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DES1G.I STUDIES DF MIRROR MACHIHE REACTORS * 
by 

R. W. Werner, G. A. Carlson. Jack Hovlngh 
0. 0. Lee and M. A. Peterson 

The purpose of this paper Is to provide an overview of the mirror fusion 
reactor design study elucidated In our comprehensive reports "Progress Report 
It on the Design Considerations for a Low Power Experimental Mirror Fusion 
Reactor".1 The general methodology used 1n the study wi l l be discussed, the 
reactor wi l l be described and some design alternatives to the present approach 
enumerated. 

The system chosen for this design study Is a mirror machine with direct con­
version using D-T fuel. The nominal power cutout Is 200 megawatts. The coll 
geometry is the Yin Yang, minimum |B| with a vacuum mirror ratio of 3 . 2 The coll 
is of particular u t i l i ty because of I ts simple conductor shapes and because the 
two separate conductors, by proper B f ield biasing, allow the charged particles 
to escape preferentially through one mirror only and through a relatively small 
"window" of that mirror. This is necessary for direct converter economy. Figure 
1 shows a view of the Yin Yang colls, the plasma contained therein and some rep­
resentative f ie ld lines. 

POKER LEVELS Id THE SYSTEM 

Typical power levels in the system are Indicated in Figure 2 which shows 
schematically the major system components, the power flow and the energy balance. 
Starting at" the Injector, energetic deuterons and tritons in the form of neutral 
particles are Injected Into the reactor where they are lonijed and trapped in 
the plasma. From this plasma as a consequence of the D-T reactions, 14.1 HeV 
neutrons and 3.5 HeV alpha particles are produced as fusion power. This Is what 
we tens the f i r s t stage of energy amplification in the reactor and ue define this 
amplification far our purposes as: Q » Fusion Power/Trapped Injected Power. The 
neutrons that are produced enter the enveloping blanket wnich may he imagined to 
be the second stage of a IMO stage amplifier and which has an energy multiplication 
of value m. This • value in conjunction with Q, the energy amplification of the 
plawa i tsel f , is < parameter of utmost significance for mirror machines. Other 
authors use this Q-o produce and call i t q. Ue shall keep the two quantities 
separated because tliey cay be 1r.d!?cnJ;nt'y varied and m Is a blanket design para. 
aeler white 0 is a plaice physics parameter. The blanket, (•-, addition to i ts 
amplifier role, converts neutron kinetic energy to thermal energy and cenoiTe.tly 

• Writ rerforaed under the ampin* cf the U. S. Atonic E;>ergy Caratsslan. 
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breeds trltluu. The thermal energy free Hi* btasfcet Is cnn«rted to elettritlty 
in en external converter. Charged particles, as the other encryctU source 
(either at t\tfia fraa the 0-T reaction, or as unreaetetf O's and T's) ere con­
verted to useful ene/gy in the direct converter tthere again, kinetic energy •» 
changed In (ore . this Clot to high voltage D.C. This direct conversion of 
charged particle energy Is * feature t t present unique to nlrror cachlne designs 
hut applicable to 0'her reactors «lss. The menu) energy freo hath the direct 
converter end tht Injector caused by B.C. inefficiency Is also therein* eonve-'ted 
to electricity. The pover rashers of figure 2 are presented as it exjaple to 
deaonitrtte a net power output of > 170 feV. The actual icceoiwnl efficiencies, 
the 0, and the blanket energy aultipllcatlon, «. play a large role In success or 
failure of alrntr nachlnes. for instance. If the parameter « Is Increased froa 
t . l is (Z.O) the net electrical sever output Is mre than doubted - free )7C to 
350 Hi. This nil) he discussed tubiequently. 

rm r u s w 

In our calculations far stirrer aachlne reactor studies, tie start with the 
pra>lostly defined quantity, Q. which provides the physics ease for the sub­
sequent engineering calculations, tie hwe deteratied q to have a value of 1.2 
for this particular study. The Q is calculated by starting uith the dleentlonless 
rails * derined by: 

£ «, W, 
* j __£ . « J L . . »,) 

* 5 , « r & o *o,«as / i i f o 

this * it less than or equal to unity by definition any nay be further lioiiee 
by slaia* stability reeuireocrtt. Be elect to use a Tin Tang rsatalnagnt con. 
figuration »Meh has a nearly spherical «iniss» \i[ plasa* »o?«e. We esse* 
that for this ecafUuraciea * «»y be as large as O.K. 

Ben. a $e***hec arbitrary decision MS «*<8e to provide a views slrror 
ratio « • S.O. This It a ceajfrettlse value based en the coraldamlens: CD 
At comitae. *. the ftrslss poser djf.itty increases with the fourth peatr of » , 
Una daereattaa sit* tut ettlt per salt p e w , (23 the eontaifffient straaster, j . 
Increases alts the leg af the «*r*»r ratio, but I J) * it Halted by tufer-
cosdweteg ttfteslesr ted the Kitnslh Of straclsrt) aatsrisls. Than, frw» an 
(y?r?*l**&5* w,v*elo« fsr the ?\s>rjr~i. stirrer ratio.* 

* . .as. i?) 

http://djf.it
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He calculate ft » 7.7. 

Futch, HoMren. Ktllcen and Kirin* present results of Fetter-Planet: calcu-
liM>ms for Q wlues of 01 systera as a function of R and injection energy. An 
extension of their reported results* yields Figure 3 for R » 7.7. The Q values 

1.4 
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0. 
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0 tOO 200 300 400 500 600 

Figure 3 - Q as a Function of Injection Energy for S>. « 7.7 

of figure 3 lnelus> Futch, el el's estimated 401 contafnuent cnhar.eeMsn". for a 
narrow angle source Injecting perpendicular to the ejsnoilc field. Although 3 
wiloi ies at an Injection energy near 200 licV, operation at this lew an energy 
would require a prohibitively large direct eonver-r for this particular concept. 
After several iterations, «c ehoaso * B and T Injection energy af 5:0 KeY. Th«n 
freai Figure 3, we have Q • 1.2. 

It eosl lie e^phaslied that the value of I and Q used in this study canr.o: 
tie viewed as final plasma parawtirs. IswsstiiallOM of pias^a stability 
(acMoviilc Jj and rare sophist!'.*::* c:nta'-jnml analy*:: ;-.:Mcvahli Q) jrs 
wjor enjoin} projects in the R'rror eachine projras. icrecy ana oatson1 ano 
Hall' ars somndnt wre peulsistlc than uj concerning achieve*Ie t and plasss 
oirror ratio. For * long pUs.-j and 9 * 3.0, Conic/ and ilatjen predict a 
SMieaa a » 0.75 at the tratmfttry of nui Instability art) ta« ralcjlate »fren 
Co.- ")» a BSSItaOi plusa oirror ratio R » 5.0. For a s;!.;ri:t! plassa ar.i tne 
SÂ e ii « 3.0, Hall predicts a «Mie3m ? • 4.J 0**il cot*. n?t yvc tt^tU": 2't. 
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Since J ss*t*i -tjfc Is; ?.. aeSS'i jrsiiisfesi ~;.li «-«,>:: i« i Jr. «!!»:•.!«* 
in 0. Co Use after Mad, recent C0Mli<r*tte-n of *»li«tro*lc effssit in She 
FcMter.PlAstk t̂ uKtWU lft«iC4UI (feat She 5 '•'ttucl cetwlettd t / fsteft, «I tt 
nay bt Ion By * Ittler of ?,« 

ta (Ml study u» t»c the trltlit 0 * J.2 *1B> lite recsjsUIsm thtt lfce flcj! 
valve *ay be either higher or loutr. If It Is cwch Icwer cur re«ttor syatca ejy 
bt unacceptable because of lev sysua efficiency. If U it hijhtr, w itltl hive 
a velcceed increase In reactor system efficiency and « reifcrelicn in c lrutt l in; 
power. 

We use the results of Ot Fokker-Mancfc calculations by fetch cc *t :o sjwctfy 
UK relative densities and aeui energies of the plesa* species. f « ! I» injected 
at th* relative rale 0/T • 1.6/1,0 In order to achieve eitwal D end T plaiaa 
densities. For the chosen Injection energy of S50 «•», the plawa density ratios 
at steady State i n DiT/i/o • I/1/0.M/I.12. Th*-e«n energies of tti* »»rlous 
plaste cocpontnts art: 

["„ • 5(0 K«Y Ej • 640 f a • IfOO 

kppronlMttly tt of Iht Injected D end 105 of Ui« injected T undergoes ther-
eonacleer burn. The aetn energies of the escaping charged particles {after 
pining through the plas** eeblpoler potential of ?t9 r.c't) ire: 

SB r «lt.D " S 5 ° "* F«H.T 
r«!t,t ' » W * ' *» 
The escaping U end T Ions hive * r>lniouai energy equal to tht plesae potential; 

the escaping alpha particles hive • BlnliMM energy equjl to tutu the pUuu 
potentltl. 

For plasva olrror ratios between 5 end 10, hoir* estUutei the Bean plassa 
energies C to be related to kT by: 

f • l.S kT (A H»well ten distribution would have f • l.S kT) (J) 

the olrror to soeethine. less than ?00 kS. Then, freo Equation (1) (lit plesu 
cjnponcnt densities are: 
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n - O.Oi « !0' a 
n • 1. i i 10 
e 

Uslr.5 these Ccspencnt densities and the revalues CAlculiC'.d t-y Futch, 

ec a'. w find tnat Che pUsaa has 4 fusion pc-.;er ifensit? of - -1.5 P-7= . 
The Tin Tan; ccr.teiKiant magnet was siccd to provide the containment volume 

necessary for the desired fusion pctier, S50 Ntf. The resulting -acne: has a 
radios lo the center of the fan cods of 1C m. * fan eridplar.c separation of 1.! r=, 
end t fan Bidlfl of t.S a IS sham in Figure S. 

Ihe ceoputer code HSfCO nas used ts calculate the cajnc: fields. 1' Figure 
S short the eaenelle field lines (solid lines! and the closed constant : 3 | con­
tours (dashed lines) of the Bajncllc Mil. The vacuus eirror ratio Is 3.0 and 
9 is SO tS. Each coll requires a tout of I.* i 10 aspere turns. 

The nearly ellipsoidal vslvse Inside the last closed contour of !S| is 
130 e». Tallin; this is be titer VOIUM of the dense plasu {KIUI the previously 
calculated fusion paver density] we calculate the total fusion pewer of 590 Ki. 

A separate WFCO calculation yielded a et*i«un field uitliin Mie conductor 
region of US kS, or !0S greater than the airror field. 

The coil supfconduetor uterials are assisted to be niobiir-litaniua (used 
In the lower field strength regions I SO tGj and nicMus-lin, both in * copper 
aatrli. 

Kith these calculations completed KO ccepile Ta!>le I irfitch sim up those 
quantities tdiich ttay be considered t» be basically physics in origin. Table 2 
sues up other quantities tdiich are (subsequently) calculated using data froa 
Table I. These letter quantities are «sora engineering dominated although there 
is a strong physics-engineering interaction Involved fn oil of our calculations. 
Il should be pointed out that all the quantities se specify are the result uf 
^ tanjc nimbor of iterations, both for the eeJlgti of « single component and for 
the entire syilea design. Ve hare not yet brought reactor syslca analysis to a 
polrj of cpticiiatlen by maeHiUr since tie feel this Is be preniturc. But implicit 
in all of our celeuUtions is i search for conjislincy tr.i a stro.t; a t t e s t to 
Uie into «count all relevant cffecU. for fnsltncr, d i e t e r s , will thicknesses 
and c&icrtfti cfeMce for coolant tubes arc selected on ;!•- Mils of ncutrsnics. 
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1S3U 1 
SYSTEM aiK£:is:c;; ."is CSSSOTERISTICS OF A 2 » SJC 

DT HIRROR REACTOR WITH DIRECT CONVERSION 
POKER HA'IDLIKG caWflllSHIS 

„'« 

Plasma 
Shape - Ellipsoidal (Hlnteuo 8 Voluco) 
I Axis Intercept • 3.5 n 
q • 1.2 
Volwe • 130 m3 

DtMlty n • 1.2 x 10" 
B • .8$ 
Magnet Coll 
It • 10 a 
w • 6.6 • 
2h • 4.2 a 
Central Field • 50 KG 
Mirror Field - ISO «G 

First m i l 
Wall Loading • 1.7 »</n? 
Synchrotron Radiation • 2.5 x I0" 2 W / o 2 

Breasstrahlunrj • 2.5 x 10" Z Ki/e? 
Power Plstrlbutiss 

injection 490 rW 

P I f l n . 6 1 0 i « 

'Elec •70 m 

TABU 2 
SVSTEH DIHENSIflll WO CHARACTERISTICS OF A 200 (Be 

07 HlAROR REACTOR WITH DIRECT CONVERSION 
GENERAL SIZES 

SUfiket 

Thickness » 1. * ave. 
Individual Tube 01t». » .06 n 
Shape • Confers to Field Lines 
Composition « lt«C"Fe-H1 
Energy Multiplication » 1.1-1.2 
Tritium Breedtnj Ratio = 1.0-1.4 
Expander 
Expulsion Retla • 100 
Expander Angle 0 • 240° 
F « Fnunufar • 670 K>Y 
Bean liatsi't ol Hirror Exit • 0.74 n 
3e*ss Area at Hirror • 1.5 a 
Beam Height 0 Expander Exit * 0.87 n 
Radius o 7G c 

Injector 
Injected Power • 490 M) 
Ave. Injection Energy = 550 KeV 
Total Injection Current » 890 a 

2 
Hax. Current Density » 20 raa/cm 

2 
Injection Area Required « E D 
Type • Neutral Bean 
No. Injectors • Unknown 
Ho. of Accelerating Stages • Unknown 
Collector 
Depth » 22 a 
Nutter of Elements * 20 
Focusing « Electrostatic 
Ion Power • 610 W 
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heat transfer, sputterlns, spallfn;, siall tadln;, «-.-eilibiltty, c!»-.1stry, 
corrosion, allocable creep stress, etc. These considerations are not necess­
arily detailed in our Progress Report 12, but cay be found In our reference 
• a u i i t l . " Kith the basic groundwork established we can briefly discuss the 
individual components. 

THE IBJECIM SYSTEM 

The arfrror nachine reactor requires the continuous Injection of high energy 
particles to neir.tiin the plaice against end losses. This particular design re­
quires the injection and trapping of j » asps of 550 KeV deuterius ateas and 340 
laps of 550 KeV tritium atcos into e nearly spherical plasisa. The total power 
of the trapped injected beta ts 490 UK. The efficiency of the injection system 
has a strong influence on the overall reactcr systen efficiency. 

The injection systen is shewn In Figure E. Positive ions are produced in a 
source and accelerated to an energy or E*. These tons are passed through an 
alkali «eul vapor cell which produces negative Ions from the positive Ions 
entering the cell . He are Interested in negative ions because at energies greater 
than 100 KeV the i f f dent in of neutralization of D" is - 65-905 whereas for D* 
i t i s - 205. negative ions can be produced directly by an ion source or by electron 
capture by a positive ion bean in a gas or vapor cell. The negative Ions are 
accelerated to the desired Injection energy, neutralized, and the neutral siora 
are injected into the pla.««a. The ions not neutralized are magnetically separated 
trta the neutrals and guided into a direct converter where a fraction of their 
energy is recovered. Some of the Injected reutrals charge exchange with the 
trapped reactor plasm ions such that the neitrals formed deposit their energy 
over the reactor first wall. The portion of the injected bean which passes com­
pletely through the reactor plswa nay be sClipped of an electron and the energy 
partially recovered in a second direct converter. 

As suggested by this figure with i ts numerous stages, we studied an "In 
pr*?5lp!e" Injfcvr as a complete sub-system sttrting with the Ian i:urcs ar..' 
ending with the trapping efficiency of neutrals entering the plasma. To our 
knowledge this study is the first of its kind. Our findings indicate that Injector 
efficiencies of BBS are possible provided that very close attention be given to 
thermal recovery of th; kinetic energy losses. Figure 7 indicates *.he Injector 
system eleasnts and their individual effect on overall injection efficiency. 
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Notlce that the D + to D" conversion loss Is greater than the sura of a l l other 
losses. 

NEUTRONICS 

The blanket concept chosen fot this design study employs liquid lithium to 
perform the three functions of tritium breeding, heat transfer, and neutron 
moderation. The coolant tubes containing flowing lithium fol ic / the magnetic 
f ield lines as closely as possible. A large number of such tubes surround the 
plasma to Intercept the D-T neutrons. In this blanket thermal-hydraulic design, 
we found that tube routing on a path comprised of circular arcs is sufficiently 
close to the path of the actual magnetic f ield lines so that pressure drop 
penalties associated with HHD effects of flowing lithium In B fields are acceptably 
low. This we had previously postulated but now we have a specific design. Figure 
B 1s a general view of a blanket which conforms to f ield lines. We found that the 
bulge shown In the blanket In the vicinity of the plasma Is actually not necessary. 
In our neutronlcs calculations, we have taken Into account the real blanket geometry, 
the effects of voids and coupled neutron-gamma effects. He have found that voids 
of approximately 20Z which are a consequence of using individual luaes 1n a square 
pack array for our blanket, have negligible effect on tritium generation or energy 
generation. The investigation of the effects caused by the blanket geometry dic­
tated by the Yin Yang coll showed minor differences between "real" oeoc;*.ry and 
our original assumption of a blanket representation by a series of spherical shells. 
For this current study we chose a blanket whose composition was very simple. Sim­
plicity has its attributes but a very Important outcome 1s that the price ><e paid 
for simplicity was a low value for m, the blanket energy multiplication The value 
of m was 1.1. The importance of this parameter can be seen 1n th'j following table 
where we compared the "simple" blanket with a blanket In which tl-r: multiplication 
Is 2.0. The most significant effect of Increasing m 1s the factor of two decrease 
In circulating power shown 1n Table 3 as Injector power/net electrical. The means 
for Increasing m are straightforward. We can trade the excess tritium generation 
for energy production by making compositional changes in the blanket; e.g. , sub­
stitute sodium ror some of the 11 lium and add materials with high (n,2r.) charac­
teristics such as beryllium or lead. The limit of m Is not clear. In a blanket 
study for nstron 1 1 we were able to obtain values of m of -1.85 with tritium breed­
ing of 1.2. I f the tritium brooding were allcwcd to approach unity, then an n of 
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TABLE 3 

Stale 
Blanket 

Better 
Blanket 

Better 
Blanket « Higher 

"DC 

Q 1.2 1.2 1.2 
H 1.1 2.0 2.0 
"or. 0.70 0.70 0.85 
"T 0.45 0.45 0.45 
n I 0.88 0.88 0.8S 
Aux Power M r * 20 HH 20 W 

"sys 27X 331 381 

Injector oower 
Net elec. power 3.3 1.6 1.4 

2 seems in order for • conventional blanket. Values of in greater than 2 can be 
obtained via a flsstonl.ij blanket in which case values may be as high as . 30. 
This hybridization of fusion and fission warrants serious consideration for al l 
reactor concepts. I t Is simply not sufficient to stay with the "purist" attitude 
of "fusion only" and Ignore a clearly viable means of uti l izing the energetic 
14 HeV neutrons to the maximum extent. 

This is Illustrated 1n the following summary of a parametric study which 
compares direct conversion with a fissioning blanket.'- For the direct conversion 
case we set m • 2.0. For the fission blanket case there Is no direct converter 
and Ion energy Is thermally converted at 45*. Figures 9 and 10 show system 
efficiency and the Important quantity, the ratio of Injected power to net power 
as a function of Q for an r i n ( , of 70 and 90X for the direct converter ant m = 5 
and 30 for the fissioning blanket. 

We have used In our study the direct converter of Post which he f i rs t dis­
cussed at the 1969 Culham Conference." An Interesting alternate design Is one 
propossd by HMr which he calls the "VenetlM Blind" concept " This Hes*<jn may 
be an attractive possibility to use with a fission blanket. Direct conversion 
efficiencies l i e lower (- 651 for 4 collectors, 59* for 2 and 4B* for 1) but the 
system Is physically smaller and utilizes Ion energies that are lower with a 
consequent Increase In Q (recall Figure 3). Since direct conversion 1s In essence 
a 'topping cycle" I . e . , 
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Fission Blanket n = 30 
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"net ° % * ( 1 _ n D C ) "Thermal 

we would be remiss in examining systems 1f we did not consider direct con­
version of the ion energy In parallel with a fissioning blanket. Figure 
11 shows the consequence of usln both the Moir direct converter at 6SS for 
n B C and the fissioning, blanket for m « 5, 30. The fissioning blanket In wuich 
the ions are only thermally converted 1s shown for comparison. As either Q 
or m decreases the value of direct conversion is apparent In decreasing cir­
culating power. 

We have been asked why we chose - 200 MWe for the reactor size In this 
study as opposed to 1000 MWe since the latter is representative of commercial 
power plants. There are several reasons. First, we are not designing a com­
mercial reactor. There are many steps to be taken before anyone in the fusion 
reactor area can credibly get to this point. We do not choose to call this a 
reference study for a commercial design but more appropriately a detailed study 
to determine what I t is that needs attention, both scientifically and technol­
ogically, to make mirror machines attractive reactors. Secondly, we wished to 
make a point that mirror machines ray be uniquely qualified to be small reactors 
f f that is desired. In support of this smallnes's.capability, Figure 12 Is 
reproduced from our Wisconsin paper." Notice that at - 200 MWe and higher, 
the cost of a mirror reactor with direct conversion is a weak function of power 
output. Roughly, for that particular study, capital costs are only about 35J 
more per KW at 200 MW than at 1000 HW. This result, that mirror reactors can 
be constructed relatively economically at power levels lower than the "norm" 1s 
in rather striking contrast to the predictions for other fusion reactors. The 
addition of a fissioning blanket to this reactor with a Post converter oi a Mo1r 
converter would allow electrical output to be Increased to values of commercial 
Interest at probably small Incremental costs. Finally, 1f this study Is accepted 
as one dealing with an "experimental" reactor, (one presumably preceding a com­
mercial plant), then from a funding standpolng, we must be concerned not with 
liullars per kilowatt as our principal crlter'a but in the totcl dollars 1r"olved. 
For equal risk, and certainly there wil l be risk Involved, the Congress of the 
United Stat"? or any funding agency, would be more receptive to funding, for 
exair-le, a hundred million dollar venture than one costing a bi l l ion. 



- 17 -

! 

2001 

Figure 12 - Systsn Cost as a 
Function o." ,'u,vir Outuut ."jr 
ffirror fceaettr \:'V.\ DT Cycla. 
and Nominal Component Performance 

2P« 303 
?O:.:R OUT=UT - KM;: , 

430 



- 1 8 -

In retrospect. Progress Report ?2 was an extremely valuable exercise - not 
only 1n i ts explicit determinations but also in I ts Implicit findings. Explicitly 
we found: 

1 . Multitubular blankets of rather simple shapes (circular arcs) can have 
adequate conformity to the magnetic f ie ld lines to permit the use of f.owing 
lithium coolant. 

2. Gaimia ray transport in the blanket can have a large effect on local energy 
depositions. 

3. The heterogenlty of this multitubular blanket has a negligible effect on 
neutronic performance. 

4. "In principle" Injection efficiencies of - 8811 can be achieved. 

5. Selective leakage can be achieved with an "in principle" efficiency of 951. 
Selective leakage means that by local biasing of the B f ield In the mirror 
region escaping charged particles do so through a small "window". The 
area of the window sizes the expander. 

Implicitly, we found: 

1. As presently envisioned the "standard" mirror machine with a Post-type 
direct converter 1s a marginal performer. Acceptable plant efficiency 
wil l require the attainment of classically predicted containment and care­
ful attention to the design of the Injection and direct conversion systems. 

2. The circulating power {and hence the required efficiency of the Injection 
and conversion systems) can be considerably reduced by designing blankets 
with high energy multiplication. 

3. Design of the hardware; e.g. main coll perturbation, auxiliary colls, 
electrostatic stopper grids to accomplish selective leakage should proceed. 

4. A design and test program for injector systems should be Initiated with 
the object of maximizing performance. 

5. Superconductor development should be accelerated to produce fields > 150 kG. 

6. Model tests on flowing lithium in B fields should be continued. . 

N 
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