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RECENT RESULTS OF AN INTERtiAL TILT MODE CALCULJITI O?i IN FRCS

D. C. Barnes, Science Appllcatlons International
J. L Schwarzmeler and H R Lewis, Los Alamos National Laboratory

&?tract

Recent theoretical results on Lhc stnbllltv of FRCS to the infernal
t]lt mode are presented An a~prox]mate treatment of collisions shows that
CO1 lls]ons have a smal 1 eiiect on the growth rate of the mode Ulltll the
plasma becomes very co]l]slonal (Al, < re/2) F]nlte Larmor radius theory
predicts that

depends only
However, a fu:

seal lng

I l.ntr~-
Recently

the growth rate of th~’]nst;b]llty normalized to that of MHD
on the comblnat)on ile, where ● IS the plasma elongation

1 Vlasoq~ stabll)ty calculation does not appenr to show such a

Sm
we have implemented numerically a klnetlc stabll]tv analysls

resu,tq$nter”al

of the t]lt mode (n = 1 halloonlng mode) in FRCs. i’: Our earner
can be summarized by saying that when full Vlasov lon klnetlc

● ffects are taken Into account in the FRC geometry, the growth :ate of the
mode 1s reduced fro~ MHD by more than a factor of 30 for ●xlstlng
experimental values of E (O 75 < = < 1 6). Such a reduction in the growth
rate of th- lnstablllty 1s consistent with ubserved characteristic plasma
decay times Lur study also lndlcates that there mav be a stablllty
threshold for Internal tlltlng at about ~ of 3. While we belleve we W
demonstrated the capnblllty to do ●xart Vlasov stabll]ty computai ]or.s for
mult)dlmcnslonal plasma equ]l]brla, deta] led application of these results
to thr ●xperiments 1s premature, slnre many Improvements on the calculation
are nvedrd

In stud] es3”4 of the ~tablllt. of mlrrnr and EBT systems lt has emergrrt
that thr stal]ll)tv of certain mortrs IS rnchanced or ach]rverf when u“ ~ 7M,
wherr u“ IS Ll)t= d]emagnrtlc dr]ft frpquency and yM IS thr MtU) growtl) rntr
of the mod{ Sll]c’e u“ IS drtrrmlnrd hy the rad]ul dimensions of thr plasm”)
nlld 7M h y th? CJXIUI dlm?nsl(]r]s . the stahllltv cr]terlon lmplles ttlnl
Stat)lllly CaII h~ nrlll~vrrt for ~ given plasmn rarilus If th~ plasmn lenutll Is

P(1S t arl(l Hammr r’) hnvr speculated on =Ilrtllrr thr snmr nspr(t
rnt 10 SL’81 IJIE St)[)U]d !Ir Ot)SFrWCd .IJI ,Ollr V]FJSOV StDbl ] Itv CA](”lJlnt IOIIS

III this pnprr wr rrpor-t on two Pxtenslons of our prrvlou:; results wr
llHV P cn:lsldrrrd approx]mntrlv thr effert of 10:) rrJl I ISIOII:+ nnri hnvr dmlr n
Lrlef stl~(Iv of l]]r Fffr(.t of })lesrrrn ?longntlnn 011 t.llt stnt)liltv Wi~rn
(,(11 I lSI(lIIS nrr Imludrci In nil n~)llroxlmntr wnv, wr fl:l(l thnt fol- nll vnll]r~
of i {:[)1 I lslIIl)\ Ilnvr Ilttlr rffr(t on thr grfrwth rnir Urltll t 11P
Ilr(.[)mr:;

plnsmn
vrrv (,l]lll:. I(II)nl (All : r~,’;’.) In our- hrlrf sllrvrv of thr rffr[.t

of I)lnsmn nsl)r(l rnll(l 1)11 slnl~)lltv. wr f 11111 Lhn’ thr Vlnstjv stnt]llltv
I-rslllt:i (ill II(II nl)})rnt to follow tllr flnltr Lnrmor rn(ilus (FLli! scnl IIIg of
II(]rmnl ly.r[l ~rowttl I.ntr w)tt) +, r Tl)r cxn(.t s(”nll:)g WIttI rlon~~tlull hns not

I)rrl] (Irtrrmlllr(l, hl!t wr WII 1 p\lI-suf. this studv motr 111 thr fllturf Wr nlso
nlr rxtrll[lln~ [)111 (.nl(.ulht 1011 hv (stInsIdrrIIIu n pnrt Inl Fxpans lon r}f t Ilr
rl~rllfllll(t 11111, Inlllrl t llnll n xlml)lr trlnl fuil(.tloll npl~ronrtl. but at this
t Imr wr tlnvr Ilt)t n[tllrvr~l t“[)flvrr~rll[r 111 [)llr rmnl)lllnt II)IIS TIIUS thr rffr(l
011 t ltr ~Iowtll Irnlr III thr r]grnflln[.! 1{111 rxpnllxloll WI I I hnvr to awnl t m(ilr
stllliv
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It IS dlfflcult to consider :on—lon coll]slons ●xactly us]ng a Vlasov
model in an ●]genvalue calculation, lnslead of nttempt!ng n rigorous
treatment of collls]ons, we first attempt an approximate treatment of
coll:slons. see lf the ●ffect IS big, and then decide whether a better
treatment 1s Just lfled Our klnet~c dispersion functional Involves
eutocorrelntlon functions of the ]nleractlon of the perturbing f]elds with
pnrtlcles moving along th~lr equll]br]um orbits We reason that the
qualltat.lv~ effect of collisions can be nscertalned slrnplv bv cutt]ng off

the correlation funct]ons at appropriate ~nn-lon colllslon t~mes
The dispersion funct]onul has the form

A = -Zfjw + Z.% + v(d) = o,

where 6W 1s thr lncompress]blr ~ rSW and K IS the MHD Inerllh term

(1)

v(u). which contains all the klnet]c contrlbutlons, IS deflnrd by

9
v(u) = - iM2iJ ~d7 ●*07 [A(-T) +cJB(-T) +kJ2C(-7)], Imu ~ O

0

The nutocorrelatlon funrtlons are defined bv

and

(2)

(3)

(4

:()’7’1 y“[:(:(), ())]s[7.’ ((j)

Thr phasr funrt inns X mI[i Y nr~ d~flnr(! hv

Inv,q
x = v\, V( + —V*( nllriY - IV*( (~)-. - r-_ - -.

:J, Eqt (:1-7), n phnsr nl)nir p(Illlt (q.p) 1s drll[ltr(i I)V :“.. nll(l thr ~(~lutlol)

Of t 11?
.

r[lul 1 IhrIu.m rqllnt ItIIIS ~~f mot 1011 i:: ;. ‘ 7.f~:[), l) TIIIS mrnIIs tllnl n

]jnrl 11.lr :itnltlu~ nt pllnsr I)(IIIIt ~[) WIII I)r nl lI[~:;llIIIII ;: n tlmr 1 Intrr
Sln(r AjT), II(T), nl!d (“(1) 1*1)111nlli t IIr rllnl-n(.trl-lst 1[’ p[lwrrs

:1
0 r

Vrl(l[’ltv v , v , nllll v’ , resl)r t Ivrlv Wr hnvr 1)111 smooth” {.ut of f :: In t II(’
Illltl)f”flrl”rlnt 1[)11 fulll’t 1011s nt 1o11 loll (.01 1 ISII)II t )mrs (.nl(.ulnle(l f 1’0111
rffr[’tlvr tllrrmnl Vrlf)(’ltlrs [)ljtnlllrll fr[jnl Mnxwrl Iln!l dlstrlllllt IIIIIX
WrlRtltF(! tlY t Ilr (’or l’~%polllllllti Il[)wrrs (1r Vrlll(.llv If Wr drflllr n
[.t)lllsl(lilnlllv pnrnmrlrr I IS All , Illrll It (’nil Ilr shown tllnl

1. .- (~11) (X..T3 ‘:) TIIIIS I, nli[l s ~.nll IIF
..

Vnrle{l Ill(lrllrlldrllt Iv hv nll
nlIpl,Il~Ir I nt r Srqurll(’r f) f FilIII I llll-lllm Stnlr.i F’llr n glvrll vnlur of s wr

rtlonsr 1’ Ii) Ilr Ill ‘I)r set 10 [) gl~, 4 !)( Tllr ,Qllrvrx of Y:~M vrrsII:i < fIII

Fn(tl r nrr ?ItIIIWII III Flk 1 A!; i.nli l~r SFFII from FIM I , fl~l 1“ - ~) !~ll, III”

A r.. , [-I)IIIsIoIIY Ilnvr nlm{!sl III) rff~ll ThIY I!; t]v[.n~lsr
I I ““” ..

1 Ilr FIJI{ I ll\P

nill.~{”t)lr”r]lll]llii flllll’t 11)11 A(I ) (llII!i Irlm tiljmlllnlr?i III (:!)) {Irt,nv:i III n tlmf’

stI(lrt rc)ml)nrrll 10 n tv})l(.nl 111111.:11111 t lmr 11 olllv wllrll I Ilr Illn:ilnll l:; s!)

(.1)1 I 1s1011111 tllnt ( .I !), II(I wr :itnlt I(I nl}l)t(ln(’11 tllr M}ll) I 111111 tlnxr,l 1)11



Fig 1 we could ●stlmete that co
when c = r5/A, , > 2.
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llslonal ●ffects start to become ~mportant

WC now show that in the flnlte Lermor radius (FLR) llmit our dlsperslcn

functional shows the e’ongatlon scallng suggested by Post and Hammer, then
we test to see ]! the scql]n~ l:ltrue in general The ●longation parnmeter
● IS defined to be e = (2rs 1s) , where IS )s the total length of the FRC
The MHD growth rate 1s approximately yM = v,//fi

s’ so dW can bt scaled

relntlve to K by
... .-

(3W - -7: K

in the FLR l]mlt wc retain only the term A(–T) in
app;oxlmate

where rc 1s the correlation t]me, the length of
part lcl~’s ●qu]l]brlum mot]on contributes coherently to
Then Eq (3) becomes

(El)

Eq, (3) We can

(9)

time for wh]ch the
the normal mode

(10)

( The {actor of 1 ]n V[LJ) was dropp~d. since we know that V becomes real in
th~ FLR llmlt ) Dlvldf thr d]sperslon functlonol (1) by 2ti and use T =

MY;,’2 to gt-t

(11)

In an F1.R throrv -1It 1s fipproprlfit~ to chonsc T{. to br t_?cl Define thr
smtil 1 paramctrrs A ‘“1r and f l~l;r% Therl (11) becomes

() -

Thr

fil

..
‘yM + u’- h t )’” ‘h

rcqlllrrrnrnt for’

-r-. -1... (

stnl~ll):ntlnn from (12~ Is

(1:{)

‘1’1111!;Illr rl oll~nl 1o11

>’l.li IImll of {)111 (1

tlll!i s(.nlll]g vnlld

scnl InfZ n] lIIdr(l to bv Post and tinmnwr apprnrs 111 t hr
sprr~lon fu:]rtlolln] Thr qurst 10:) IS to what Pxtrllt 1s

01 thr fill] klllptlr Cll]C’U18tl[lll

I“tlr S[nl 111E of Ilr urnw[h rnle wltli elongation ns pr~dl(.trd b ~Eq (1:])

trstr(l l’{)ml)lltnt II);lnl IV USIIIU thr rnrquenur of thrrr rqui 1 Ibrln Slll)wll III

;: (llfltr Illr tllffrrrnt hnr170ntnl s~-nl?s) For ?n(.11 ii In 111P fl?t
:, , 1 [), :! (), 7 (!, nllll l:) [)(, wr [:nlrulnl~d thr normnl Izrd Urowtll rntr

tllr tlllrr vnlllr:i of rlnll~nt 1o11 If yyyM wrrr n fulll’t 1o11 of thr SIIIMlr
nt!le s,r, tllrll our itnln sllollld I Ir oil a sm~)otll rurvr In F]g :! wr

Illnl Itlr ;Imrrnnl li”,r~: Rr~)wtll rnlr Is not n fun(.t Ion () f slnglr varl~t)lf.

(fitt Illstn[i[.r, Illr dnln 1* nol ● vrll npI~roximnt~lv mollot[lnll’) ‘{. owrvr r ,
Wr 1)[11111 11111 Illnt IIlr Slllll t rlollunt 11111 rnsr (r - 5 1) IS not I 11 tt)r

nxvml)t[)t II. Mill) rrulmr. Sllll.r y
M

Is [lot si.nllnu Iillrnrlv with r Thnt 1s,

‘“M l% llt~l ~lvril n[.(~111 nlrly I)v v ,1%, I]llt ttlrrr IW ndllll I[lllnl I drIjrll{lrllt~r

l.l~llrr :1 %ll~~r!it :; tllnt Illrli mnv l)r n si,nllllg of l10rmnli7,r~ ~1.owttl rntr

Wlttl s r fill smnl I vnlllrr. of tt)nt I)nlnmrtrr Ih)wrvrt-, ltII:i IS tllr lll~lllv
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kinetic regime where the FLR assumptions are not justified, so any scaling
with F\e is probably fortuitous (also the error bars on the data points 1S

larger for very small growth rates),
There may be a caveat with our present elongation study, and the

verification and resolution of this difficulty must awa i t future
calcu’atlnns. The total displacement vector for the FRC geometry can be
written as

where # labels n flux surface and N labels the position along a flux
surface (O IS determined from incompressibility, and If the FRC has a
larg; enough elongation, (r can be neglected, We have seen from eal.ller

work thet If the FRC has nearly elliptical flux surfaces (such as in Figs,

2a and 2bJ then lt 1s a good approximation to assume that each flux surface
moves rlgldly.

(z(*.x) = (Z(*) (14)

Approxlmatlon (14) 1s being made ]n all our current stablllty computations,
However, If the FRC IS more racetrack (perhaps llke In Fig, 2C) then the
displacement is concentrated more towards the tips of the flux surfaces,
and” large7underest lmates of the growth rate could result ]f assumption (14)
1s made Thus , all our results for the Flg 2C equlllbrlum should be
viewed as p, :llmlnary nnd suh]ect to further verlflcatlon when our
elgenfunctlon ●xpnns)nn brcnm?s ful Iy three dlmcnsloritil (1 e ,
dependenrel

includes ~
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