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A Review of Mirror Fusion Reactor 

Designs* 
D. J. Bender 

At Lawrence Livermore Laboratory we are presently pursuing three 

magnetic confine*eat concepts, based on the a i r ror principle, which show 

promise tor fusion reactor applications. These mir-or concepts are 3um-

uarlzed In Figure 1, and a brief description of the supporting experimen­

ta l program la contained In Reference 1. 

A. FuBion-Fission Hybrid Reactor 

An appropriate start ing point in a review of mirror reactors in 

the fusion-fission (hybrid) reactor, as i t uses a classically-confined 

mirror plassa and many of the hybrid reactor compomints (injectors, direct 

converters, vacuun equipment) are also used in the t.mdem ar.d field-re­

versed tairror reactors. Classical mirror confinement is ILlystrsted 

schematically in Figure 2. Energetic atoms of deuterium and tr i t ium, in­

jected into a minimum B magnetic ve i l , are trapped in the field when they 

experience ionizitg coll isions with the confined plasma. An [on remains 

in the confinement region, bouncing between mirror points, u m l l ion-ion 

collisions scatter the ion velocity vector Into the loss-cone, at which 

tine the Ion CdpeS from the well. Reference 1 contains a thorough dis­

cussion of classical mirror confinement. 

The Important characteristics of classical mirror confinement, 

from the standpoint of reactor design, are listed in Figure 3. The 

attainment of high 2 results In a comparitively high fusion power density, 

and steady-state operation siepHfies reactor operation art4 blanHct de­

sign. Unfortunately- this confinement method exhibits a maximum Q of only 

about 1; reactor studies have shown that this value of Q Is too low for 

the plasma to be uttctf as the energy source for an economical ty competitive 

*Work performed under the Auspices of the United Stntes Energy Research 6 
Development Administration Contract No. W-7405~Eng.-18 



eliv tr ie generating stat ion. [3] However, because of the high fusion 

power d....-1'v a classically-confined mirror plasm.! Is an Intense source of 

14 HeV neutrons, ond reactor studies have shown this plasma to be well-

suited for the fus;on-fIssion reactor concept. [4] 

The f.islor-f Isslon (hybrid) reactor Is diar finished by tho In­

corporation of fe r t i l e heavy raetale < 2 3 2Th or 2 3 8 U) Into the blanket, re­

sulting in the reactions t-naim In Figure t>. The blanket neutronies In­

volve fast-fission of the neauy metal atoms by the 14 HeV fusion r.eutrnns, 

and subsequent breeding of f l i s i le isotopes ( U and Pu) and T with 

tfce c*ces» neutrons produced by fast-fission. These mictions produce 

two beneficial t f t e c t s . Virst, the 200 HeV energy release from fission 

multiplies the energy per fusion neutron by a Factor of about 10(allow-

ing for the capture of some fusion neut.ons In structural material) and 

secondly, the blanket produces 1 - 2 tiffs l i t iitoms/fusipn nci.tr on that can 

be i-sed to fuel fission r cot tor t . 

This tyne of reactor scheme Is appropriate for the low Q class i ­

cal mirror plasma since the additional fission energy release \n the blan­

ket compensates for the marginal power balance in the planus, and the 

large neutron production rate of the plasma results In Urge f i s s i l e pro­

duction rates in the blanket. The reactor Is capable 'jf net electrical 

power gi'xeratlon and can produce enough f i s s i l e fuel to operate 5 - 10. 

fission reactors (of thermal power comparable to that of the hybrid). 

The coll design that has been developed to provide a stable mag­

netic well Is shown in Figure 5 and Is called a Vln Yong coll . Plasma 

is contained in the spherical region inside the coll set, and plnsm» 

leakage occurs through the slotted opening In e.ich coll . In addition to 

the magnet, the main components of the "fuslun island" portion of the re-
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actor are the neutral beam Injectors, the end-tanks to receive (he plasma 

leakage, the vacuus ayatcm and the t r l t l u a handling equipment. 

A conceptual design of a rcutral beam Injector nodule 1ft shown 

in Figure t>. I t corn lata of a diffuse plasma discharge front which Ions 

are extracted and accelerated to the desired energy. Some of the Ions 

are then neutralized by charfie-exchange collisions with cold gnu in the 

neutrallzer c e l l ; the remaining <>i«-neutralized) tons .ire e lectrostat l -

cal* • decelerated anil their kinetic energy convcrtered hack to uluctrl-

cal energy (a process called "direct inversion" [6J>. The resulting 

neutral beam Chen proceeds down a duct Into the plasma confinement region. 

Since a reactor-grade plasma typically ire-quires several thousand amps of 

neutral current, the reactor injector system Is constructed by using many 

of these Individual modules In a s lng 'c tank, as shown In Figure 7. 

The functions performed by the- plasma end tanks are listed In 

Figure 8. Essentially all of the *toras that arc injected Into the plasma 

escape into the end tanks (Q ^ 1 implies that less than IX of the Injected 

current experiences fusion reactions) and since in a mirror m.-icliluu there 

is no diffusion of plasma energy to the walls of the confinement region, 

the Ions escape Into the end tanks with approximately the same energy at 

which they were Injected. The p*<isiaa leakage Is f i rs t expanded In the 

end tank to low density, then "'l^ctrostatically decelerated, and c o l l a ­

ted on electrodes converting Homo of the plasma kinetic energy directly 

to electrical energy (direct .-onversion). This process Is depleted in 

figure 9. The remaining plasma kinetic energy Is deposited as thetm.il 

energy in the electrode structure and Is removed by active cooling. 

Upon intercepting the electrodes, the ions are neutralized and tin- ir , i t -

lng neutral gas loud nust be pumped away. 
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The primary sources of gas that make up the vacuus pumping l»a<l 

occur '1) In the Injector tanks from gas that Is Introduced Into the Ion 

source but Is not converted to energetic neutrals, and t2) in the end 

tanks from neutralized plasma leakage. This gus load 1B handled by cryo-

condensatlo-. vacuum pumping techniques [7] , where Che hydrogen Isutnpcii 

are condensed nn panels cooled to 4 "K by liquid He. A typical cryopanvl 

Is shown In Figure 10. 

PiiiLieding new to the ncthanical design i<r the reactor, Ihi- bhinkct 

configur.itiun Is shown In Figure 11. The blanket Is a spherical shell 

th.it resides inildo the Yin Vang magnet, and has appropriate openings tor 

neutral beam lniectlon and the plasma leakage fans. Tho entire magnet, 

blanket and prlnmry heat transfer lonp are contained In a concrete mono­

l i th , or Prt-strcnsctl Concrete Reactor Vessel (PCHV), as shown In ?lan wlew 

In Figure 12. The concrete monolith serves to (1) restrain the main mag­

net forces, (2) support the blanket, and (3) support and restrain the pri­

mary heat transfer loop compnents. A cross-sect ion through the i...:'tor 

appears in Figure 1',, shovln the magnet, blanket, end tanks and vacuum 

shell in tli<: PCR\; not shown In the drawing arc the Injector tanks and 

primary heut tranifer loo? c mpanente which arc also located In the VCHV. 

The blanket is conltd utth helium, using components developed fur 

gat-cooled fliifilon -.eacrors. The tli. raal energy is transferred from the 

Ele prlmaiy iicot transfer loop Into a steam thermal conversion loop. A 

cross suction through the entire plunt Is shown in Figure 14. 

http://th.it


B. Tandea Mirror Reactor 

Tha tsndem ulrror reactor consists of three mirror cells on a 

cooBon axis m> -ib^wn In Figure 15. The end ce l l s , or "plugs" establish 

minimum B magnetic wells and are connected by a largL- central cell which 

ts a ainple solenoid. The plasma envelope la shown below the coll In 

Figure IS. The physical principles govern inn plasma confinement In this 

configuration are described In Reference 8. Briefly, classic"! mirror 

confinement In the end cells Is used to establish clcctroatat lc notentltils 

which provide end stoppering Tor the lon3 In the large central ce l l . The 

plugs are injected with a single species, D* or T°, and do not produce 

fusion power but rather serve Just to elcctrontatlcal ly stopper the cen-

ral ce l l . The central ce l l , where the fusion rcactlt-n Is sustained. Is 

fueled by low energy neutral beams of deuterium and tritium. Electrons 

heated by the energetic Ions In the plugs in turn heat the Ions In the 

central cell and help maintain the central cell reaction. The balance of 

the heating In the central cell Is provided by the alpha particles cre­

ated In the fusion process. The plasma Q increases with increasing r c -

t ra l cell elze; for a 100^ HWe unit , it appears possible to achieve 

Q I 5. 

The major features of a tandem mirror reactor are listed In 

Figure 16. The difficult technological problems arc concentrated In the 

small end plugs, which require high magnetic fields and high injoctlnn 

energy. In contrast , the large ccntrsl cell has a s'.raplc cylindrical 

shape, low magnetic field and law injection energy. 

The conceptual design of a 1000 MWc tandem mirror re.ictor Is 

shown in Figure 17. The reactor is dominated by the ^ 100 m long central 



r o l l , with .1 neiit r.il-htfmn-in j pried pl"R »n *-iih end. Out l>niird i>f e.u h 

plug In ;in end tank with direct converters to collect the leakage fioni 

tilt' plllgs. 

Ctntr.il cell Kubd lv Islnn inli' 1 tni-tre long modules is planned 

(Figure Ifl). Each, with 24 blanket /shield wedges, vacuum chamber. • uper-

coiiductlntf solenoid, coolant manifolds, and at met urod support, wot£h;i 

750 tonne- A trucked transporter allows the module to be dlnplaied 10 

mftr.'s fnra the ccntr.il cell center lino. SrrviHng machines i**trjct 

Hlngle blanket segment* .ind move thwo to "hot parts" itoragi*. One ma­

chine »pinH welded coolant pines, the other removes and repl-iccs module 

component». A aperl.il automatic welder cuts off and rcweliln the vacuus 

Julnt nt each end of .1 nodule. 

Ttie plug magm-tri represent .1 ili'slgn pri>Mcn due to the high 

m-ignetle field requirement*. Field fit rengt hfi in the lb T to 20 T ra.iRC 

nt the conductor arc necessary. Aa presently v i t a l i zed the plug magnet 

system (Figure 19) uses n pair of superconducting aolennld cells act 'o 

crcntc n minimum | B | well of snwll mirror rntlo (> 1,10). Refute of the 

high magnetic flux donnltloa required and the law tttlength of the high 

purity aluminum conductor, the nluvlnun winding oust have Internal struc­

ture of relatively high strength illluy to tr.wnnlt the magnet li lirten to 

the external support structure. The rofrigcr.iti r power required for the 

Yin Yang coll Is kept to a reasonable level by It a relatively *BLI11 size 

nnd anperoge. 

Neutral beam Injection of the plug" t* nominally 1 MeV. Contin­

uous hcama of that energy have not beet) Achieved, but lower energy pinned 

brans of the mine current density nre now In uae. A preliminary design 

(Figure 20) hiindlea the high voltage In Increments ol 200 kV, nalng + 

http://Ctntr.il
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600 kV froa ground for a 1200 kV injector. It employs a cesium Ion1lo­

tion r ? H , accelerator electrode!, and n photo-detachment neutrallzer | 9 ] . 
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C. ricld Reversed Mirror Reactor 

The f leld-reversed-mlrror confinement concept uses a neutral-beam 

Injection pattern which establishes strong plasma currents which circle 

the- axl i »f the applied mirror f ield as shown In Figure 21. These plasma 

currents ore sufficiently strong •-• nlgnlFlcantly alter the applied mag­

netic mirror f ie ld , converting the f ie ld configurator from open-field 

(typical of mirrors) to closed field lines. The significance ot this 

field modification is that plasma containment lu increased from t) \ 1 

In Mn< n r t i i f ield (mirror) configuration to 1} i 5 In the closed Held 

(M-wrued-nlrror) configuration. An nddltlonnl benefit, from the engi­

neering standpoint, is that much of the confining field lft generated by 

thy pla.sma Itself rather '.han with expensive, campllt.Hed col l windings, 

tliuu HlmpHfylng the reactor mechanical design and reducing capital coats. 

The plasma Itself takes ihe shape of a "donut" (nfl nhovn In Figure 

Zl) , Ms very high fusion power density (i- 1D0 w/cc), and is compara­

tively snail, producing tens of meRawatts of fusion power. The field 

reversed mirror reactor takes advantage of thin small power output pur 

plauua donut by employing a modular concept for the reactor. For oxonple. 

In Figure 22 four cells are shown linked together, the plasma In each cell 

belrtx supp.-rtcd by a neutral injection system. The applied f luid is de­

signed to hold each plasma cell In place and mlnlmlie Inttfr.irt lun Wiwten 

the cells. 

A preliminary conceptual design of an electric generating M.it inn 

based on a flold-reversed-mlrror fusion plisina has hprn completed [ 101 -

A crmftf-sccrion through the reactor Is shown In FlRure 21. Here, 12 , i ' l ls 



arc used t o produce an e l e c t r i c a l output of 120 HW», The s t r i k i n g fun -

t o r n of t he r * a c t o r are i t * sma l l s i z e eaaparoi ;t> f u s i o n reac to rs based 

on o ther confinement concepts, and the simple c y l i n d r i c a l geoootry . This 

l a t e r f ea tu re g r e a t l y s i m p l i f i e s Mechanical design and came of blanket 

ss lntenancc ope ra t i ons , Eauaintng Figure 21 in more d e t a i l . Immediately 

outboard of eh* pUama i s A set of copper fsarosan c e l l s used t« estab­

l i s h a modest m i r r o r f l u i d tha t l o c a l l i v s the I n d i v i d u a l p l a n u s . Then, 

proceeding r a d i a l l y outward, are the blanket add Hhl«-l<Hng, and i l n i l l y 

a euperconduct ing so leno id shst p rov ides the s a i n app l ied f i e l d . The 

large s t r u c t u r e ou ts ide the so leno id cuis.<i«t house" the n e u t r a l in-na sys­

tem! that d r i v e the plasmas. On both end a of the r e a c t o r , In the a x i a l 

d i r e c t i o n , end tank" w i t h d i r e c t comiers lun arc used t o acrnaodit le the 

plasma exhaust and recover mach o f the energy In t h i s plasma f l ow . 

A l a rge cen t ra l s t a t i o n power p l a n t , of say 1000 MMc, would be 

constructed by us ing M u l t i p l e uol ' .a of the type ahown In F igure 23. A 

top uiew of such n f a c i l i t y I s shown !n Figure 24, where t teveral 100 MMr 

u n i t s share ccanen f a c i l i t i e s , Tlw a d v o n t n ^ Of *•**» c u o f i K u r u t i o n I s thn t 

one or two u n i t * could be down fo r nalntenancr at any g lvun t i n n and the 

remaining u n i t s would provide cont inuous output to the power R r Id . f i g u r e 

25 i s a cross s e c t i o n through the p l a n t , showing l oca l Ion of the nuijor 

conponsnls of the pownr s t a t i o n I n r e l a t i o n t o the fas i nn micle.tr I s l and . 

"B* It i (nee c« • cofHjuiiy «i ptmhift 
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ittiiinmtnJinon of Iht (XIKIIILI by 
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MIRROR REACTOR DESIGNS 

Futton-Fmion Clinical Mirror Low Physic* Low Tecrinotogy 
Q - 0.7 Confmanwm Spaculsiion 

H M J - 1 0 0 J I * V 

Tandem Elaetrottatie Modftt High Technology 
Q - 5 Potential Physics End Plus 

W I N J - 1.2 MaV Ccnfintmafit Spaculalion 

Low Technology 
Raactor 

FMd Rtversad Cron-FMd High Physics Modast Technology 
Q - 5 Confinement Speculation 

W . H J - 200 kaV 
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MIRROR CONFINEMENT 
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PLASMA LEAKAGE END TANKS 

Receives Plasma Leakage 

Electrostatic Deceleration of Ions 
(if Desired) 

Plasma Neutralization 
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Provides Vacuum Pumping Locations 
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TANDEM MIRROR MACHINE 13 
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FEATURES OF TANDEM MIRROR REACTOR .13 

• High Q 

• Low central cell technology 
Geometric simplicity 
Modular construction 
Magnet'c field strength 2.S T 

• Power can be increased by adding central cell modulei 

• High plug technology 
Magnetic field at conductor ^ 17 T 
Injection energy ^ 1.2 MeV 

• Periodic plasma flush required to remove accumulated 
ash (4He**ions| 

figure 16 
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T-M-R PLUG COIL SET _ia 
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1.2 MEV INJECTOR 19 
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\$ FIELD-REVERSAL 

platma and 
a2imuthal currant 

Reversed magnetic 
field configuration 
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FIELD REVERSED REACTOR 
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FIELD REVERSED MIRROR REACTOR 
Section thru typical 120 MWe mpdula 
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