . 
Recesses in these bulkheads contain a s ta in less steel r e s t r a i n t s t ructure which has a keyway tha t 
loosely f i t s over the key i n the c o i l . The key i s enclosed i n a dewar. These r e s t r a i n t f i x t u r e s 
cover a 45° segment of the co i l above and below the equator on each side of the c o i l . Normally there 
i s no contact between these f i x t u res and the co i l and thus no heat leak path i s establ ished. In the 
event o f a c o i l f a i l u r e (current decay i s assumed to take 2 sec), the out -o f -p lane forces cause the 
c o i l to " lean" in to these bumpers. The dewar at the pressure point is crushed, but gross movement o f 
the c o i l i s prevented. 

The assembly of the torus is s t ra ight forward. F i r s t , the co i l modules are suspended from the 
concrete mounting beam whi le the beam i s on an assembly s ta t i on j i g . The sh ie ld i s then inserted i n 
the bore of the co i l and the suspension cables are attached to the beam. The blanket module i s then 
inserted i n t o the shie ld and the f i r s t wal l cy l inder i s inserted i n t o the blanket. The en t i re assembly 
i s transported to the moat and i ns ta l l ed in place. A l l c o i l modules are located i n place i n the moat. 

The next step i s to mount a center sh ie ld module on the assembly j i g and i n s t a l l the center blanket 
cy l inder in the sh ie ld and the f i r s t wal l on the blanket. This assembly i s then inserted i n to the torus 



G-6 

between two co i l modules. The process i s repeated u n t i l the f u l l torus i s complete. The ind iv idual 
f i r s t wal l modules must next be jo ined together e i ther by welding or by mechanical design. The f i n a l 
decision on the closure method has not been determined. The 180° blanket f i l l e r pieces and the 180° 
shie ld f i l l e r pieces next are i ns ta l l ed over the j o i n t s between f i r s t - w a l l cy l inders . 

A f te r the torus i s completed i n the moat, the i n s t a l l a t i o n is completed by f i r s t attaching a l l 
coolant l i nes and manifolds. When a l l interconnecting plumbing has been completed, the various penetra-
t i ons , i . e . , microwave, beam l i n e s , diagnost ics, e tc . are attached and the c los ing concrete sh ie ld ing 
slabs are i n s t a l l e d . 

I t may be desirable to run the en t i re moat at a pressure o f about 10 ' t o r r . This might permit 
the f i r s t wal l sections to be mechanically clamped rather than welded together, and would also s imp l i f y 
connection of penetrat ions. I f t h i s opt ion i s fo l lowed, a metal skin w i l l be welded i n segments over 
the concrete roof slabs to provide a vacuum enclosure. 

3. BLANKET AND HEAT REMOVAL 

Heat removal i s accomplished i n three separate components of the torus: 1) the f i r s t w a l l , 2) the 
blanket, and 3) the sh ie ld . As a conservative s ta r t i ng point f o r th is design, i t was decided to 
study a system in which provis ion was made to control impur i t ies through some sor t of plasma surface 
control but to neglect the p o s s i b i l i t y of energy removal through d iver to rs . In th is case the f i r s t wall 
i s exposed fo r the most part to non-neutron energy from the plasma plus a small por t ion of the neutron 
energy which i s deposited in the material and coolant o f the f i r s t wa l l . The energy delivered to the 
f i r s t wal l i s about 20% of the fusion energy produced i n the plasma and resu l ts i n a high heat f l u x on 
the f i r s t wa l l . Since nearly a l l the energy is absorbed on the surface, i t presents a d i f f i c u l t 
thermal stress problem. A completely sa t i s fac to ry design f o r t h i s f i r s t wal l has not been developed. 
Some requirements f o r i t are c lear . The wal l must 1) form a low pressure boundary region fo r the 
plasma, 2) be as t h i n as possible to l i m i t the number o f neutrons absorbed or moderated, 3) have an 
adequate coolant f low consistent w i th the high heat t ransfer requirements, 4) operate in a low pressure 
environment, and 5) operate a t r e l a t i v e l y low temperatures 400° C) to prolong l i f e . 

The blanket i s located immediately behind the f i r s t wa l l . I t s funct ion is t o absorb the highest 
pract ica l percentage of the plasma energy which i s not deposited in the f i r s t wa l l . I t must provide 
f o r the conversion of t h i s energy to heat a t a usable temperature and i t must breed t r i t i u m to fue l the 
reactor . The blanket consists of s ta in less steel compartments which are held i n a s t ruc tura l framework 
to form an a r t i cu la ted cy l inder between the vacuum f i r s t wall ( l i n e r ) and the sh ie ld . Inside these 
compartments are l i t h i um metal, a canned graphite r e f l e c t o r , s ta in less steel plates to absorb gamma 
rays, and v-eolant tubes. 

A schematic drawing of the blanket showing i t s loca t ion , composition, and representative dimensions 
is shown i n Fig. G-6. In th i s schematic the coolant tubes are not shown; they are continuous para l l e l 
tubes which are located in the l i t h i um regions and which provide cool ing f o r the en t i re blanket. The 
coolant f o r both the f i r s t wal l and the blanket i s assumed to be a eutect ic of n i t ra tes o f sodium and 
potassium. The coolant loop f o r the f i r s t wall is separate from the coolant loop f o r the blanket. 

Coolant enters the f i r s t wal l cooling c i r c u i t a t 260° C and ex i t s from i t a t about 310° C. Exact 
heat t rans fe r calculat ions cannot be made because the actual design of t h i s wal l i s s t i l l undetermined. 
Based on pre l iminary conf igurat ions, the temperature drop across the f i l m i s found to be on the order 
of 55° C and the temperature drop across the metal wal l i s about 35° C. I t i s probable tha t the hot-spot 
metal temperature of t h i s wal l w i l l be about 400° C. This value i s consistent w i th those which give 2 
maximum l i f e t i m e expectancies. These f igures are based on neutron wall loadings of 3-3.5 MW/m . 
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Fig. G-6. EBTR Blanket. 

The blanket i s cooled by a second loop which contains the same coolant as used i n the f i r s t w a l l . 
In the blanket the coolant enters a t 260° C, flows uniformly down the sides of the double walled blanket 
compartments, enters a manifold, and flows in to the para l le l array of coolant tubes. The e x i t tempera-
ture o f the blanket coolant is 480° C. Final de ta i l s o f the design of ths blanket have not been 
establ ished. I t can be s im i la r to the construction of a tokamak blanket where a considerable amount of 
design de ta i l has b?en developed. 

The f i r s t wal l coolant loop and the blanket coolant loop w i l l t rans fe r heat to a comnon intermediate 
coolant loop which contains a molten s a l t of the same composition as the two primary loops. This i n t e r -
mediate loop t ransfers the fus ion energy to the steam generating system. The intermediate loop i s used 
to i so la te the high-pressure steam p ip ing from the reactor and to i so la te the rad ioact ive primary loop 
from the steam system. 

The use o f the n i t r a t e eutec t ic s a l t loops resu l ts i n a low pressure coolant f o r the reactor . This 
allows the use of t h in metal s t ructures throughout the system. Also, the heat t ransfer charac te r i s t i cs 
o f the s a l t are such tha t the pumping power is qu i te low, e . g . , less than I% of the thermal power 
produced. The pressures, f low ra tes , and pressure drops are lower f o r the molten sa l t coolants than 
f o r any other coolants which were studied. 

By using double wal ls f o r the blanket compartments and by in t roducing the cool (260° C) s a l t 
between the wa l l s , the temperature o f the container metal is about 315° C. i n the design of the b lanket , 
modif ied 315 cold-worked sta in less steel i s used fo r the s t ruc tu ra l mater ia l . I t i s possible to use a 
d i f f e r e n t mater ial f o r the f i r s t wal l i f t h i s proves to be des i rab le , since the f i r s t wal l i s a com-
p le te l y autonomous s t ruc ture . 
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Ihe present f i r s t wa l l , b l anke t , and sh ie ld conf igurat ions make use o f c y l i n d r i c a l modules. This 
geometry assumes tha t shaped wal ls w i l l not be required, but i t may be necessary to shape these elements 
so tha t they conform roughly to the plasma shape. In t h i s case the modules between the co i l s w i l l have 
a larger radius than those located under the c o i l s . This design can be accomplished wi thout a l t e r i ng 
the basic overa l l design of the to rus . A decision on shaping these elements w i l l fo l low fu r ther 
evaluation of the plasma containment propert ies. 

The nuclear performance of the f i r s t wall and blanket has been evaluated using a one-dimensional 
analysis. The calcu lat ions showed tha t about 98% of the fus ion power produced i s deposited in these 
two components. In addi t ion to the favorable heat deposit ion charac te r i s t i cs , a breeding r a t i o of 
about 1.35 was at ta ined. The breeding ca lcu la t ion did not include penetrations which may occupy about 
5% of the blanket surface area. 

While the blanket absorbs most o f the energy produced by the plasma, some addi t ional shie ld ing 
must be provided to protect the superconducting c o i l s . The sh ie ld is a mixture o f s ta in less s t e e l , 
lead, and borated water. The one-dimensionai neutronics analysis showed tha t the sh ie ld protects the 
magnets adequately and tha t the neutron damage and heating levels in the superconductors are w i th in 
to lerab le l i m i t s . The sh ie ld i s cooled by c i r cu l a t i on o f the borated water through a heat exchanger; 
the maximum temperature of the water i s about 82° C. 

4. REACTOR MAINTENANCE 

One o f the more d i f f i c u l t problems associated w i th thermonuclear reactors i s that of maintenance. 
This i s p a r t i c u l a r l y t rue of low aspect r a t i o machines because of t he i r inherent i naccess ib i l i t y . 
This pa r t i cu la r problem is a l lev ia ted in the EBT reactor c h i e f l y because of i t s large aspect r a t i o and 
the absence o f a polo idal f i e l d system. While the maintenance problem w i l l probably be eased in the 
case of a high aspect r a t i o device such as EBTR, i t nevertheless presents a formidable challenge. 

A f te r a short period of operat ion, the high energy neutrons produced w i l l ac t i va te the in terna l 
components of the machine to high leve ls . The blanket and sh ie ld w i l l protect the co i l s from the 
neutron f l u x , but the penetrations f o r pumping and i n j ec t i on w i l l present addi t ional leakage paths 
which may wel l r esu l t i n a torus region which is too radioact ive to permit hands-on maintenance. The 
maintenance p o l i c y , therefore, i s to provide a t o t a l l y remote maintenance capab i l i t y fo r any procedure 
which must be accomplished w i th in the confines of the moat. 

This requirement influences tiie mechanical design o f the en t i re reactor. There are cer ta in 
operations tha t w i l l be required on a per iodic basis. Replacement of the inner wal l and blanket a t 
least one or more times during the l i f e o f the p lant i s expected and i s one of the major maintenance 
tasks. In add i t ion to the ant ic ipated component replacement and repai r a c t i v i t i e s , the en t i re system 
ins ide the moat must be designed so tha t unexpected f a i l u res can be deal t w i t h e f f i c i e n t l y . 

A l l maintenance is accomplished using the overhead access described i n Sect. 1. Ar t icu la ted con-
crete sh ie ld ing blocks span the moat, and removal of these blocks from any locat ion around the 
circumference o f the torus provides access to the equipment below. One or more gantry cranes are 
mounted on top o f the moat and service the reactor . In order to provide f o r maximum f l e x i b i l i t y , a t 
leas t two cranes should be i ns ta l l ed . These cranes w i l l be used to l i f t major components and move them 
to a service cubic le which w i l l also be located on top of the moat. The service cubic le w i l l be 
mobile so tha t i t can move around the f u l l circumf<.vence o f the top of the moat. The cranes may also 
be used to lower special maintenance tools and aquipment in to the moat. 

Tools have not yet been designed to perform the maintenance funct ions which are expected to be 
necessary. Certain types of operations tha t are known to be required have been i d e n t i f i e d . These are: 
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1) t ranspor t ing and pos i t ion ing large components, 2) remote cu t t i ng and welding, 3} mechanical 
clamping and b o l t i n g , 4) continuous viewing and inspect ing, 5) making and breaking coolant and 
e l e c t r i c a l connections, 6) prov is ion fo r special instrumentat ion, and 7) procedures f o r waste 
disposal. 

Many of these operations must be performed ins ide the concrete enclosure. For example, 
e l e c t r i c a l and coolant connections must be made and broken inside the moat. Cranes must remove the 
access plugs and lower the special too ls and viewing equipment i n to pos i t i on to accomplish these 
operations. A fundamental philosophy for maintenance i s tha t each operat ion w i l l be accomplished 
using v isual con t ro l . The s ize and complexity of the reactor i s such tha t preprogrammed operations 
probably cannot be car r ied out w i t h s u f f i c i e n t accuracy. Dependable three-dimensional remote viewing 
i s essent ia l f o r sa t i s fac to ry maintenance. There are many preparatory operations which w i l l have to 
be per forata p r i o r t o replacing an in te rna l wal l or blanket module and these can best be con t ro l led 
» ' sua l l y . 

Any unscheduled repai r w i l l be time-consuming. The complete replacement of the major i n te rna l 
components of the reactor probably w i l l require months. The spec i f i c maintenance operation w i l l have 
to be ca re fu l l y planned, and the most r e l i ab le equipment provided t o minimize the downtime associated 
wi th a repa i r , which v i t a l l y w i l l a f f e c t the p lant economics. Dupl icat ion o f a l l maintenance equipment 
is almost ce r ta in l y a requirement. I t i s l i k e l y tha t major maintenance such as replacement of the f i r s t 
wall and blanket w i l l be accomplished simultaneously a t more than one loca t ion around the to rus . 

When a sect ion o f the torus has been iso la ted by breaking a l l connections ( inc lud ing the two 
c i rcumferent ia l j o i n t s between adjacent modules), the module w i l l be l i f t e d i n to the maintenance cubicle 
where the deta i led repairs w i l l be rcaue. The repaired u n i t w i l l be returned to the torus and the 
radioact ive components w i l l be cut up, compacted, and transported to a hot storage area w i t h i n the 
cont ro l led area of the bu i ld ing . This storage area w i l l roost l i k e l y be a pool o f water i n which the 
radioact ive mater ial w i l l be stored u n t i l i t cools s u f f i c i e n t l y to permit removal and t ranspor t to a 
permanent storage area. The maintenance problem cannot be overemphasized. I f everything associated 
wi th the reactor works s a t i s f a c t o r i l y and unantic ipated f a i l u r e s are in f requent , i t i s ce r ta i n tha t 
rad ia t ion damage w i l l necessitate periodic replacement o f some components. The downtime necessary f o r 
th is replacement represents a loss o f production of the p lant and inf luences great ly the cost of the 
power produced. 

5. HEAT LOSSES 

There are two types o f heat losses that are important to a power-producing, superconducting thermo-
nuclear device: heat loss fro® the power conversion systea (blanket) and heat loss f r o r the cryogenic 
system ( c o i l s ) . The l a t t e r Is probably the more important, but the blanket losses xannot be neglected, 
since the large surface area o f the blanket represents a po ten t ia l heat loss source unless good 
thermal i nsu la t ion is provided. This heat loss can probably be to lera ted by locat ing the torus i n an 
evacuated environment and by prov id ing r e f l e c t i v e insu la t ion to cover the exposed blanket surfaces. 

Control of the heat loss fraa the cryogenic c o i l s is a more d i f f i c u l t problem. This loss 1s 
especia l ly important since each wat t o f heat removed a t 4 .2° K requires between 500 and 1000 V o f 
r e f r i ge ra t i on power. I t i s necessary to enclose the c o l t s i n an e f f i c i e n t dewar, and t h i s requirement 
inooses design problems on the mechanical r e s t r a i n t system fo r the c o l l s . The s t ruc tu re which contacts 
the c o i l s mu rperate a t 4 .2 ° k and conductive heat paths to s t ructures which operate a t aobient 
temperature must be minimized. 

In the current EST reactor design, the composite cable suspension and r e s t r a i n t system minimizes 
the heat leakage from the c o l l s . 8*1 lows-sealed dewars provide the t r a n s i t i o n f o r each o f these cables 
Nhere they leave the c o l t s . Each dowar, o f course, encloses an e n t i r e c o i l . 
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The heat loss i s reduced in two ways by using composite f i be r cables. These composite cables have 
a very high allowable working stress so that the area of the tension member is smaller than that 
required fo r steel cables. The thermal conductivi ty of the graphite f i be r is increased re la t i ve to 
tha t of steel so that a means of introducing a high thermal resistance i s necessary. This w i l t be 
accomplished by introducing a s t ra in insulator s imi lar to that used on e lec t r i ca l transmission guy 
wires for e l ec t r i a l insulat ion purposes. These s t ra in insulators are loaded in compression and can be 
made to transmit the tension loads between the two cable lengths through a low thermal conductance path. 

I f the ent i re temperature drop is assumed (pessimist ica l ly) to take place in th i s insu la tor , and 
each insulator is 15 cm long, the heat loss per co i l w i l l be about 320 W. There are 28 insulators per 
c o i l . For a 24-coi l reactor the to ta l heat loss w i l l be about 7.7 kW. Assuming a re f r igera t ion 
conversion factor of 500 W/1W, the e lec t r i ca l load for cooling a l l the co i l s w i l l be about 4 MW. These 
calculat ions were made assuming the use of a high-density polyethylene insulat ion material. For the 
heat losses through the dewar, assuming that the outside of the dewar i s maintained at ambient tempera-
ture , the loss per co i l w i l l be about 80 W. For 24 c o i l s , the to ta l loss i s about 2 kW. The equivalent 
e lec t r i ca l load here is 1 MW. Thus, fo r thf ent i re 24-coi l machine, the required cryogenic cooling 
load i s about 5 MW. This does not account for losses from the e lec t r i ca l terminals, but these losses 
are not expected to be large. 

Since the co i l s are almost" ident ical i n EBTR-24 and EBTR-48, the re f r igera t ion load w i l l be nearly 
proportional to the number of co i l s . On th is basis, the 48-coi l machine would require about 10 MW of 
re f r igera t ion power for the cryogenic system. The thermal power produced i n the 48-coil reactor i s 
4000 MW, so the re f r igerat ion load is only about 0.252 of the thermal output. 

These heat loads were calculated assuming a 4.2° K helium system and an ambient temperature of 
about 32° C. The to ta l re f r igera t ion load could be reduced i f a buffer region of N2(77° K) i s used 
between the helium system and the ambient. Other analyses have indicated that an intermediate nitrogen 
region results in a lower overal l re f r igera t ion load. However, th is seems unnecessary in the present 
EBTR. 

6. MOVABLE MAGNET CONCEPT 

The par t icu lar movable magnet design presented here, shown i n Fig. G-7, d i f f e r s 
from the f ixed magnet reference design in four s ign i f i can t ways: 1) the design is a set of s e l f -
contained blanket-shie ld-coi l modules ind iv idual ly removable fo r maintenance; 2) the choice of a 
heavy concrete (40% i ron shot by volume) magnet shie ld, 3) the use of natural l i qu id l i th ium as both 
coolant and breeding mater ia l ; and 4) the use of niobium as f i r s t wall and as st ructura l material in 
the f i r s t wal l zone. The f i r s t two of these design options could be implemented imnediately, the 
t h i r d and four th would require fu r ther development. Thus th i s design has been considered as a somewhat 
advanced, a l ternate version of the reference design. I t i s important to note that these par t i cu la r 
design choices are nearly independent o f each other and could be combined in many ways with those of 
the reference design. This i s convincing evidence of the f l e x i b i l i t y afforded by high aspect r a t i o 
systems. 

Natural l i t h ium is proposed as the coolan'; because of i t s superior heat transfer and neutronic 
character is t ics . In addi t ion, the use of one material as both the coolant and breeding material 
s impl i f ies the heat exchanger loop design, reduces the number of heat exchangers necessary, and thereby 
reduces the probab i l i t y of leaks. The major disadvantage in the use of l i t h ium is the pressure drop 
which res'::'"ts from MHO ef fects when the f l u i d flows perpendicular to the magnetic f i e l d . These ef fects 
require special at tent ion in the design of the l i th ium i n l e t and ou t le t plena. The calculat ions 



E-ll 

performed have shown tha t , f o r a plenum thickness o f 15 cm and height o f 3.70 m, the .vessure drop 
in e i the r an i n l e t or ou t l e t plenum is about 800 kPa (120 ps i ) . The ideal pump work required i s 
150 kW/plenum. 

Mcnono-o 

Fig. G-7. EBTR plan view. 

The main problem posed by the MHD pressure drop i s not so much the power consumed (less than IX o f 
the module thermal output at 50% pump e f f i c i ency ) but rather the stress imposed on the i n l e t plenum and 
the f i r s t wal l by the ou t le t plenum pressure drop. Electromagnetic pumps are proposed f o r use i n the 
i n l e t and o u t l e t plena to solve t h i s problem. These pumps would consist o f electrodes wi th surfaces 
which are pa ra l l e l to the magnetic f i e l d l i nes and approximately rad ia l from the plasma cen te r l ine . 
The e l e c t r i c current would f low azimuthal ly around the plasma center l ine through the l i t h i u m coolant . 
In th i s way the pressure drop and the pumping act ion both occur at the same loca t ion and re l i eve the 
stress on the plena and the f i r s t w a l l . The coolant which f lows along the f i r s t wal l i s not exact ly 
pa ra l l e l to the magnetic f i e l d l i nes and thus there w i l l be residual pressure drop. The f low channels 
in the f i r s t wal l have been designed to be loaded in tension and anchored to a supporting w a l l . This i s 
shown i n Figs. G-8 and G-9. The de ta i l of the f i r s t wal l root shows tha t the f i r s t wal l i s composed o f 
Nb-lSSZr ducts formed in to ^ 20-cm x 20-cm channels. The channels are welded a t the root ends i n a 
vacuum or i n e r t atmosphere before they are inserted i n t o s lo t s i n the support ing w a l l . The channels 
are put i n tension by t h i s loading arrangement and they serve as s t i f f e n i n g r i b s f o r the support ing 
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wal l . Tne l i t h i u m i n l e t and ou t l e t plena have small gaps leading in to the breeding blanket. This 
gap allows s u f f i c i e n t f low of l i t h i um through the region f o r heat removal. I t a lso provides clearance 
f o r the assembly and disassembly o f the blanket. The u n i t i s assembled by f i r s t welding the f i r s t wal l 
channels together, then inser t ing the f i r s t wal l assembly i n t o the supporting wal l which includes the 
plenum extrusion p l a te , and f i n a l l y welding the l i t h i u m blanket endplates to the f i r s t and supporting 
wal ls . The endplates are then welded i n t o the module a t a po in t immediately i n f r o n t o f the graphite 
ref lector-moderator ar.d in l i ne wi th the gap in the plenum w a l l . 

Fig. G-8. Reactor module cross-sect ion plan view. 

Uhen the f i r s t wal l has been exposed to the maximum to le rab le f luence, the e n t i r e module w i l l be 
removed. To accomplish t h i s , the endplates are cut and the f i r s t and supporting wal l assemblies are 
removed and replaced by a new u n i t . 

Another va r i a t i on In th is design i s th<j prov is ion f o r magnet co l l s which can be removed along w i th 
the blanket and sh ie ld when maintenance becoMS necessary. The basic philosophy 1s tha t module 
maintenance should cause as l i t t l e downtime f o r tne e n t i r e reactor as possible. Therefore, the 
operation o f removing a f a i l ed motiule and i n s t a l l i n g a new or repsired module must be as simple as 
possible. 

A second advantage o f the movable module approach i s tha t work on a f a i l e d co i l o r a f a i l e d shie ld 
cool ing system can be accomplished i n spec ia l l y equipped hot c e l l s . The p r i nc ipa l disadvantages in 
removing the c o l l and sh ie ld during maintenance are the d i f f i c u l t i e s associated w i th handling the large 
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weights, the p o s s i b i l i t y of damaging a magnet during the operat ion, and the cowplexi t ies o f the 
e l e c t r i c a l and cooling connections. 

Fig. G-9. Reactor module cross-sect ion (Section A-A). 

The magnet, i n tegra l sh ie l d , and blanket assembly are estimated to weigh * 600 tons. The removable 
shie ld w i l l weigh about 450 tons. While these weights are large, they are wel l w i t h i n the current 
technology, and equipment s p e c i f i c a l l y designed f o r the movement o f these modules could provide the 
precis ion required. 

As shown in Figs. G-8 and G-9, the main co i l dewar has been designed to support and pro tec t the 
co i l windings from magnetical ly imposed l a t e r a l shock loads which coultf occur due to the quenching of 
an adjacent c o i l . Since these loads ( i 54 MN) fa r exceed the weight o f the windings (t> 1.2 MN), the 
danger of damage t o the c o i l s due to a l a t e r a l shock during c o i l movement seems rather small 
considering that the design shock load 1s 45 g. In add i t i on , the dewar has been designed to withstand 
a force from any d i r ec t i on i n the plane of the c o i l o f 8.4 MN. This i s the approximate center ing force 
experienced by a c o l l during normal operat ion. Thus, the c o l l can withstand At least a 4 g loading in 
the plane o f the c o l l dur ing movement. 

As shown i n F1gs. G-8 and G-9, the- reactor module I s posi t ioned and secured to the p lan t foundation 
by wedges which are 10 cm deep and * 3<5 m long. The wedges are attached t o the comers o f the dewar 
warm s h e l l . The system o f wedges af fords the needed accuracy 1n the remote pos i t ion ing o f the reactor 
module. This design avoids any needless stress on blankst and f i r s t wal l by support ing the module 
near the source of i t s maximum loads. 
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The remote disassembly procedure f o r a f a i l e d module would be as fo l l ows : f i r s t , the l i q u i d 
helium and e l e c t r i c a l supplies to the dewar would be disconnected. Next, the l i t h i um i n l e t and ou t l e t 
plena would be cut or undamped. Th i r d , the secondary vacuum welds near the c o i l and adjacent to the 
l i t h i u m plena would be cu t . The removable shields which span the points of the f a i l e d module to the 
adjacent modules would be removed. Then the primary vacuum welds would be cut and the bellows would be 
fo lded back a small amount. F ina l l y a handling j i g would be attached to the four l i f t i n g eyes above 
the loca t ing wedges and the f a i l e d module would be l i f t e d from the moat. I n s t a l l a t i o n of the replacement 
module would be accomplished by reversing t h i s procedure. 

The power modules are connected by bellows to al low f o r the 2.2 cm that the Nb-l%Zr f i r s t and 
support ing wal ls of each module w i l l expand during s ta r t -up . The f ree volume between the primary and 
secondary vacuum welds i s evacuated t o 10 atm to reduce the stress on the bellows. Figure G-10 
shivis a cross sect ion o f the conductor and i t s conduit . For t h i s design a s u p e r c r i t i c a l , forced-f low 
cool ing arrangement using helium a t a pressure > 2.53 atm has been chosen. The helium flows pa ra l l e l to 
the f i laments . In add i t ion to the s t a b i l i t y improvements o f fered i n t h i s case.1 the conduit s t ruc ture 
provides the necessary support f o r the f i laments and the adjacent c o i l s . Simple calculat ions ind icate 
t h a t the mutual a t t r a c t i o n between the pancakes causes a l a t e r a l loading of 82 MPa (11,800 ps i ) at the 
midplane o f the winding. Thus the conduits must be designed to withstand these crushing loads. The 
c r i t i c a l buckling load on the s idewal ls i s not exceeded when a center d i v ide r i s included in the 
condui t . 

r OIWUI VMH 

Fig, G-10. Main c o i l dewar cross-sect ion. 

One problem that may prove s i g n i f i c a n t i s the l a te ra l hest t rans fe r between havles of the pancakes 
or between adjacent pancakes. I f the e l e c t r i c a l insu la t ion between adjacent conductors i s not a lso a 
good thermal i nsu la to r , the helium coolant which flows inward may be warmed by the helium which f lows 
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outward in the adjacent conductors. Thus, cold h e l i u r enters and leaves each pancake but the 
innermost windings could become overheated. 

Figure G-10 shows the locat ion o f the t_N, cooled copper sh ie ld and tendon c o l l a r s . By absorbing 
most o f the heat leak from the warm she l l a t 77 K instead of a t 4 K i n the l i q u i d helium, the 
r e f r i g e r a t i o n power required can be reduced to 35 kW/coi l . 

Figure G - l l shows a de ta i l o f one of the l a t e r a l support tendons. The main support tendons are o f 
the same conf igura t ion but longer (2.25 m) and larger in diameter (7.6 cm). The nylon bushing i s 
stressed to 138 MPa (20 ks i ) i n compression and provides good thermal and e l e c t r i c a l i nsu la t ion . 

Figure F-3 shows a plan view o f the d i ve r to r and two adjacent reactor modules. The f i e l d l i nes 
are bent through the throat by the reversing and s'taping c o i l s . The f l u x o f deuterons, t r i t o n s , 
impur i t ies and helium is then d i s t r i bu ted over the face o f the d i ve r to r p la te . The pa r t i c l es become 
neutral and d i f f use through a set o f a i r -cooled louvers and a set o f LNg-cooled louvers and are f i n a l i y 
co l lected as s o l i d D-T wi th in t ra ined He and impur i t ies on a set o f l i q u i d helium cooled panels. These 
panels p i vo t so that a l ternate sides o f the panels can be exposed to the p a r t i c l e f l u x whi le the 
accumulated D-T on the opposite side evaporates in to a duct leading to the fue l reprocessing system. 
Fig. F-4 shows a cross sect ion o f the cryopumping system. 

A problem in the impuri ty contro l system that i s not resolved i s the sh ie ld ing of the d i ve r to r 
c o i l s and the r o l e that charged p a r t i c l e s which c o l l i d e w i t h the l i t h i u m cooled surfaces i n the 
d i ve r to r th roat w i l l play 1n magnet p ro tec t ion . 

The a l te rna te design postulates the use of concrete f i l l e d w i t h aus ten i t i c i ron shot as a 
sh ie ld ing ma te r ia l . Neutronics ca lcu la t ions have shown tha t t h i s sh ie ld i n the conf igurat ion allowed 
by movable magnets Is more e f f e c t i v e i n reducing the heat deposi t ion by neutron and gaimui heating 
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23 3 3 (1 x 10 W/cm /neutron/sec vs 6 x 10 W/cm /neutron/sec) than the s ta in less steel and borated 
water sh ie ld . The primary reason f o r using concrete, however, i s to reduce the amount of s ta in less 

steel (and thus chromium and n icke l ) needed f o r the reactor . The calculat ions indicate that 23,000 
tons o f s ta in less steel would be needed to adequately sh ie ld the EBT. Chromium in pa r t i cu la r may be 
i n short supply by the time a fusion economy becomes feas ib le . 

The choice o f aus ten i t i c i ron was made to avoid in ter ference of the sh ie ld wi th the magnetic f i e l d . 
Further research may show tha t f o r small enough shot s i ze , f e r r i t i c i ron shot may be acceptable i n 
th i s app l i ca t ion . 
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APPENDIX H 
NEUTRONICS CALCULATIONS 

1. INTRODUCTION 

In t h i s appendix, the resu l t s of a prel iminary neutronics analysis o f the ELMO Bumpy Torus (EBT) 
reference reactor design are sunmarized. A discussion o f the neutronics inves t iga t ions proposed as a 
log ica l extension of t h i s pre l iminary study i s also given. 

The purpose o f the i n i t i a l neutronics ca lcu lat ions was t o assess the capab i l i t y o f a l i t h i u m -
laden proto typ ic blanket conf igurat ion fo r recovering the k i ne t i c energy o f the fus ion neutrons and 
secondary gamma rays i n the form o f heat, and f o r breeding t r i t i u m . The ef fect iveness o f the sh ie ld 
surrounding the blanket in reducing the rad ia t ion inc iden t on the to ro ida l magnet c o i l s was also 
determined by comparing the energy deposit ion rate and rad ia t ion damage i n the c o i l s as ? funct ion o f 
the sh ie ld thickness. 

A prel iminary neutronics analysis was also carr ied out f o r an a l t e rna t i ve b lanket-sh ie ld concept 
proposed f o r the EBT. The a l t e rna t i ve concept d i f f e r s from the proto typ ic b lanket -sh ie ld design 
p r i n c i p a l l y i n the se lect ion of the f i r s t wal l ma te r ia l , f i r s t wal l coolant , and i n the composition 
o f the sh ie ld mater ia l . 

The prel iminary ca lcu la t ions and the resu l ts obtained f o r the proto typ ic blanket are summarized 
i n Sect. 2; the resu l ts obtained f o r the a l te rna t i ve design are given i n Sect. 3. The ca lcu la t ions 
tha t are proposed as par t o f the cont inuing research on the EBT reference design are presented i n 
Sect. 4. 

2. PRELIMINARY NEUTRONICS ANALYSIS 

The prel iminary neutronics analyses f o r the EBT Reactor Reference Design were made using the one-
dimensional d iscrete ordinates code ANISN.1 The t ranspor t ca lcu la t ions were car r ied out using a Pg 
scat ter ing expansion, an S1 2 angular quadrature, and coupled 35-group neutron, 21-group gama-ray 
cross sections obtained by co l laps ing the coupled 100-group neutron, 21-group gaima-r^y cross sect ion 
l i b r a r y used fo r the Experimental Power Reactor (EPR) neutronics s t u d i e s . 2 ' 3 Energy deposi t ion was 
calculated using neutron and gamma-ray kerma factors obtained from the computer codes MACKLIB" and 
SMUG5 respect ive ly . Radiation damage in the s t ruc tu ra l mater ia ls and the magnet c o i l s was estimated 
using atomic displacement and gas production cross sections generated by the code RECOIL.6 

The dimensions and mater ia ls in the blanket, sh ie l d , and magnet c o i l s used i n the ca lcu la t ions are 
summarized i n Table H-1. Reactor conf igurat ions tha t include 40-, 50-, and 70-cm-thick sh ie ld 
assemblies were analyzed. For these s tud ies, the magnet co i l s were assumed to have the same composition 
as those proposed f o r the EPR.7 Calculat ions inc luding a graphite l i n e r 8 located between the plasma and 
the f i r s t wal l were used to evaluate the e f f e c t of the l i n e r . However, a t t h i s time the d i ve r t o r 
system described i n Appendix F i s considered to be the most l i k e l y means o f impur i ty con t ro l . 

The composition of l i t h i um used i n the blanket was taken to be tha t o f natural l i t h i u m (7.4X o f 
6 L i , 92.65S of 7 L i ) . The main const i tuents o f the sh ie ld are borated water (352) and s ta in less s tee l 
type 316 i n the form o f spheres (65«). This composition was selected because i t has good rad ia t i on -
at tenuat ing propert ies and because the heat generated i n the sh ie ld by the neutrons and secondary 
gamma rays may be e f f i c i e n t l y removed. 
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TABLE H - l 
Dimensions and Composition o f Materials 

Shield Thickness (cm) 
40 50 70 

Zone Material 
Outer radius 

(cm) 

1 Plasma 100.00 100.00 100.00 
2 Cold zone 120.00 120.00 120.00 
3 SS-316 120.16 120.16 120.16 
4 Sal t coolant 120.80 120.80 120.80 
5 SS-316 120.96 120.96 120.96 
6 Void 121.60 121.60 121.60 
7 SS-316 122.24 122.24 122.24 
8 Lithium 152.24 152.24 152.24 
9 SS-316 152.88 152.88 152.88 

10 Graphite r e f l ec to r 162.88 162.88 162.88 
11 SS-316 163.52 163.52 163.52 
12 Lithium 173.52 173.52 173.52 
13 SS-316 174.16 174.16 174.16 
14 Graphite r e f l ec to r 179.16 179.16 179.16 
15 SS-316 179.80 179.80 179.80 
16 Lithium coolant 180.44 180.44 180.44 
17 SS-316 182.94 182.94 182.94 
18 Lithium coolant 183.58 183.58 183.58 
19 SS-316 186.08 186.03 186.08 
20 Lithium coolant 186.72 186.72 186.72 
21 SS-316 189.22 189.22 189.22 
22 Void 209.00 209.00 209.00 
23 SS-316 214.00 214.00 214.00 
24 H20-B + SS-316 232.50 242.50 262.50 
25 Lead 244.00 254.00 274.00 
26 SS-316 249.00 259.00 279.00 
27 Void 259.00 269.00 289.00 
28 SS-316 269.00 279.00 299.00 
29 Magnet co i l s 324.00 334.00 354.00 
30 SS-316 334,00 344.00 364.00 

The plasma dimensions and neutron parameters used in the prel iminary calculat ions are summarized 
i n Table H-2. For these ca lcu la t ions , the major radius of the EBT was taken t o be 60 m (EBTR-48). For 
EBTR-24, some o f the resu l ts given here must be scaled to account f o r the d i f ference i n the circum-
f e r e n t i a l length o f the plasma. 

I f the EBT i s to funct ion as a power-producing reactor , the blanket must be capable of recovering 
a substant ia l f r ac t i on o f the k ine t i c energy of the fusion neutrons and secondary gamma rays in the form 
o f heat. The sh ie ld tha t surrounds the blanket must serve both as a thermal bar r ie r between the hot 
blanket and the cryogenic magnet co i l s and as a rad iat ion-at tenuat ing medium to reduce the magnitude 
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of the rad ia t ion leaking from the blanket in order to minimize the nuclear heating and rad ia t ion 
damage in the c o i l s . The energy deposit ion ra te as a funct ion of reactor radius f o r the reactor 
conf igurat ion using the 70-cm-thick shie ld i s shown i n Fig. H - l . 

TABLE H-2 
EBTR Reference Design Parameters 

Major radius (m) 60.0 
Minor radius (m) 1.2 

3 9 Plasma volume (cm ) 1.71 x 10 
Plasma area (cm2) 2.84 x 107 

Plasma length (cm) 3.77 x 104 

Neutron wal l loading (MW/m ) 1.0 
Neutron f l u x (n/cm2/sec) 4.43 x 1013 

Neutrons per sec per cm 3.34 x 1016 

ORNL-OltfG 76-14062 1 1 1 r i i 1 1 1 r 
EST REFERENCE DESIGN-TO cm SHIELD 

MEUTRONS PLUS GAMMA RATS 

NEUTRONS ONLY 

ID"" L J I I I I J I L 
HO 130 ISO 170 190 210 2 3 0 2 5 0 2 7 0 2 9 0 310 3 3 0 3 5 0 3 7 0 

RADIAL DISTANCE FROM PLASMA CENTER (em) 

Fig. H - l . Energy deposit ion ra te as a funct ion of reactor radius. 

The upper curves show the energy deposit ion rate by neutrons and secondary gamma rays and the lower 
curves show the energy deposit ion rate from neutrons only. More than 90% o f the energy deposited in 
the magnet c o i l s is due to secondary gamma rays. The f rac t ions of the t o t a l energy deposit ion i n the 
blanket, sh ie ld , and magnet co i l s as a funct ion o f the three-sh ie ld thicknesses t reated in t h i s study 
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are given i n Table H-3. In a l l three conf igurat ions, approximately 96% o f the energy of fus ion i s 
recovered i n the blanket. The s i g n i f i c a n t point to note is the reduction in the f rac t i ona l energy 
deposit ion i n the magnet assembly wi th increasing shield thickness. 

TABLE H-3 
Energy Deposition ( i n percent) i n the EBTR Reference Design 

Shield Thickness 
tcm) 

40 50 70 
Blanket 96.263 96.266 96.250 
Shield 3.72 3.73 3.74 
Magnet assembly3 0.017 0.004 0.0002 

aThe magnet assembly includes the s t ruc tu ra l supports and the 
magnet c o i l . 

The energy deposit ion rate in the magnet c o i l , P c , may be in fe r red approximately by the re la t i on 

Pc = (Pn x f x A)/Nc 

where 

Pn = t o ta l neutron-produced power i n the reactor, 

f = the f rac t i on o f the energy deposited in the magnet co i l s (from Table H-3), 

A = the r a t i o of the surface area o f the magnet co i l s to the to ta l reactor surface area at the 
inner radius o f the co i l faces, and 

Nc = the number of magnet c o i l s . 
Then f o r a sh ie ld thickness of 70 cm and an assumed value o f 0.5 fo r A, the energy deposit ion rate in 

- 8 

the 48-coi l magnet conf igurat ion is 2 x 10 P W per magnet-coil assembly. This value is based on 
the resul ts of a one-dimensional ca lcu la t ion and does not take in to account any heating due to 
rad ia t ion tha t may stream through i n j e c t o r , vacuum, or diagnost ic penetrations in the blanket and 
sh ie ld . The e f fec ts of rad ia t ion streaming must be evaluated using multidimensional rad ia t ion t ransport 
methods, so the resu l t given above must be taken to be conservative. 

The fusion neutrons i n te rac t w i th the l i t h ium in the blanket and produce t r i t i u m via the 
reactions 

6 L i (n,a) T + 4.78 MeV 

and 

7 L i (n, n 'a) T - 2.47 MeV . 

The t r i t i u m breeding ra t i os ( t r i t i u m nuclei per inc ident neutron) in the blanket are given i n Table H-4. 
The t r i t i u m breeding was also obtained from a one-dimensional ca l cu la t i on , so the value of 1.35 must 
be considered to be op t im is t i c since no account i s made f o r the penetrations i n the blanket. The value 
f o r the breeding i s s u f f i c i e n t l y la rge, however, that even when the penetrations are considered, a 
f e r t i l e blanket w i l l be maintained. 
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TABLE H-4 
T r i t i um Breeding Ratios i n the EBT Blanket 

Tr i t ium Nucle i / Inc ident Neutron 

Zone 
Thickness 

(cm) 6 L i 7 L i 6 L i +
 7 L i 

8 30 0.627 0.472 1.099 
12 10 0.196 0.024 0.220 
16 0.64 0.015 0.001 0.016 
18 0.64 0.010 0.0004 0.0014 
20 0.64 0.007 0.0002 0.0072 

Tota ls : 0,855 0.498 1.353 

The neutron-induced rad ia t ion damage i n the f i r s t s t ruc tu ra l wal l and i n the magnet-coil windings 
w i l l determine the maintenance and/or replacement i n te rva l f o r these components. The atomic displace-
ment rates and gas production rates i n the SS-316 f i r s t s t ruc tu ra l wal l f o r a neutron wall loading of 

2 
1 MW/m are given i n Table H-5. These values are consistent w i th those obtained by other authors f o r 
s im i l a r mater ia ls a t the same wal l l o a d i n g . 9 , i a The atomic displacement rates and gas production rates 
in the f i r s t winding of the magnet co i l as a funct ion of sh ie ld thickness are sunmarized i n Tables 
H-6 and H-7 respect ive ly . 

TABLE H-5 
Radiation Damage in the EBT F i r s t St ructura l Wall 

(Composition = SS-316, 2 
Neutron Mall Loading = 1.0 MW/m ) 

Atomic displacement ra te (dpa/year) 
Gas production rates (appm/year): 

hydrogen 
helium 
deuterium 

TABLE H-6 
Radiation Damage in the EBT Coil - F i r s t Winding 

(Neutron Wall Loading = 1.0 MW/m*) 

Atomic Displacement Rates (dpa/year)a 

Shield Thickness (cm) 

Material 40 50 70 

SS-316 3.14 x 10"4 6.95 x ID ' 5 3.81 x 10"6 

Nb 4.21 x i o - 4 9.32 x 10"b 5.11 x 10"* 
Cu 4.44 x lO ' 4 9.79 x 10"b 5.37 x lO"6 

Al 7.58 x lO ' 4 1.66 x I D ' 4 9.11 x 10"6 

aBased on e f f e c t i v e displacement energies o f 40 eV f o r SS-316, 
60 eV for Nb, 30 eV f o r Cu, and 25 eV f o r A l . 

10.71 

444.38 
131.21 

3.06 
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Values are given f o r SS-316, Nb, Cu, and A l , a l l o f which are contained i n , o r i n the {media te 
v i c i n i t y o f , the c o i l winding. The values are small and, f o r the proposed neutron wa l l loading, do 
not appear to have any s i g n i f i c a n t inf luence on the performance of the magnets. 

TABLE H-7 
Radiation Damage i n the EBT Coi l - F i r s t Minding 

(Neutron Wall Loading - 1.0 MW/mZ) 

Gas Production Rates (appm/year) 

Shield Thickness (cm) 

Material , 4P «> Zfl 

SS-316 
H 8.92 x 10"4 2.20 x 10*4 1.30 x 10"5 

He 2.07 x 10"4 5.10 x 10"5 3.00 x 10"6 

Nb 
H 
He 

1.63 x 10 
3,53 x 10' 

f4 
,-5 

4.01 x 10"5 

8.70 x 10"6 

2.36 x 10 
fi.09 x 10 

- 6 

,-7 

Cu 
H 
He 

1.02 x 10 
1.34 x 10 -4 

2.50 x 10 
3.32 x 10' 

r4 
,-5 

1.46 * 10 
2.41 x 10" 

f5 

,-6 

Al 
H 

He 

4.38 x 10" 
4.36 x 10' ,-4 

1.09 x 10 
1.08 x 10' 

r4 

,-4 
d.43 x 10 
6.34 x 10 

ffi ,-6 

On the basis of these prel iminary one-dimensional ca lcu la t ions , the fo l low ing observations and 
conclusions are noted: 

1. The energy deposit ion ra te i n the blanket i s high enough to achieve useful ex t rac t ion of 
heat f o r the generation o f power. 

2. A 70-cm-thick sh ie ld should be used i f there i s s u f f i c i e n t space between the blanket and 
the c o i l s since (a) the heating rates i n the magnet can be to lerated and the use of 
th inner shields would r e s u l t i n unreasonably high c o i l heating, and (b) the rad ia t ion 
damage in the co i l s i s small . 

3. The high t r i t i u m breeding r a t i o (1.35) provides enough l a t i t ude to al low the inc lus ion 
of required ports and penetrations and s t i l l achieve a f e r t i l e reactor . 

These ca lcu la t ions do not take i n t o account the e f f ec t s of penetrat ions, and u n t i l more d e f i n i t i v e 
multidimensional ca lcu la t ions tha t include these o f f ec t s are made, these resu l ts should be considered 
op t im is t i c . 

3. ANALYSIS OF ALTERNATIVE BLANKET-SHIELD DESIGNS 

The a l t e rna t i ve b lanket -sh ie ld designs tha t have been proposed f o r use in the EBT are given i n 
Table H-8. These designs d i f f e r from those given i n Table H - l p r i nc i pa l l y by: 
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!. the of Mofeifatt ihtt tlr%i w»!1 c i u r f i l , 
?. She Vj&sUtwUoo of concrete («©S r«, 605 onJiMf/ concrete) for iaorated Mtivr 

p5u i s u i A l « t t « e * l « t ehe s h i e l d u u r i i l , *ik3 
J. the e t i a i n a i l o n o f t he nt incenance * o i d separa t ing i h c b lanket *«J the s h i e l d . The cosbined 

tMcfceets o f she b lanket and s M e i d i s l i s w u r f u « t o r o i d a l e t ^ n t i c o i l m M b l y i s 
i t e m e d l e m the s h i e l d 5>y * 14-c»*Ui ick vo id reg ion . The n tgne t c o i l assembly ma te r i a l s 
and 4 i « c « t l o " * i n t he * * c a l c u l a t i o n * safcen w have i hc sane d l w n j i c w s end composi t ion 
45 Uv* l i n T«61e H - l . 

JSSJifflLL 

watgrial 
Outer 
ftadiws 

{ « } 

IASU H.« 
atm-ft*ti»e anient 
vertiwi 2 

R i i e r l a l 
Owter ftagun 
tea) 

Vertiow 3 

M » w i a > 
Outer 
sadim 

(c») 

Wrsjw* 

MeteHel Outer 
ftadiMS 

Cw) 

?las** 
void 
IliOfeiu* 
Uthiwa 
SS-31* 
lithium 
SS-316 

Shield* 
51-316 

Void 

100.0 
120.0 
120.5 
130.0 
132.5 
190.0 
191.0 
283.0 
285.0 
299.0 

Void 

SiQfriun 
Ulhitfft 
Carbon 
SS-316 

Shield* 
SS-316 
tCAd 
SS-316 
VOid 

100.0 
120.0 
120. S 
175.0 
190.0 
19K0 
277.0 
27S.0 
203.0 
285.0 
299.0 

Magnet Coil 

f\*Ut* 
void 
itiOdiutt 
tUhSutt 
SS»316 
Carbon 
SS-316 

lithium 
55-316 

5h fe ld * 

SS-316 

lead 

SS-316 
V»id 

I 
Assembly 

100.0 
120.0 
120.$ 
1*0.5 
S4|.S 
151.5 
152.5 
190.0 
191.0 
277.0 
278.0 
283.0 
285.0 
299.0 

i 

Plasm 
vo id 
H*0t>1uM 
tUMua 
SS-316 

Carbon 
SS-316 

l i t h i r a 

SS-316 

Sh ie ld* 
SS-316 

vo id 

100.0 
120.0 
120.5 
130.5 
131.5 
141.5 
W2.5 
190.0 
191.0 
283.0 
285.0 
299.0 

' S h i e l d i s c o o p n t d o f 40* Fe • 60 J- concrete. 

The t r i t i u m breeding r a t i o s ( t r i t i u m nuc le i per i nc i den t neutron) i n the b lanket i n each o f the 
candidate a l t e r n a t i v e designs are suonar i ted in Table H-9. Each o f the designs y i e l d s a f e r t i l e 
system w i t h "Vers ion 2 " be ing the most e f f e c t i v e breeder, both in te rns o f the breeding r a t i o and i n 
terns o f the t r i t i u m y i e l d per cubic cent imeter o f l i t h i u m . I n a l l o f the designs, the t r i t i u m 
breeding i s enhanced by the presence o f the niobium f i r s t w a l l ; t h i s i s mainly due to the l a rge (n,2n) 
cross sec t ion ( t 1300 «b) i n n iob i va . 

The energy depos i t i on r a t e i n the f i r s t winding o f the magnet c o i l I s compared i n Table H-10 as 
a func t i on o f the b l a n k e t - s h i e l d con f i gu ra t i ons . Version 2 represents the most e f f e c t i v e system 
i n reducing the heat ing r a t e 1n the magnet. 
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TABLE H-9 
T r i t i um Breeding Ratios 

Tr i t ium Nucle i / Inc ident Neutron3 

Total 
Li thium 

Thickness , - , _ 
Version (cm) b L i 7 L i 6 L i + 7 L i 

1 67.0 0.884 0.571 1.455 
2 54.5 0.881 0.733 1.614 
3 57.5 0.878 0.547 1.425 
4 57.5 0.837 0.418 1.255 

'Breeding mater ia l i s natural l i t h i u m (7.42% 6 L i , 92.58% \ i ) . 

TABLE H-10 

Energy Deposition Rates i n the F i r s t Winding 
o f the Toroidal Magnet Coi l 

(W/cm3)/(n/s/cm) 

Version Neutron 

1 4.99 x 10~25 

2 2.96 x 10-2 5 

3 6.11 x 10~25 

4 3.55 x 10"2 5 

Gamma Ray 

-24 
24 

Total 

9.85 x 10 
2.52 x 10 
7.54 x 10 
7.11 x 10 

,-24 
-24 

1.03 x 10' 
2.78 x 10 
8.15 x 10' 
7.47 x 10 

•23 
,-24 
-24 
-24 

4. FUTURE NEUTRONICS CALCULATIONS 

In the cont inuing study of the EBT reference design, one-dimensional neutronics calculat ions should 
be used to estimate the induced a c t i v i t y , a f te rhea t , and b io log ica l shie ld ing requirements. The 
ac t i va t i on and a f te rheat data are necessary f o r planning the remote maintenance procedures and the 
requirements f o r s to r ing and cool ing reactor components being repaired or salvaged. The determination 
o f b io log ica l sh ie ld ing requirements provides a basis f o r bu i ld ing and containment structures tha t 
assure the proper rad ia t ion protect ion of personnel and equipment located i n the v i c i n i t y of the 
reactor . 

The main e f f o r t i n the neutronics analysis of the EBT components should be accomplished using 
mult idimensional rad ia t ion t ransport methods. The geometry of the reactor , i . e . , the large aspect 
r a t i o , lends i t s e l f to two-dimensional neutronics analysis. The i n t e g r i t y o f the magnet shie ld ing i n 
i s o l a t i n g the c o i l s from the plasma rad ia t ion may be determined in terms of the spat ia l d i s t r i bu t i ons 
o f the nuclear heating and rad ia t ion damage i n the c o i l s . Data of t h i s type w i l l ass is t the design 
engineers 1n determining the optimum shie ld ing conf igurat ion i n a cos t -e f fec t i ve manner. 

The e f fec t s on reactor and component performance and l i f e t imes due to penetrations in the blanket 
and sh ie ld t ha t are required f o r vacuum pumping, diagnost ic instrumentat ion, and neutral beam i n j ec t i on 
are best evaluated using three-dimensional Monte Carlo methods. The inf luence of these ports on 
l i t h i u m breeding i n the blanket and rad ia t ion damage and nuclear heating i n v i t a l components of the 
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reactor must be estimated. The large openings required f o r i n j ec t i on and vacuum pumping may also 
lead to excessive rad ia t ion damage to v i t a l parts in the i n j e c t o r o r pump, shortening t h e i r operat ing 
l i f e t i m e s . 

The neutronics commitment must be consistent w i th the design progress on the EBT and provide 
relevant information f o r evaluat ing the reactor and component designs. This e f f o r t must pa ra l l e l the 
t o t a l research e f f o r t and be car r ied out i n a coordinated manner w i th a l l ether research areas. 
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