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THE TANDEM MIRROR REACTOR

R. W. Moir, W. L. Barr, G. A. Carlson, W. L. Dexter, J. N. Doggett, 2. #, Fink,

. W. Hamiiton, J. D. Lee, B. G. Logan, W. S. Necf, Jr., M. A. pete-son, M. E. Rensink
LAWRENCE LIVERMORE LABORATORY
ABSTRACT

& parametiic analysis and a preliminary conceptual design for a 1000 Mwe
Tahdem ¥1rror Reactcer (TMR) are described. The concept is sufficiently attractive
ta encourage further work, both ror a pure fu~joa TMR and 2 low technoiagy TMR

Fusion-F1ssion Hybrid.

The concept of tdandem mirror confinement due to Dimov ot al” and Fowler and

:,oyauz employs the positive elecrrostatic potential of an ordinary or srandard
mirror ro plug the end losses fron a long solennid. A proof-of-principle evaluu-
tion of the concept wili be provided by the Tindem Mirror Experiment (TMX), now
under cons.ruction at Lawrence Livermore Laborarory. We have recently completed
a4 parametric analysis and a preliminary conceptual design tor a 1000 MWe tandem
Alyror tusion reacrtor. This report summarizes the results of thut work. A fore
derarled ccoount can be found in Reference 3.

PARAMETRIC ANALYSIS

Thi- wnalyti- model of the fandem Mirror Reactor (TXR) used
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There Is an optimum set ~f values far plug Injection eneryy, plug to central
eeli mirror ratio, and central celi fon temperature which mirimizes the cost of power.
For a4 1000 MWe reactor with a plug central field strength of 16.5 T, plug vacuum
mirror rativ of 1,07, we have found the optimum values to be: plug injection
encrgy (deuterium} = 1200 keV, plug te central cell mirror ratio = 7,0, and central
cell ion temperature = Q@ KeY. The blanket energy multiglicstion tactor for this
wase was 1.7 and che eff.cirencies for thermal conversion, single stace difect con-
version, and injection were 40%, GO%, and 80%, respectively. The total direct capi-
tal cost of this reactor is predicted to be §1300/kWe. Characteristics of the op-
timized ¥-ference Design are !isted in Tables l~6. The cbst estimate breakdown is
givea iy Table 7.

MECHANICAL, DESIGN

The genvral mechanical design features of the plant src shown in Figure 1 with
some key parameters given in Tubles i-&. The redctor 15 composed of a power pro~
ducing centzal cell, end plug rugnets, 1.2 HeV D° injectorg to sustain the end plug
nlusma and direct converters ul ecuch und to recover the churged part~le end leakdge.
The power producing central cell 15 10¢ m lony and cylindérical in shape. The power
rroduction tn the end plugs is low beesuse It is not supplied with D=7 jons but rather
only D 1ons.  Thus, an -nergy recoveru blanker is provided oniy in the central unlil.
The bianket is helium cooled., A standard ETGR power copversic) system is used,
ard wasty heuat is dumped to rhe atmosphore via wet cooling tow rs.

The central well, consisting of Ljankee, «

vt

sheif, maaner, and

covlunt supply lipes, is divided Into Jo modules, o

B oabour M6 m ieng (sec Fig. J
Zach module s permanently mounted on o vruwler rransporter.  fo servace the blanket,
Ehs main beliam oralart sanifoids aic discounectad and & belt vacuum seal is machined

off ecach end of - wduie.

modulis rhep trunslates horirontally to o posirion

where it can be approached by two reactc maintenance mackinses. Coe removes the welds
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trom the internal he.lum distribution manifolds., The sdcond removes a particular

blanket segment and d#livers i

20 @ hot parts siorage and processing area,

BLA,

LANKET

Eack central crll module contains 24 ideptivel wixigo-shaped blankse/Shicld
sugments (see Figure 2). The blanket portion of the sogmeny is £4 cm thick., The
blarket structure 1s Inconel 716, vacuum zast with un Cyg-orate cross section. [p-

sarred In the egg-crate structure are moderator/tritium breeding “pins,” consisting

of natural I.chium cucapsulated in stainless scoel cans. Helijum coolant fluw is

tnward (toward the first wall) along the periphery of the blanket segment and out-
ward between the "pins.” Tritium is removed from the blanket via evacuared tubes of
4 tritium-permeable ajloy which pass through each “pin." The calculated tritium

breeding ratio for this blankes is 1.1 and its neutron cncrgy multiplication is 1.2.

MAGNETS

“we TMR magnet paraseters are given in Tahte 4, The central cell magnoet is
& NbTi suverconducting solcenoid operating et a mugnetic field strength of onjy 2,4 T.
The magnetic forces are restrained by an exterral rand of stainless steel.

T central vacupm magnetic field strength ot the plug magnet is 16.5 T and its
vacuym mirrer ratio iy [.07. The plug magnot skown in Fiqure 3 is a hybrid super-
condycring and crygogensc magnet.  The cryogenic aluminum Yin-vang magnet 1s about
the size of tha MFTF magnet and produces an incremental field of about 1 T over the
‘reld of 16 7 pradurcd by the pair of SbiSn supercondusting soleaoids. The resis-

tive heating in the Yin-Yang magnot is 0,25 MW reguiring zhour 12 MW of refrigera-

tiun power, Structeral integrity of the yvin-Yang maguot requires a layered cop-

wetzon of pure ajumsnum conductor and alam.num ulioy volumns and stress plates
ro rransfor tht Magactie forces t0 an external clamping Structure {not shownj,
Hestraint of the magoeric forves of the plug solenaidal <oils is accomplishud by per-

106:¢ pands of Staipless steci.
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SHIELDING
Between the blapket and the cencral cell coils is 90 cm of steel and lead

cement sheilding, This shieid, alopg with the blanker, provides ades

to protectinn
for the superconducting central cell magnet.

Pruteceing the cryogenic aluminum Yin-¥ang plug magnec is ihe major shiclding
chajlenge in the TMR. The critical area appesrs to be at the inner mirrar of the

plug where triti

plaswa extending from the ceptral cell reacts with the plug
cell deuterium and generates 14 MeV neutrons at a significant cate. Preliminary
calculations indicate that a 64 cm thick tungseen-based shield is needed at this
inner mirror region 1f annual room temperature anneals (ta restorc 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 mote
shielding. we do not vxpect this redesign of the plug magnet to greatly increase
the total reactor cost.

N, RA{. BERM INJECTORS

In Figure 4 we show a conceptual design of a high current 1.2 MeV D° injector.
Paramecters for the injector dusign are given in Table 5. All of the componencs in
¢4 proposed beam line are elaborations of physics experiments which have already
been jeport.d fn the literatur~. lowever, msjsr advances in 8’1 phases of neutrai

beam technology are needed to meet the reguirements of the TR, These include a

nuous siurce of negative lons, an efri

ent o'ectren sirrppang ookl, and rhe
Gevelopment o!f associoted power conditicning ipd rontrol equipment.
Figure 4 Shows the mested shields wiich provide valrage isolation 1n 8lops

Qf J0¢ kv, Fach shicld ss subdiv

ide imeo small areas to limit the epergy &f an
sparkdown to about 10 J. The bacxqround pressure dlong the beam line is kepr low

by vacuur pumning through the 80% transpurent shiwnld strdc
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VVER'

DIRECT LNERGY O

Direct converters are placed at cach end o1 the TMR ¢ secuve: power [rom tie
end-luss plasma.  The high omlipolar potential and the low jon temperature :esult
tqood efficicncy oven with 4 single collectur stage,  Aabout &0% of the rotal
eFrlux power (varried by escaping fuel jons, n's, ind electrons) can by directly

recovered aftor alluwiny tor Loss

5 due to incident electrons, grid interception,
secondary and thermionie electrons.  The direct converter aisu serves to controld
the recycling of cold electrons from the end wails. The preiiminary design has
addressed the problemy agsocidted with space tharge, voltage helding, apnd capac.-
tively stored encryy.

The cruss secrion of the direct converter s elliptical with an uspect ratio
af abuut 2 to ! and with the minor axig vertically oriented. Th cellector elements
Gre sarbon venstian Ldinds monpted on vertical tensioned wires.

HLG

STIONS Fop, FUTUME WUKE

As mentioned pruviousiy, the plug magnots must be enlarged to allow fo- morv

neutron shielding. A rradeoff to be iavestigated js €2 change te li-injected plugs,

which would decrra rlag confinement but alsv reduce Ihe p.ug pedtron jeperdtion.

Another wrea for rertivr work

thee deturied design of the high energy neutral beam

Injecturs ror the gl oo R way £ peduce Uhe reguizcd plug ingection onergy
and, to J Jegser extent, the e plug f1eld strength  is te somehow heat the electrons

iy, The poss.cbiiity of worey this with RE kedt:ng or o-boams icods to 0 cen-
¥ i E

Frpally, the stillede ouing theery of slphs conptainmest, difiusien,
and 10ss ip the TNMR needs t6 e olacorporated bite Ul plasma model @ the parametric

una may result it Some Clates ie e concogtual design.

W OTECHAGLUSY T8N FUSIS-FLS

5 v

A way b dramateallc decre the

jaired plug tochnology s ra aid energetic

Hevtrdai bosm tngection ab the vads of e contral sell. A briet levk ot sach e
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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 1.8 (vs 4.8 for the 1000
Mwe TMR design), it could form the basis for an attractive fusion-fission hybrid.
Because the central cell has injection wviily at its ends, the fissile blanket could
be serviced in the zame way as the fusion TMR, withoug disturbing the inj:ction
system. Preliminary parameters for the THR hybrid are gaven ip Table 8.

CONCLYSTONS

The TMR Is a great improvement over the standard mirror reactor in a number
of respecrs. The higher 0 eases the precarious power balance that plagues the stan-
dard mjrror. The technology of the ccntral cell is low by comparison to most other
approaches to fusion in that low field NbTI superconducting colls in a modular,
cylindrical geometry are employed. The high technology roquitements 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 THMR, cven the end plugs can have low
technology. Overall. the TMR concept is sufficiently attractive to encourage further

work.
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TABLE 1
THR_PERFORMANCE PARAMETERS

P

nec 1000 MWe
Fusion Power 2500 MW
Plasma 0 4.8
Weutron Wall Loading 2 Ml
Plasma Fusion Power Density 5 oW o
Recirculating Power Fraction 0.43
Plant Efficiency 34%
Direct Capical Cost 51.3/We
TABLE 2
IMR _PHYSICS PARAMETERS
End Plug
Injection Energy 1.2 Mev
Mean ion energy 880 kev
Density in plug 8.6 x 108 e
Trapped carrent Into each pluyg 220 A
Electron temperature 42 kev
Py
B (ee——) 1
Evac/z"o
Plasma radius 0.48 m
B 186.5 T
o,vac
R 1.07
vac, plug
Potential at midplane 350 keV
4 -
Parcicle nt 2.5 x lDl' s cm 3
Central Cell
Current injected (cold fuel) 1100 A
¢ 0.7
Length 100 m
Plasma radius 1.2 m
B 2.4 T
vac
Floceron temperature 42 kev
Ton temperature 30 kev
214 -3
Densicy 1.1 x 107" cm
24 -1
farticie n1 7.7 ¥« 1077s em

Patentigl of Plasma 260 keV



TADLE 7

MECHANICAL

First wall radius . . . . . . . . c e s v e o . . 1.56 peters
Central Cell length . . . . . . . . . . . ... ... l00 meters

No. of modules. . . . . . 0oL L0000 L. 36
No. of pdrdllel heat exchange loops . . . . . . . €
Central Cell Magnetic Field . . . e e e e s .24
blaanket Coclant . . . . . . . « « « « « < s « .« . . Helium

Inlet temperature . . . . . . . . e e e .. 300%

Exit temperature. . . . . . . . .. ... ... .. 530°%

Inl@t Pressure. . . . « = « « « « « « « « « « » « . 50 atmospheres

Helium Pressuré Drop. . . . « « « « o o « . . 2 atmospheres
Blanket Structure . . . . . . .« . . . . . ... . . Inconel 718
Average Power Depsity into

Direct Converter. . . . . . . . . oo Wm)

TADLE ¢

PARAMETERS

Centrad Cell o -lenard

8 2.4 7

Material Nb-Ti

Bore A4 m

Length 100 m (36 nents)
End Flug

B JIO%- 3 4

o

5 .

Buircor e

R 1.07

vac

Solenoidal Pair
Material

Bore

a
~onductor
Yin Yang
Marerial Aluminum
Length Jod o (mirior to mirtor)

Resistive power ELOF M (edud plugl
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TABLE 5

TMR NEUTRAL BEAM INJECTOR PARAMETERS

Beam Eneryy 1.2 MeV

o” current (per Injector} 120 A

Total Ipjected Power (4 units) 580 MW

Cperating dode Continuous

Type °f Beam Line Negative lons

Source of Negative Ions Cusium, Double Charge

Exchange Cell
Type of Stripping Cell Cesium Plasma

System Efficiency 40%

TABLE 6
TMR DIRECT ENERGY CONVERTER PARAMETERS

Type Single Stage
Mean ion energy 470 kev
Mean electron enerqy 42 keV
Power in ions 950 MW
Power in electrons 25 MW

Power density at collector 100 wem?

wfficiency 60%



-11-

TABLE 7
DIRECT CAPITAL CuST -~ TMR REFERENCE DESIGN

COST % _OF TOTAL
Central Cell
Blanket slla o 8.9%
Sticid 62 M 4.9%
Vacuum Vessel 11 H 0.9%
Cajil 5 M 2.7%
Cuil Structure 21 1.6%
Main Structuru 51 M 4.0%
Crawler 22 M _1.7%
SUBTOTAL s3l6 N 24.7%
Pluy Cofls $171 M 13.3%
Reactor Building 94 M 3.4%
Injectur system 147 4 11.5%
Direct Conversion System lia M 10.5%
Thermal Conversion System 199 M 15.5%
Othur 270 M 21.1%
TOTAL ., Si,281 M 100%

TABLE &
PARAMETERS OF A TANDEM MIRROR !IYBRID REACTOR

Fissile-Fuel-Breeding Central Cell:
&imple Cylindrical Shape length =27 =
outside radius = 1.5
Axjal Modularizdtion
Magnetjc Fleld Strength =3r
Neutral Beam Injecticn of U & T 1070 & € 125 keV

First wali Neutron Loading = 2.8 MW/m?

Fusion Power = 260 MW

8lanket Thermal Power = 1700 MW
£End ©]ygs:

Spherical Shape outside coil radius =20nr

Magnotic Field Strength =87

Neutral Beam Injection of D into wach pluy 42 A @ 125 kev
Perzcrmance:

Overall Plasma © = 1.8

Recirculating Power Fraction = 0.29

= 500 MWe

&nnual Fissile Production 1000 kgti?
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Fig.

Fig.
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TMR REPORT -

FIGURE CAPTIONS

Tandem Mirror Reactor

Central Cell Medule and Blanket/Shield

Segment
Plug Magnet

Plug 7njector
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TANDEM MIRROR REACTOR lg
BLANKET / SHIELD SEGMENT
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L ~—CARBON LAYER

VACUUM LAYEHR

LITHIUM BLANKET PIN

FIGURE 2
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