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AND TRANSPORT
IN FIELD-REVERSED COiYFIGURATIONS

A field-reversed configuration ( FRC’ ) is a compact toroidal (CT )

plasma confinement. geometry with negligible toroidal magnetic field ( Fig,

1). Plasma confinement is provided by a poloida! magnet ic field associated
with diamagnetic toroidal current carried by t.lle plasma toroid. Stlch a

configuration i~as intrinsically higil ? (the magnetic field vanishes on a

circle in the plasma core), and may be transl~t.ed and compressed. TINwe

features make the FRC! attractive as a confimnmmt geometry for magnetic

fusion. Elongated (prolate ) FRCS have been produced in a nt.lnlbcr of

experiments and haw demonstrated nlacrow epic stability. Jvhell t IIe
rotatiomd n = 2 mode is cent rolled by rxt ernal mult ipole fields, plasma

confi~lement for the order of 100 axial Alfv+n transit times is observed.

Information about. field-reversed configurate im~s can be foul]d in two review

articles [1 ,2].

An outstanding t heorrt icai problem of grmt in]pnrt mrt= in rmmrcll

on FRCS is the explanation of the observrd stability of FRC% ttj tile

internal tilt mode. For rxamplc, in tile Los Alamos PR X-{’ expm-imwlt,

FRCS showed no evidence of the internal tilt mode d~lring exprrill]rlit RI

Iifrt.irncs of up to 300 p.5, which is over all order of Ii]agnit d= Imlgcr t htin

the expected ideal M HD growth time. Finite- Larmor-ra.dius ( PLR ) t Iwory

is inappropriate for thr FRC’ ccmfiglirat ion and the obwmwd stability

has not been explai~iecl by FLR tbmry [31. W’c ar~ engaged il] M111)

and kimtic studies of thr tilt nmde tl}at are nirnd at rxl)laillitlu tllt-

obsmwcd stability in FR(’ rxpmi;nci)ts. I’lwse st Ildies are wit hitl t Iv

cont,exts of two physical mod+: rmis(ivr N1}[D mld tlw }’la.ww fll~t ,

model (collisionlem ions, nmwdww fltlid +rt ron~ ) [4]. Con]pttfcr codes t hfit

implement both lincarizml and fully nmllinww wmims of t IN-W mmh=ls arr
bring uA. Our results do Imt vet Iwovide ml adqllnte rxl)lmtntitli~ (~f t lIr

CAwrvd d nbility, nlt hotlgll R st r(]l~pJy ritnl)ilizit]K tt=[ldmlry dIIe t(l kind ir

ion rffect R has been ot~smvmi. ‘1’he rffr-cts of I)IRSIIIRr(dntir]l] al~lwm t(} Iw

I
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unimportant. It seems most likely that a combination of profile effects,

ion kinetic effmts and nonlinear effects will be required to understand the

gross stability of FRCS.

The theoretical and simulation] evidence for interior tllrbulence in

FRCS is overwhelming [5,6]. For investigating the important subject of

turbulence and transport in FRC’S, wc usc hot h ana]yt ic st udics and

numerical simulation. A conclusion of our invest igat ions is that FRC’

transport laws should not be based on lower- hyhrid-drift ( LHI) ) modes

localized near the separat rix, but should be based on low-frequency

turbulence occurring throughout the FRC: profile. Previous simulations

of t hc racetrack region of an FRC’ on a short t imc scale have shown t.]Iat

LHD turlmlence develops quickly in the edge region [6]. in our new lol:g-

timc simulations, low-frequency mod~s ar~ present that interact with t hr

LHD modes. Turbulence eventually develops throughout the interior of

the FRC and causm destruction of magnrt ic flux, M’ork is in progrms to

determine transport coefficients in the end regions and the nmgnit tlcle al~d

scaling of the flux and particle losses t hat are inlplied by the simulations.

1. THE TILT MODE

To follow the nonlinear cvollltion of the tilt mode, incltldillg Hall

effects and effects of rotation in the eq~~ililwillnl. we are Ilsing t lw resist iw=

MHD model [7]. An analytic tr~at ment [8] hrus lwcdicted that t l~e

inclusion of the Hall tmn can lead to st Mbi]ity for small valurs of t I]c

parameter s , which is an average number of ion gyro-radii across t hc

plasma, or for vmy large clrmgations. Fxcrpt nmr tlw ]mwlidcfl trmll~itiml

between stability and instability, numerical results wit 1] t I]e rcsisi ive M} 11)

model arc in qualitative agremmmt with thr anrdytic rtwllts. However,

just. before the predicted transit ion to Stability, t Iw chrirnct m of the

n = 1 mode suddmdy c!~angm and a Iww mode, with mticl~ Inorr radird

atructurr rmd a growth rate of about W% of tlw hIIIL) ~rowtll r~te,

becomes dominant. Inclusion of rot r+timl in t hr rrsist ivc rnodrl nt t Itr

~xprrinmntally chwrved rates hm Rlll]{wt Im rfhwt llnlcws t II(S rot n{ i(}ll

2
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speed at the separatrix is nearly sonic , in which case the character of

the tilt changes. The displacement becomes axial and there is gross

distortion of the separat rix, but the growth rate remains comparable to

that of a nonrotating FRC!. Various cq[lilibria have been examined with t lie

resistive MHD model, including two new classes: FRC’S with strong axial

mirrors and FRCk with flux maxima near the ends. No significant

differences in growth rate have been observed among the equilibria that

were examined. ..

WC are using t~ro techniques to study the internal tilt mode within

the context of the linearized V1asov-fluid model [4]. 111t his mode] the ions

are described by the Vla.rmv equation and t Ile elect rons are t rested as a

massless, pressureless fluid. The first tt=cllniqlle is based cm a dispersion

functional that is particularly appropriate e for ~lse with mtllt idi]nensionnl

equilibria [9, 10]. The dispersion f{lnct imlal is expressed in tcrn~s of

autocorrdat ion functions of certain quantities taken along t lie cquilil)riu]l~

particle orbits. The dependent variablr for t Iw Vlasov-fiuid mode] is

the nmgn~tic fi+l Iille displacen~ent {, . By expanding { in terms of

a finite get of baais functions, a dispersion matrix can IJC derived frolll t lie

dispersion functional. Thr eigenfreqtwncim of the problcm arr the roots

of the determinant of the dispersion matrix and the eigemnodes arc the

eigmfunctions of the dispmsion matrix corresponding {o zero cigellvallw.

Displacements are presently restricted to be constant 011 at) cvl~~ilibrilii~~

flux surface and to haw no radial component. Plans to renmvr t his

approximate ion are now being fornvdat ed.
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Work is in progress to determine the st~bility of large-s FRCk to which IIas

ben added a hot ion component in addition to the t herrnal component.

Our second technique for using thr linearized Vlasov-fluid model to

examine the internal tilt mode is to solve the eqtl,at ions as an illlt ial -

value problem. The perturlmt ion dist rilmt ion fllnct ion is conlput ccl froln

the linearized Vlasov equat ion hy int egrat ion along , upert urbmi orl~its.

thereby avoiding the limitation of a linearized particle sil]~[llatioll tl]at

arises from exponential separation of neighboring particle orbits ! 1 1].

Results obtained are in general agreenvmt with tile dispersion functional

approach.
We have modeled t Ile nonlinear evo]ut ion of t l~e itlternal tilt tnode

within the context of the Vlasov-flllid nlodcl with n 3-D part icle-il~-

CCII code (QN3D) [12]. This nonlilwar code mockls tlw plasnla by

using particles for the ions and a n~ass]ess zero- tt=lnperature flllid for t Ile

elect rons. Them assumpt ions , along wit 1] neglect of t I]r di~plnrrnlcllt

current ill Ampere’s law, clill~inat e lligl)-frequellcy Inodm of t h? plasllla

w~d allow one to study ion kinetic effects 011 RIIII) nmdes. QN31_) IISCS

2-D axisyrnmct ric o[lt p~lt from mot Iler code [13] to init inlize t IIe positions

and velocities oi’ the part iclcs as wrll M t I)e Inagnet ic ticld. QN3L) is

a very large code, typically using a Inillion particles and a grid size of

41 x 41 x 41. Two ext.cnsivr calculat ions are relmrt t-d, raclI invol~’i!lg 3000

timr iterations. The two calculat ions corrmlmnd to s \-alIIm of 1.6 ~IIrl 12,

The estimated Iincar growth ratm for t l~ese two ca~rs are it] fair agrrell]el]t

with linear Vlasov calculations. Exact agrerilwnt sllo~lld i]ot Iw rxpwtr(l

since the initial equilibria uned by t hr conlinrm and lin~~r caku]at ions nrr

somewhat differrnt. In order to compnre tiIr rrs!llts of QN3D with Nllll)

prcdictiono, WC usc a 3-L) hill D COCIV,TEhlcx) [1-l], to COIIIIJIIteRrowt]l

rateu in the MH13 linlit. This cock, WIN-IIrlln with the mnw rqllilibrillll] ns

QN3D, gives comparaldr growth rates ill !lw higt]-s cmr, (’oll,l)titali,n]s
am now undrr way to sillllllatr tllc fllrtllcr lmlllil~ear evolllti,)ll Or tllr tilt

mock.
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2. TURBULENCE AND TRANSPORT

The interior of an FRC is unst ablr to a set of low-freqlwncy, nigh-/3.

elect romagnet ic drift waves [15]. The elect rornagnet ic nature of the modes

causes rapid radial heat exchange bet ween the interior and the exterior,

as well as particle transport. The magnet ic fluctuations produce an

anomalous resist ivit y in the interior, which reduces the internal magnetic

flux. A weak turbulence analysis based on these unstable rnodm has

been used to derive particle, flux and energy loss rates, which agrcw with

experiment over a wide range of parameters. AH analysis of three-wave

interaction bet ween the low-frequency modes and LH D waves indicpt es

that the lo-w-frequency turbulence call reduce the ICVA of lower-hybrid-

drift wavr turbulence; this agrees wit!l both the nllll nwa..llrellwnts of

LHD t.urbulcncc in TRX-2 [16] and the opposite restllt in tl]e {;arching

theta pinch lNTEREX [17]. These results coldirnl that low-frequency

modes are necessary ingrmiients for describing FR[’ t rs.nsport.

Chr particle simulations [18] rxalllille t]w nlicrmtal)ility properties of

an FRC’ with infinitr axial extent and planar geometry. II] t IIis geon)et ry,

the racetrack region is approximate ml Ijy a planar slab and the cncl rrgions

are absent. The plasma evolution is descril>ed by a fil]it e-electrml-lllass

hybrid code in which the ions are kinetic al]d the elrctrons arc a finit~-

maas charge-neutralizing fluid. Wavm characterist ic of t he lowm-hybricl -

drift instability quickly grow in t hr rrgion near the srparat rix where t l~c

driving density gradient is large. Nonlinear wavm ultimately fill t Ile en~ irc

region As tlw simulation is run for lonGcr t imm, Iowcr-frcqtwncy wmves

●nta- !hc eimlllatimwd domain am-l interact with the lli~ller-frrrlll~’nrv

waves. Therr is Eonw cvidrllc~ t I:at t Ilr sat Ilrnt ion allll]lit ~Id~ d t Iw

‘)
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FIGURE CAPTIONS

Fig. 1. FRC’ Geometry.
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