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A Review of Mirrer Fusion Reactor
. Designo®
D. J. Bender

At Lavrenge Livermore Laboratory ve are presently pursulng three
magneric confinemept concepts, based on the mirrer principle, which show
pro.lse tor fusfon reactor applications, These mir-or concepts ore Sut-
usrized in Figure 1, and a brief description of the supporting cAperimen-
tal program is contained in Reference 1,
A. Fupion-Fissiop Mybrid Resgtor

An appropriate starting point In 4 review of mirror reactors ie
the fuslon-fission (hybrid) reactor, as it uses a claseically-confined
mirror plasma and pany of the hybrid reactor components (injectors, direct
converters, vacuum equipment) are also used in the tandem ara field-re-
versed mirror reactors, Clssalcal mirror canfinement is Lilusrrated
schematically in Figure 2. Energetic atams of deuterium and tritfum, fn-
jected into s minimum B magnetic well, are trapped in the fleld when they
experience lonizirg collisions with rhe confined plasme. An fon remains
in the confinement region, bouncing between mirror painte, unzil ton-ion
calliglons scatter the lan velocity vector inta the loss-cane, at which
tioe the ion excapes frnm the well. Reference 2 contains 8 thorough din-
cussion of classical mirror confincment.

The imporrant charncteristics of clasmical wirror confinement,
from the stsndpoint of reactor design, are lioted {a Figure 3. The
attatnment of high B results in a comparitively high fusion power denmsiiy,
and ateady-state operation slmpiiffes ceartor operariom and blanket de-
sign. Unfortunately. this confinement method exhibits a maximum @ of only
about 15 reactor studics have shown chat thie value of Q 18 too low for

the piasma to be ured s the energy source for an ecanonlcatly compeelrive

#ark perforoed under the Auspices of the United Stntes Energy Rescarch &
Bevelopment Adminigtration Contract No, W-7405-Eng.-48

—~NoTICE —
(0 100t e DreRated 43 s anun ¢
O R el
[

e faned Sutes o ibr
et AY

ot g, apparatee et
ety et 4o e
wed phre



electric generating station, (3] Houever, because of the high fusion
pover du.'1'v a classically-confined mirrer plasma ts an (ntense source of
14 HeV neutrons, and reactor studies have ahown this plasma to be well-
sulted for the fus:on-fisslon reactor concept. [4]

The fustor-fission (hybrid) reactor is distfuguished by ctha in-
corporation of fertile heavy metals (23°Th or 220U} tnro the blanket, re-
sultlng Jn the reactions snown In Figure 4. The blanket neutronice ¢n-
volve fast~fisslon of the neavy metal atoms by thc 16 Me¥ fusion neutrens,

and subsequent breeding of fiealle isotopes (220U and &

pu) and T, vith
the epvess meutrons produced by fast-fiselon. These roactions produce
two beneficial effects. virst, the 200 MeV encrgy relesse from Fission
multiplles the energy per fusion neutron by a factar of about 10(allow-
ing for the capture of some fusion neut,oms in structural material) and
asecondly, the blanket produces L - 2 figsile utoms/fuslen nevtron that cam
be vsed to fuel fisaion reavtors.

This type of reactor achene is appropriale for the low Q classi-
cal mirror plasmn sfnce the additional fisslon caergy velease in the blan-
ket compensates for the morginal pover halance in the plasma, and the
lorge nmeutron production rate of the plasma resulta in latge fissile pro-
duction rates in the blanket. The reactor 1s capable of net clectcical
power gewerarion and can produce enough fissile fuel to operate § ~ 10
fisslon vesctors (of thermal pover comparable to that of the hybrid).

The cotl design that has been developed to provide a stable mag-
netic well s shown in Flgure 5 and is called a Yin Yong coll. Plasma
is contained In the spherlcal regfon inside the coll ser, and plasmu
leaknge occuzs through the slotred opening in cach coil. In additien to

the magnet, the main componentrs of the "fusion island” pertion of the re-
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actor are the aeutral beam injectors, the end-tanks to recelve the plasma
leekage, the vacuum aystem gad the tritiua handling equipmenc.

A conceprual deaign of a reutral beam Injector module 1R showm
in Figure . 1t conaimia of a diffusc plasms dimcharge from which iens
are extracted and accelerated to the desired encrgy. Some of Lhe lons
are then neutralized by charge-exchange collisions with cold gas in the
neutralizec cell; the remaining (na-neutralized) ifons are electrostati-
cal® - develerared and their kinetic cnergy convertered hack to vlectri-
cal cnergy (a process called "dirvcc vonversion” [61). The resulting
neutral beam then proceeds down a duct luco the plasma confinemenr region.
Sinve & reactor-grade plasma typically sequires several thoussnd amps of
acutral current, the reactor injector system {s constructed by using many
of these individual modules In a single :ank, as shown in Figure 7.

The functions performed by the plasma end tanks are 1isted in
Pigure 8. Essentially all of the #toms that are injected info the plasma
escape into the end tanks (@ % 1 implies that less than 1% of the Injected
current experiencus fusion renctione) and since in a mirror wachine there
is no diffusion of plasma energy to the walls of the confincament tegion,
the fons escape into the end tanks with approx!mately the samc emergy at
which they were injected. The piowma leakage (s first cxpanded in the
end tank 1o low demsity, then wlectrostatically decelerated, ond collm -
ted on electrodes converting somo of the plasna kinetic energy direcrly
to electrical energy (direct converslon). This process {s deplczed in
Figure 9. The rematning plaswa kimetic energy s depostted as thecmal
enesgy in the elecirode srructure and is removed by active cooling.
Upon interceptiug the electrodes, the ions ate neutralized and the e .it=

ing neutral gas loud must bo pumped away.
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The primury sourcee of gas that make up the vacuum pumping luad
oceur (1) In the injector tanks from gas that Is introduced tnta the fon
source but ia not copverted to energetic neuwtrals, ond (2) in the end
tanks from neutralized plason leakage. This gus lood is handled by cryo-
condensation vacuum pumplng technlques {7}, shere the hydrogen {sotupew
are condensed on panels cooled to & °K by liquid He. A typicat cryopanel
18 shawn in Figure 10.

Prucveding now to the mechanical design of the reactor, the blanket
configuration is shown in Figure 11. The blanket is a spherical shell
that resides inside the Yin Yang wagnet, and has appropriote openings tor
neutral beam infection snd the plasma leakage fans. The cntire magnet,
blonker and primary heat traasfer loop are contained In a concrete @uno-
11th, or Presteensed Concrete Reactor Vessel (PCRV), as uhown In nlan view
in Figure 12. The concreie monolith serves to (1) restrain the main mag-
net forces, (2) mupport the blanket, and (3) support and restrain the pri~

mary heat transfer loop comp ments. A cross-sectivn through the 3.i<tor

appears tn Figure 15, shovin. the magnet, blanket, end tanks and vacuum
shell fn the PCAV; not shown in the drawing are the tajectar tanka aud
gricary hest tranifer loop ¢ ‘mponents which are also lpcated in the PCRY,
The blanket i6 copled With helium, using componenta develaped for
gar-cooled flssion teactors, The th rmal energy 18 tranaferred from the
He primaiy weet transfer Loop lata o stean thermal converston towp. A

cross section through the eatire plant 1s shown In Figurs 4.


http://th.it

B. Tandem Mirror Reactar
Tho tandem wirror reactor consistr of three mirrer cells on o
‘comton axis ss itewm in Figure 15. The end cella, or “plugs” establish
winimun B mognetic wells and are connected by a large central cell vhich
ts a siople solenoid. The plasma envelope is shown below the €01l in
Figure 15. The physical principles governing plasmn conflnement In this
configuration are described in Reference 8. Briefly, clasaieal mirror
which provide end sctoppering Ior the fons in the large central ceil. The
plugs are injected with a single species, D* or T°, and do ot produce
fusion power but rather serve just to clectromtatically stopper the cen-
ral cell. The central cell, where the fusion reacticn is sustained, 1s
fueled by lov energy neutral beoms of deuterium and tritium. Elcctrons
heated by the energetic ions In the plugs in turn heat the ions in che
central cell and help mointain the central rel) reaction. The balance af
the heating in the central cell 1a provided by the alpha parciclen cre-
ated in the fusion process. The plasma Q increases wich Increasiug cen-
tral cell size: for a LOOG Me unit, {t appears posatble to achleve
Q5.
The major fedtures of a tandem mirror reactor are listed in
Figure 16. The difficult 1. chnologicnl problems are concentrated in the
mall end plugs, which require high magnetic ficlds and high injection
energy. In contrast, the large central cell hoa a simple cylindrical
shape, low magnetic field and low fnjection euergy.
The conceprusl design of & 1000 Wic tandem miTTor Teactor {a

shown {n Figure 17. The reactor is dominated by the ~ 100 m loag ceatral



vell, with & neutral-beam-injected plug vn each end. Outboard of carh
plug is an end tank with direct converters to collect the leakage Nom
the plugs.

Central cell subdivision inte 3 metre long Dodules is planned
(Flgure 18). Each. with 24 blanket/shield wedges, vacuum chamber, “uper-
conduct ing solenvid, coolant manifalds, and arructurcd suppors, wetghs
750 tonne. A tracked transperter allows the module to be diaplared 10
meeres from the central cel) centerline.  Servicing machines extract
Aingle blanket scgmenta and move thew to “hot parts” atorage. tne ma-
chine vpray welded coolant pimes, the other removes and replaces module
romponents. A apecisl automalic welder cuts of [ and rewelds the vacuun
Joint at each end of a module.

The plup magnets tepresent 3 dealgn problem due to the high
magnetic field requirements. Fleld strengtha In the 16 T to 20 T rawge
at the conductor are uccessory. As preacntly visuslized the plug magact
system (Flgure 19) uses 8 pair of superconducting salenaid colls sct ro
crente a elntmum [B] well of small mirroc ratio (v 1.10), Becaude of the
high magactic flux densltles vequired and the lav strength of the high
furity alyminum conductor, the alusinum winding aust have Internal struc~
ture of velatively high atreagth alloy to eranamit the magnetic farcea to
the external mupport situcture. The refrigeratsr power required for the
Yiu Yang coil is kept to a reasonable level by (te relatively amall aize
and auperoge.

Neutral beam {njection of the plugs is nominally t MeV. Cuntin-
uous beama of that energy have not been achleved, but lower cneegy plused
beame of the wume current denslty are nou fn uke. A prellmlnacy deatqn

(Figure 20} handles the high valtage in increments of 200 k¥, uatng +
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600 kV from ground for a 1200 kV injector. It employe a cesium loniza-

tien cell, el and a p neutrolizer 19].
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€. Field Reversed Mirror Reactor

The field-reversed-nlrror confinement concept umes a neutral-beam
injoecelon pattern vhich establishes atrong plasma currents which circle
the axls of the applied mirror fleld as shown tn Figure 21. These plasza
currents are sufficiently strong o nignificantly alter the spplied map-
netic wirror ficld, converting the field configurntior from open-ficid
(typical of mirrors) to closed fieid ltnes. The significance of this
fleld modiflecation is that plasma contaipment 1s increased from 0 A 1
In the eTta fleld (mirror) configuration to € 5 in the closed flcld
(¢ everued-mirror) configuration. An additlonal bemufit, From the engl-
ncerlng standpeint, fs that much of the confining field ia generated by
the plasma ieself rather than vith cxpeasive, campticated coil windings,
thus sioplifying the reactor mechanical design and reducing capital costs.

The plasma {tself takes the shape of a "donut" (as vhown in Figure
21), has very high Fusion power density (v 100 w/ce), and {8 compara-
tively small, producing tena of megawatts of fusiun power. The field
reversed mirror renctor takes advantage of thia small power output per
plasua donut by employing a modular coacept for the reactor. For caample,
in Figure 22 four cells are shown linked together, the plasma lu each cell
belay supperted by a neutral fnjectlon system. The applied fleld in de-
aigped 1o hold each plasma cell in place and minimize interaction betwcen
The cells.

A preliminary conceptual design of an clectric geaerating station
bawed on a field-reversed-mirror fusion plasma has been completed (10},

A croyi-section through the reactor bs shovn in Flpure 23, Here, 12 vlls
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ure used to produce an elecrrical cutput of 120 Wi, The striking fea-
tures of the rasctor are its emall sfze compared o fusion rcactors based
on ather continement concepts, and the simple ¢ylindrical geometey. This
later Eeature greatly simplifies mechanical design and cawe of blaaket

+ Examining Figuve 23 In more deta{l, lmmedlately

ourboard of cha plasma L6 A set of copper {nurmall coils used to cetab-
11ah 2 modest airvor €f{vld that localizes the individual plasmas. Then,
procesding radially outward, ape the blanket and shieldiag, and tlaally
a eupttcanducting solenoid thet provides the wain applied field. The
isrge struceure outeide the soleauld angact houson the neutral beaa mym-
tems that drive the plagmas. On both ends of che reactor, {a the axtal
direetion, end tanks with dtrect conversion are used Lo srrosudate the
plasma exhaust and recover much of the energy in this pissmn fiow.

A lorge cancral station power plant, of say 1000 Mie, vould be

conatructed by ustok wultbiple units of tha typs shown in Plgure 23. A
top view of such a facility is ehown fn Figure 24, vhere veveral 100 Mwe
unita shote common foctijities. The advantaye of this configuration is that
one of two unita could be dowm for mointenance at any glven tiwe and the
remstning units would provide continuous outpu to the power grid. Pigure

2% s a cromw sectivn through the plant, showing location of the major

components of the pawer etation In relation to the fuston nucicar island.

HOTKCL
1 Wt prepaivd i an accoun af work o
Tt g e g e Helerence o 3 company o1 praduct
Neoer oae’ n....a St o e Vo mame does nov amply appiwal or
secammendanan of the praduct by
the Bnwvenaity ut Californm of the 11 §

i i m,u...p Y tnegy Rewarch & Devehpment
o sidons 0 o Admintsttation 1o the exclunon of
e wihess it may be subebite ™

ety
i gmi N


http://micle.tr

1y

(2}

{3

[

[$4]

(by

[&)]

(L]

{9

1o

Referencen

T. %, Fowler, “LiL Mirror Fusion Program: Summary”, lLawrence
Livermore Laboratary Report UCID-12387, 1977.

D. F. Baldwin, "End~Losa Proccsaca from M{rror Machinea”. subaiticd
ta Rev. Mod. Physica; aleo LLL Report UCR(~78406, 1976.

G. A Carlaon and R. W. Moir, “Mirror Machine Reactors”, Prac. of
nd Tapical Mtg. on Technology of Controlled Meclear Fuafon, CONF~
760935-P2, p. 555, 1976: also, LLL Report UCRL-78148, 1976.

Prac, USJUSSR Symposiue on Puslon~Fiselon Reactors, Livemore,
Catifornia, 1976, CONF-760733, p. t3-54.

4. W. Stearns, K. H. Berkner and R. V. Pyle, “Heutral-Beam Deaign
Optlona®, Proc. 2nd Toplcal Htg. on Technolagy of Controlled Nuclear
Fuston, 1974, CONPF-760935-94, p. 1221 alao, 1AL Report LBL-L492,
1976.

W. L. Barr and R. W. Moir, “A Review of Direct Encrgy Converaion for
Fusfon Reactors”, Troc. 2nd Topleal MIg. on Technology of Contrmlled
Muclear Fusfon, 1976, CONP-760935-P4, p. 1181; also, LLL Report JCRL-
78204, 1978,

L. C. Pittenger, "Vacuum Engineering for Fusion Research and Fusion
Enginearing", Proc. Annusl Sysgomium of Vacuum Soc. of Am., Chicago,
1976; alsp, LLL Keport UCRL-785D), 1976.

T. K. Frwlcer and B. G, Lopan, “The Tandem Mirror Reactor®, LLL Report
UCRL~78740, 1976,

Joel N, Fink, “Design Problems of a Continuous Injector of Many Amperes
of MaV Deuterium devtrals”, lawrence Livermore Labaratory Report UCID-
11303, 1976.

¥. C. Condit, C. A. Carlson, R. S. Devoto, 3. W, Doggert, W. S. teef,
and J, D. Hanman, “Preliminary Dosign Calculations for a Field-Reversed
Nirror Reactor™, LLL Report UCRL-52170, 1976.



MIRROR REACTOR DESIGNS . L]
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a~07 Confinement  Specuistion
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Tandem Electrostatic Modest High Technology
a~5s Patentist Physics End Plugs
Wi, ~ 1.2 MeV  Confinement  Spaculation
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Reactor
Fisld Reversed Cross-Field High Physics  Modest Technology
~ Confinement Speculation
W,,, ~ 200 keV
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1YERID BLANKET NEUTRONICS
1. Uramwm

238y 4 n{14 tev] —a F,P, + 200 MeV + &n

23, , ., oy, 2y, & 239,

2.  Thoriun
23271 + n(18 MeV) —= F.P. + 200 MeV + 4n

B2y e P, 23, £ 233,

Figure &




o M O ORI T

100 keV 10N SOURCE -

o MBS

Ly

PR

Figure &



o

ACUTRAL BEAM [DISFCTOR ARPAY

Figure 7

PLASMA LEAKAGE END TANKS

Receives Plasma Leakage

Electrostatic Deceleration of lons
(if Desired)

Plasma Neutralization
Thermal Energy Deposition & Removal

Provides Vacuum Pumping Locations

Figure 8
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YIN-YANG CoOIL

MIRROR HEACTOR WITH 9PHERICAL BLANKET

PRCSTRESSED CONCRETE REACTPRR VESSEL
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TANDEA: MIRROR MACHINE 9

Figure 15



FEATURES OF TANDEM MIRROR REACTOR €]

¢ High Q

@ Low central cell technology
Geamatric simplicity
Modular construction
Magnet c field strength 267

& Pawer can be increased by adding central cell modules

& High plug technology
Megnetic field at conductor =17 T
Injection energy = 1.2 MeV

¢ Pariodic plasma flush required to remove accumulated
ash (*He"*ions)

Flgure 16



TANDEM MIRROR AEACTOR e

Figure !

BLANKET MDDULE FOR TANDEM
MIRROR REACTOR

Figure 18
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|4 FIELD-REVERSAL

Plasma and
azimuthal currant

Reversed magnetic
field configuration

L3 acELL REACTOR UNIT

lon beams
{tangential injection}

Magnetic field lines

Flgure 21
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FIELD REVERSED REACTOR

MEUTRAL MgANY

Figure 23

[HELD REVERSLED MIEOE LLACTOR

l(su/ TCH YARD L__/DL_AALZA_VM

€ODE
O 7257 LEVR
Q) SEND LEVEL
@) nereSonD

0o¢C |
‘/ 74 o \
2N { ’ T
f2£vare] o = =
|2 5.5 (z;\Jv )e)w.cf:u’[wﬂ [ _1
lk{ﬂ§r<ﬁzgﬂj I ! 4J147 [44] ll L___I_____IJ
[ I A g‘.- = g:'i :: ‘yr 3 A 2R
LZ{ - wagEHOUSE f
L1525, AaM//wsreA7?w

PN TENANEE THP e

Figure 24



FIELD REVERSED MIRROR REACTOR
Section thru typical 120 MWe modula

Flgure 25



