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THE TANDEM MIRROR REACTOR 

F. W. Moir, u. L. Barr, C. A. Carlson, W. L. Dexter , J . f.'. Doggett, J. //. Fink, 

<>• W. Hamilton, J. D. Lee, B. C. Logan, W. s. Necf, -Jr., M. A. Peterson, M. E. Rensink 

LAWRENCE LIVERKORE LABORATORY 

ABSTRACT 

A p^rametiic analysis ar.j a preliminary conceptual design for a 1000 MWe 

Tandem Mirror Reactor (TMR) an.- described. The concept is sufficiently . a t t r a c t i v e 

to encoarage further work, both tor a pure- fu-io.i TMR and a low technology TMR 

f'ubion-Fission Hybrid. 

INTRODUCTION 

The concept of tandem mirror confinement due to Diiaov t t ai~ and Fouler and 

ix>yan employs the positive electrostatic, potential of an ordinary or standard 

mirror to plug the end losses fton a long solenoid. A proof-of-principlu evalua­

tion of the concept will be provided by the Tandem Mirror Experiment (TMX), now 

unu'er cons-ruction , i t Lawrence Livermore Laboratory. We have recently completed 

a parametric analysis and a preliminary conceptual design tor a 1000 MWe tandem 

•T-Hvr fusion reactor. This report summarizes the resul ts of that work. A rm.-.-,-

detailed account can be found m Reference 3. 

PARAMETRIC ANALYSIS 

7h<- -.inalyti-- model of the Tandem Mirror Reactor (TMR) a$,cd -r, -_L.- pjz^ier r;~" 

r-tud^ ht-j:ns with a self-consistent description of tander. r.nrcr phufuce. ?:•• 

! r-ijsics model relates the densities, energies, )nd conna-.r.menz rjn.-s -.•; tin- -t-;.:. 

<j"d electrons >n the yJtigs and central .-ell. The plugs art.- assumed to Le £t.-.r.Jj.r~: 

rurar machir,r-s with classical end J M . ^ S sustained Lu l-.iy): ..-rw.:.,' r.cutrjl .V.ir-

injection of ueuteriun. The central cull is fueled (be not .*ir,.,ir ••.:.) b-i lew en-.-i.rj 

w-'utrdi ^ear.s "f r.fut-rium and tritium. Electron?- heatc-i by thy en- rat. TIC :cnr. 

Prepared for publication in the Proceedings of the IAEA Cont^runce and Karkshcn 
on fusion Reactor Design, October 1977, Madison, Wisconsin. 



in the (,iUtfS j a car--: **,< t / A r c n ] d i o a s t n L / ! ( . c e m r J l c e i i . ,-„ t f t e p f w t r i c 

stLdu : / , , . ^-jjtjw..', ..•: eh- phjsies note J are reived bg specifying the plug injec­

tion energy, *•'•" PJ"9 fflii-zw „ r i o , riu- m i „ « r i-jtio feet wen tAe piuys A„<i .•entraj 

^ - . ' i , cf,* , . j d S « £ in tAe p ^ ? s d n ( / i f ! c h i » c w M i C P I J . and c/ie central cei i ion 

r..-n.r.T.-ru.f. e«(.-OUJ-d^ • by / , , , , , . , ^ r l r.-suits ;n the 2XT1B mi-ror experiment, we 

-.,.;• jssumm S, W.'IIM * - / l.V -And 0.7 in the plnq tind central ce-U, respoctjvuiy. 

ww'/.res, cwnCdiOTenc parameters im's), 
:L-C' >.f t/k- Viit±<iii£ 

plug to cehttLil cell volume and dt.-n.tit.ii ratios, and Q. 

llfxt, thv specification Q> u xincfle magnetic field strength (usually the plug 

central t.'ol.i} AIIO.-I- t.-utlvtiiitrion of all ttm pSSsma densiti&S and the fusion power 

density in the "v i t / j i cell, 'then, opacification of the blanket energy multiplica­

tion , 'jfii'r K jnd various of_*':_-i«?«<.• ics (thermal conversion, direct conversion, and 

t:dl hAiBt '.iijcelivnl a-Hows cilcalaLiu tKiwer flows. At this point, the fjowcr 

iju.'JHt it it's JJL- fwJy r r / j r i vc A'l.vjusff an .ihsulute power level has nc-r been selected. 

rin.illy, $pecific*it~un <>: ., r.trnjle power quantity (usually the net electric 

power) .ijJwws complete deci'ji, f the rea-.-r.t_-. thv dimensions of the cylindrical 

eentzul coll plasm.) and the a;; roxim.it eiij spherical plug plasmas are determined by 

r lie antral cell to pluqn va.'.j.-..- utSu, the /union power density of the cuntral cell, 

tin1 i.'!':..;i'J total fensras pow<-. . and the r-i;uii extent /i>. magnetic fhix conservation 

thiLuehoux r,V machine. The ; ] .i,-, :n,.jii<.-ii, are ••ngiyned to piovidu the specified 

r.-.jm • ic : ieid -.f-ri tt. !*• larai- x-neu^h to er.nt.nh the plug plasma. The centrul cell 

Jt a J'.;.•.' ;ecin.$ -i! tin -y 1:. r,/:r:..:,} -irr.t wall t< .Uzha radii awa--> frcm the plaxm,>) 

_,,-,;' ;.j,:x-,-el:i euTwuiKi i hrm^ih t r.i. >:~'::ket, nhn-ld, natniot, iuppvrt structure, h.mdlinv 

.ir.d ::i.iint-.ruir.ee .• 71:1 /-m'.'.c -md •;r,j,'*:,' r.';c re.tct^r building. The plant design is 

eonpliteJ b-j the :;i^in-; Of ; • • inu-ctora, liitecl converter!:, .ird the thermal ci.-i.ver-

Sior. sijsivn. Cost er-t White: ::(.> ?„.i,;^ for . . i • > le&>-:;t-~ of the power plant, permitting 
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There is an optimum set <)( values far plug injection energy, plug to central 

celi mirror ratio, and central cell ton temperature which minimizes the cost of power. 

for J 1000 .We reactor with a, plug central field strength of 14.5 T, plug vacuum 

mirror ratio of 1,07, we have found the optimum \alues to be: plug injection 

energy (deuterium) = 1300 kei>, plug to central cell mirror ratio => 7,0, and central 

cell ion Temperature = 30 keV. The blanket energy multiplicjtion factor for this 

casti w#$ 3-5 and the eff,ctencies far thermal conversion, single sca<>e direct con­

version, and injection were 40%, COX, And 80%, respectively. The total direct capi­

ta] cost of tliis reactor is predicted to be 51300/kWe. Charactermtics of the op­

timized 'tr-fcrencc Design are listed in Tables 1~&. The cost estimate breakdown is 

•liven in Tuble 7. 

MECHANICAL DESIGN 

The guttural mechanical design features of the plant are shown in Figure 1 with 

soir.e key parameters given in Tables S~6. The realtor is composed of a power pro­

ducing central cell, end plug magnets, 1.2 MeV D injectors to sustain the end plug 

plasma and direct converters at each end to recover the charged part'Tie end leakage. 

Ttx- power producing central ce'l is 10V m lung and cylindrical in sha^e. The paver 

production in the end plugs is low LucJune :t is not supplied with D~? ians but rattier 

only D ions. Thus, an .•nergy recoveru blanket is provided only in the central c^ll . 

The blanket is helium cooled. A standard KTiiR power conv&rsic.i systttm is usei, 

and wastv tic.tt is dumped to the- at.imsphvic via wrt coolin-j Low-is. 

The central ^Gll, consisting of bl.inket, r.hi'.'lsi, i\icttit~ shell, a.igncz, and 

coolant nuppltj lines, is divided into ,i(: modules, ea--h about- ?.$ m h^ng Iscc Fig. J) • 

-ach module .• $ permanently mounti-d on a trawler transporter. Tu suivice the blanket, 

thi.> main hu>.!um c?jlari ,»anifolds ate disconnected and a belt vacuum seal is machined 

off i.-ach end of • iioduie. Ti'v muduli- Then tiunslates hori 7ont.il l'j to a position 

tWifjrc it. can be approached ha two rciW-fv maintenance machiin-s. Oiw renavss the welds 

file:///alues
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trom the internal ,';(_•_ .'um distribution manifolds. The second removes a particular 

blanket segment and delivers .'; ~o a hot parts F'.araan and processing ares. 

BLANKET 

£ach central c<*ll module contains 24 identical vt.-dgo-shaped blanket/shield 

segments (see Figure i> . T!ie blanket portion of the segment is S4 cm thick. The 

blanket structure n; Tnconel '/IB, vacuum z&st with an egg-ciato cross sec'.ion. In­

serted in the egg-.rr.ue structure are moderator/tiitium breeding "pins," consisting 

of n-ntural lithium c:iCapp^l>iled in stainless steel cans. Helium coolant flow is 

inward (toward the first wall) along the periphery of the blanket segment and out­

ward between the "pins." Tritium is removed from the blanket via evacuated tubes of 

J tritjuir-pcrmeable ajioy which pass through each "pin." The calculated tritium 

breeding ratio for this blankci is 1.1 and its neutron energy multiplication i.T 1.2. 

MAGNETS 

"*•<? T.1R magnet tmrA.'iPterr, are given in Table A. The central cell magnet is 

A NbTi sw'°r conducting solenoid operating at a magnetic field strength of only 2,4 T. 

The magnetic forces are restrained by an external hand of stainless steel. 

T.";f centra J vacuum magnetic field str-.-ngth o! the plug magnet is 16.5 T and its 

vacuum mirroi ratio ty 1.07. the plug magnet shown in Figure 3 is a hybrid super-

ronducting ami L-ryogcinc' uMi?m»t. The cryogenic .Aluminum Yin-Vang magnet is about 

'.he size of the MFTF magnet, and produces an incremental field of about 1 T over the 

'ivlti of lit f pr&th-ccd i*y tiw pair of Xb Sn superconducting solenoids. The re.sis-

riv<? boating in the 'im-Yang magnet is 0.2b MM requiring ahout IS MW of refrigera­

tion power. Structural integrity of the \'in-Yang magnet requires a layered con-

:•: ru>~-t;o,i of pure aluminum conductor and alam.num aljuy columns and stress plates 

re; t M.isriT th* iBag.n*'tic- forces to an external clamping structure (not shownf . 

Restraint o: thu magnetic forces of t.'ie plug solennidal coijs is accomplished by ner-

lo-jiC oands of stsinler.s steel. 

http://egg-.rr.ue


SHIELDING 

Between the blanket and tha central cell coils is 90 cm of steel and lead 

cement sheilding. This shield, along with the blanket, provides ad&t?i;,ttc protect ton 

for the superconducting central cell magnet. 

Protecting the cryogenic aluminum Yin-¥ang plug magnet is the major shielding 

challenge in the TftK. The critical urea appears to he at the inner mjnot of the 

plug where t r i t i u m plasn<a extending from the central cell reacts uich the plug 

cell deuter ium and generates 14 MeV neutrons a t a significant rate. Preliminary 

calculations indicate that a 64 cm thick tungsten-based shield is needed at this 

inner mirror region if annual room temperature anneals (to restore- the initial 

conductivity) are desir- d. The present plug magnet design allows for only 15 cm of 

shielding in this region. Thus, the magnet must be enlarged to provide for moit* 

shielding. We do not expect this redesign of the plug magnet to greatly increase 

zhe total reactor cost. 

NEUTRAL BEAM INJECTORS 

In Figure 4 we show a conceptual design of a high current i-2 neV D injector. 

Parameters for the injector design are given in Tabl<= S. All of the components in 

the proposed beam line are elaborations of p h y s i c s experiments which have- * I ready 

bec-n ieport.-d in the literatvi ~. However, m^j.?i advances jr. a.'3 phases of nt-utrai 

bt-am technology are needed to meet the requirements of the- TSIR. These include- a 

„•;.':£jfijoLus K.-Jrce of negative ions, ,*n efficient e'^rtrc.:: sznppmc cell, and tl&.-

sevelopment of associated, power conditioning :nd -.-ontrol equipment. 

Figure -' shows the nested shields which provide voir .,ge isol-ition ir. sz.-[,i\ 

of JOV A;',', i'acJi shield is subiii vide: into small Areas to limit the <-ner>j<j o:' ar.y 

sp^rkdown to -ibout 10 J, The background pressure ,ilong thf beam line JS hope low 

l-t vacuus, putrpmg through the 80%, transparent shield structure. 



D1HLVT MERCY COXVRftJEitii 

Direct cottveiLctx ate placed <it eac.'i end ot the VHP t i s c w f power [torn tie 

end~lvss plasm*. The high .im'. ipolus potential .ind tliv low ion temper^tuie sosult 

in goon efficiency i'vw. weft -J sintji<.- collector stage. About t0% ot the total 

efflux puwei (carried by encifirxj frjeJ ions, n ' . t , ind electrons) c<in be direct!'.! 

.•ec<jveie.i after jlluwunj lot LOAII-G due Co incident clecerons, <jrid interception, 

second.* nj .intf thermionic electrons. The- dnect converter J J S U serves to control 

the recycling of cold electron*; fio.s tho end Mils. The preliminary design has 

addrvuxed t!>f prnbiemu associ-itcd with space :haree, volcagc- holding, and capJci-

tivolg stored energy. 

Tbe crvss section of The diieet converter ;s elliptical with j n aspect r<itio 

of about 2 to ! .ind with the miner JX.IS vertically oriented. The collector elements 

are .'.virion Venetian hliridr. mounted cii vvrtiail teisioned wiies. 

J:L'C<:I:STIONS F-~.y ru7U".t: MM<* 

As mentioned p:c:-zonule, the ping n^gnetn jnust bo enJ j r^ed to *llow t~o • move 

neutron shielding. A tradeoff tu be investigated j s f change to ll-injected plugs, 

which wnulil decrea-jc plug confinement but Also icduce the p.uij neutron generation. 

Anorfa-r ,itt'3 fvi :crr.j;er work .'.••• rh- tie tailed design of the high energy neutral beam 

injector.! TOT the !'•»•; .-*"--:•• ••••r. > w«% f.> reduce ih<- /eyui-'t..,' i-lug injection energy 

.ir.d, to .1 lenses extent, the t:nd pJui? field xtvenuth is tr somehow heat the electrons 

uiiectly. The ; « . M . I-: • i 17 (•-' >e>:t:.j this with Hi" ht*dt:«t? or e-beams ;.cedn to be con-

b.deied. Im.il.'j, ')••• J£ i'- - - J< \eloeing cherry of .ilphs containment, diffusion, 

.ind lass in i he 7-Vi7 r-eetis to ta- incorporated i,;io t}/v plasma model o: the pjf,it»etric 

jfidJyijis una r.u.i refit;: t : r. --.am*.- cringes in the conceptual design. 

A :.t-rv rF.cnuf-'.^-K'.y r?.:- r.«l<..':-r2^l;n; ax an ft) 

A w.iy to -ii.ir.it n\ii 'u th\'ti'.ir.i- the- :. -qui ted plug t .•chrsjlogy i s rrt .jiid t .'kTgt'tjV 

file:///eloeing
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machine (with 125 keV injection into the plugs and central cell, and an 8 T maxi­

mum field strength! indicates that, although Q is reduced to l.B (vs 4.8 for the 1000 

MWc THii design), it could form the basis for an attractive fusion-fission hybrid. 

Because the central cell has injection unlg at its ends, the fissile blanket could 

be serviced in the name wag as the fusion TMR, withoug disturbing the injection 

system. Prcliminary parameters for the THR hybrid are given in Table 3. 

CONCLUSIONS 

The THR is a grjat improvement over the standard mirror reactor in a number 

of respects. The higher 0 eases the precarious power balance that plagues the stan­

dard mirror. The technologg of the central ct>n is low by comparison to most other 

approaches to fusion in that low field NbTi superconducting coils in a modular, 

cylindrical geometry are employed. The high technology requirements are concentrated 

in the end plugs, which are separate from the power producing part of the reactor. 

In the fusion-fission hybrid version of the TMp, even the end plugs can have low 

technology. Overall, the TMR concept is sufficiently attractive to encouisje further 

work. 
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TABLE I 

TNR PERFORMANCE PARAMETERS 

Fusion Power 
Plasma Q 
Neutron Wall Loading 

Plasma Fusion Power Density 
Recirculating Power fraction 

Plant Efficiency 
Direct Capital Cost 

TABLE 2 

."AW PHYSICS PARAMETERS 

End Plug 
Injection Energy 
Mean ion eneigy 
Density m r-lug 
Trapped current into < 
Electron temperature 

* vac oI 

vac, plug 
Potential at midplane 

Particle /n 

Central Cell 
Current injected (cold fuel) 

Length 
Plasma radius 

Electron temperature 

Ion temperature 

Pensity 

Particle m 
Potential of Plasma 

1000 me 
2500 ,yu 

5 MW m 
0.43 
34% 
$1.3/We 

1.2 MeV 
880 keV 
8.6 x 101 

220 A 
42 keV 
1 

0.4a m 

16.5 T 

1.07 

350 keV 

2.5 : 10 

1100 A 
0.7 
100 in 
1.2 m 
2.4 T 
42 kcv 
30 keV 
1.1 x It 



TABLE f 

MECHANICAL DESIGN PARAMETERS FOR THE CENTRAL CELL 

First wall radius J - 56 meters 
Central Cell length 100 meters 

No. of modules 36 

Wo. of parallel heat exchange loops 6 
Central Cell Magnetic Field 2.4 T 

Blanket Coolant Helium 
Inlet temperature 300 C 
Exit temperature SiO C 

Inlet Pressure SO atiospheies 

Helium Pressure Drop. 2 atmospheres 

Blanket Structure Inconel 718 
Average Power Density into 

Direct Converter 100 W/cm 

TABLE 4 

T'tn MAGNET l'ARAMETER5 

O-nci-ai Cell - -lenoid 

B 2.4 r 

Material Nb-Ti 

Bo re 8.4 IT. 

Length 100 m (3C z-ytnents) 

End FJ ug 

fl I I ' J .5 T 

J» . 1?.Q ? 

MdC,Ti,ll 
Rose 

Yin Yamj 

Material 

17 .1 T 

.. 'J .'lit ('t-rft.'A pfmj/ 



TABLE 5 

TMR NEUTRAL BEAM INJECTOR PARAMETERS 

fleam Energy 1,2 MeV 

D Current (par Injector) 120 A 

Total Injected Power {4 units) 580 MW 

Operating .".ode Continuous 

Type -»f Beam Line Negative Ions 

Source of Negative Ions C-isium, Double Charge 

Exchange Cell 

Type of Stripping Cell Cesium Plasm 

System Efficiency 60% 

TABLE 6 
TMR DIRECT ENERGY CO.WERTEF PARAMETERS 

Type Single Stage 

Wc-dn ion energy 470 heV 

Mean electron energy 42 k#V 

Power in ions 950 MW 

Power in electrons ?5 MW 

Power density ot collector 100 W/cm 

ffficiencu 60i. 



DIRECT CAPTTAL CuST - THft REFERENCE DESIGN 

Central Cell 
Blanket 
Shield 
Vacuum Vessel 
Coil 
Coil St. rue turn 
Main Structure 
Crawler 

Plu^ Coils 
Realtor Building 
Injcctur System 
Wfpct Conversion System 
Thermal Conversion System 
Other 

TOTAL 

COST % OF TOTAL 

$114 M 8.9% 
62 M 4.9% 
11 H 0.9% 
35 M 2.7% 
21 M 1.6% 
51 M 4.0% 
22 M 1.7% 

$310 M 24.7% 

$171 M 13.3% 
44 M 3.4% 

147 M U.5% 
1J4 M 10.5% 
199 M 15.5% 
270 M 21.1% 

$1,281 M 100% 

TABLE « 

PARAMETERS OF A TANDEM MjRRQR HYBRID REACTOR 

Fissile-Fuel-Brecding Central Cell-
Simple Cylindrical Shape In •ngth 

outside radius 
Axial Modularization 
Magnetic field Strength 
N&utral Ream Injection of D £ T 
Fir3t Wall Neutron trading 
Fusion Power 
Elanket Thermal Power 

id plugs: 
Sphuricil Shape outside c - o i i radius 
Magnetic Field Strength 
. V e u t r a i Bourn Injection of D into each plu<; 

O/erall Plasma 0 
Recirculating Power Fraction 
Xet Electrical Output 
Ajuiual Fissile Production 

= 3.5 -

= 3 T 
= 1070 A § 125 keV 
= 2.8 m/m1 

= 260 MM 
= 2700 MW 

= 2.0 r> 
= 8 T 
= 42 A & 125 keV 

0.29 
- 500 .two 
• 1D0O kg21-l: 



T.VR Ki:>nKT - FIGUSE CAPTTONS 

Tig. 1 

Fig. * 
Fig. J 

Fig. 4 

Tandem Mirror Reactor 

Central Cell Module and Blanket/Shield 
Segmnnt 

Plug Magnet 
Plug Tnjector 
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TANDEM MIRROR REACTOR 
BLANKET / SHIELD SEGMENT 

L5 

MOUNTI 

HELIUM COOLANT 

—CARBON LAYER 

CUUM LAYEh 

ET PIN 

FIGURE 2 



SC-. ENOIDAL COIL 

Nb Sn SUPER CONDUCTOR 

YIN YANG C O L S 

(CRYOGENIC ALUMINUM) 

1 0 0 % C O N D U C T O R BUNDLE 

S T R E S S PLATE 

7 0 . 6 % CONDUCTOR BUNDLE 

S T R E S S PLATE 

4 9 . 8 % CONDUCTOR BUNDLE 

S T R E S S PLATE 

3 5 . 2 % C O N D U C T O R BUNDLE 

DETAIL A 
FIG. 3 

T-M-R PLUG COIL SET 
16.5 TESLA 



Cesium 
double-charge-
exchange eel 1 

Cryopump 
walls i 

A <««<«<«f<<<<<<<<£;'2' «<<^<:<<<<^««<««^<«««<<<^«'^'<<<<<<< 
High voltage' 

accel gaps • ' 
I | , — . . 

> I i i _Cesium i 
\ \ ! ' 1 r s t r ipp ing cell" 

I 

- 1 0 6 6 6 

\ V__-600_kVi__/ / 
x ^ . . _ : 4 o o _ k v [ / 

~200 kV! 

/ / i t i 1 
! 1 1 v 

' • l- +600 kV. 1 * - . . 1 
1 
I V 
1 
1 

_+400_M: 
+200 kV! 

« « « « « « < ? « < : < « « « « « « « « « < « « « « « « « « < ? < « « , r - « « « « 

F7G. 4 /.2Mel/ A/ea TZAL BFAM 


