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Increased Particle Confinement with the Use of External dc Bias

Field in the CTX Spheromak .
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Abetzact

Spheromako *?o formed in & mesh flux conmrvor in the praaancr of ● ●xternol dc bi~s field The ●phcrom-ka

remain otcbl? to tiltinstabilities with raiot of bim-to-sphcromak flux of up to 47 * 7%. Norm-lly ●pplt.d b!ss

flux puts the cph*romak ●puatrix indda the metal m.oh ●nd Jmprovas tht partkla confinamtrrt.

Spheromaks are toroidal magnetic confinement configurations of a compact nature (no material linking
the torus). They have been made stable to gross magnetohydrod ynamic instabilities II ,2] by the preaencc

of close fitting flux conservers13] or passive st.abilizers.li ] The use of mesh flux conserves provides stability,
red uces wall area, and improves plasma parameters by producing cleaner plasmas/5], Induced currents in
the poloidal-flux-conrwrving t.oroidal hoops create some priv~te flux which causes spheromak flux to paw.
outside the mesh, Resistive loss in the mesh continues to increase the fraction of this open linked flUX16],

An external dc bias field crctttes flux that if trapped inside the flux conscrver. The result of positive
or normal bias is to push the separatrix of the forming spheromak inside the metal mesh, and to close
the field lines new the geometric axis withir the flux conserver (thuii eliminating the open linked flux. )
The particle confinement times in thew flux conserves are important because they have limited energy
confinement in CTX ttpheromaks16j, Previous sphtwon~ak experiments with bias field in solid flux conservcrci
[3,7] were done on cold plasmas with Metlmcs less than the pwticle canflncment time. No improvement in
confinement in these riolicl flux con$erver experiments was reported, Wc now ace increaaed plasma density
and rcduccd hydrogen radiation under conditions of suficient bias flux to eliminate the open linked flux.
Reversing the direction of the bi~ flux (producing negative bias) and increasing the open linked flux degrrndcs
theme indicators of particlr confinement, Once iormed, the spheromaks arc f’ound to bc stable for positivo
bim.to-sphcromak flux ratios of up to 47 ~ 7%,

The cxtcrnttl bias field ia generated by a set of 10 coils in ucrics, each 14 t,urnfi at a mean radius of 0,928 m,
‘1’heir aximl pw+itiom arc down in Fi~urc 1, The bias field is not quite Nymmetric about the midplanc, and

‘{ ‘K]~ H 0,19 tit 0,4fi m radius (the location of tkfweakly mirrotwd with a fiuld curvature index n, .= -- ~ji %2{
sptwromak major rad]us, ) The flux inside the O,U’Irn radius of LIICflux conw!twer midplane in calculated to
be O.!Uix 10”” Wb per Ampww of current, l’hi~ valu has t.)ccn tncatiurd by n lid] pr& in agreement to

withitl 10~0 of the calculated value, ‘l%c currerit, in thu coil uct iti nm)itoruj w each diachargc to da~crmino
the bitui flux,

‘1’}Ic ttpheronmk poloiclal flux cut) bt ctdcul~tcd from nica~urcment~ of’currtnts it] the ttwoitlal koopti of
the rnwh flux conwwcr, A co$nputcr CAI that IWIVCHtho (.;rad.Shafiwnov equilibrium equntions }IM boon
UMMIto cak!uiatc the inducw] currcnt,ti in tkc hoopH, both with and withou( bias field, ttnd with dilrerttll
equilibrium currttl~. den~ity proiilcsl$], l’hc uphmont~k poluidrnl flux cati kwtletmvnintxl to within lfi”~ crrot’
(0% nwa8urtmwnt, fi% theory, 10% profile determination), l’he magnitude of the bj~ flux will often IN’
quotxwl by its pcrcentttge rhtio LOthe uphcrtnuah po]oidal flux, Figure 1 shows calculated equilibrium flux
aurfncw with -+l!i90 bias flux,

During the iortnatitm of’the CTX mp}mrotuak tkc poloidtd flux itt lmilt up fiwm rncro, ]~’orthe diflchnq!es
studied in thcue bias fMd expcriment~ the tmurcc uuutaintj and incroam the flux for 0,6 mu ~twhich time tJIv
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Figure 1: Diagram of CTX experiment with bias coils, and computed equilibrium ir. the preqence of +15%
biaa tiuA.

source voltage M turned off and the spheromak magnetically disconnects from the source, From this initial
peuk flux the apheromah resistively decays, and the ratio of dc-bias-t-spherornak flux increaaes.

Too much bias flux causeg the spheromak to becornc tilt unstable. The iimit depend~ on the flux raticl,
which determines how far the separatrix is from the stabilizing wail. The tilting limit, on the ●pplied bias
fiux appears in two ways: I) the spheromak can flip initially during formation; ●nd 2) spheroma.lw with
normal bias flux can go unstattle during the resistive decay,

The initial flipping causes an operational limit on the amount of applied bias flux, The limit has been
necn before, and depends on the nhape of fJIe flux cotlservcr.13] ‘l’he spheromak tiux must be built up from
wro during formation in the presence of tht dc bias flux. Initialiy the aphcrornak ia tilt unstable WIthe flux
ratio (him-to-aphmwmak) reduces from iniinity, Whether the mpheromak fiips depends on the time spent in
the wwtahle regime relative to the growth time of the tih instability. Even with no bias flux the apheromak~
initially flip 10°Aof the time. At O-lfi% flux rnt.io (determined at pcnk ttpheromak flux), 10 out of 84 shoh
dipped, not wry different from the no bias flux rowtlt, Ahovc lfi%, 4 out of 7 dipped initially, I:mking
rcproduci$le experimcnm difficult, Two discharge out of 47 actually flii}i~ed initially itl the i)resence of
negative bia~, remdting in sidlcromaks with initial positive flu]i rat.io~ of S WI IiYo,

Diuch*rgcB sticcmafully formed with high initial poaiu:ve flux ratiob are olxmrvod to go unmtablc anti flip
during their remitrtivc decay, ‘1’hifleffect was uccn on the Deta.H cxi)erimwltli’]o 111titcw CIX exi~crimcnta
the fiux ratio at time of Lilting iti 4’/ i. 7%1 l’hifi limit i8 chw to tht fi4Yolimit predicted by thcotwtical
Wilctkhtkilti d lhhd[9]i ‘We difi’tmmem ii) flux cOriRirWr grmncu y arid a tiidi wd inntcad of ~o)id may. ..— -,. ,

axidaitl at;y amnll dim(!re;)atlcy in the limitN, ‘Yhc {iii) rotates the magrwtic axiti through 180”, rwtlting itl a
8tdh npheromak a.ibeit with clouad fiux puuht!d Outward it) major radius M in ncghtivo iri&!!oimation. l’tlc
ikwna iu obmwved to {Iii) within GO-WU81Magnctir signals dcvi~~e from the nor~tlrn]t,it~}c hay with RH
cxpotmntiid time t!ont)twlt of’ 1O-2OY8, ‘Ihh UrOWLh two agrcw within a fhclm of 2 with thp rigid-tmwidtd-
loop model of’MuntmII et al,lkt)]
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Without bias field, the global particle confinement
time rP in the 0.67 m mesh flux conserver is 0.2-
0.6 ms. The magnetic energy decay time rw is usu-
ally longer than rP with values of 0.4-0.6 ms. While
values of rP less than rw allow pump-out[6] of the
impurities and 100 el’ values of the temperature, the
resulting values of’ $ are lower and there is no im-
provement in the energy confinement time. Values
of’ rP luger than r~, require the impurity radiation
to be burned through and would then result in im-
proved energy confinement dependent on the parti-
cle confinement16]. Burn-through of low-Z impuri-
ties in general requires the current-density-to-plasma-
density j/n to bc susiaiued at over 2 x 10 “4A ml(l].
Such conditions have not yet been achieved in CTX.

The spheromak plasma density must be maintained

agains~ the particle loss in order to ●chieve long re-
sistive decay times. A static hydrogen filling pressure

provides a n ?utral source of particles to prevent sud-
dent termination of the discharge when the density
goes towards sero[ll]. The spheromak density late
in time is regulated by the filling pressure, while the
density early in time is more dependent on the for-
mation current.

Application of bias flux in the normal direction re-
sults in increaried density and reduced hydrogen ra-
dia~ion ikwrsing the bias )Ias the opposite effect on
both diagnostics T)ICSC changes to particle confine-
ment diagnostics occur while the neutral hydrogen
filling pressure is kept constatit, Figure 2 illustrates
three discharges andcr identicd conditions except for
the dc bia~ flux, ‘1’hcdensity is an average using all
8 chords of a C02 intcrfcromcter, The change in the
density aflccts the resi~tivc decay of the flux, Fig-
ure 3 IJhow8 how the amount of applwd bias change~
the de:tfiity and Lw rnrliation at 1.0 and 1.5 mu into
~hc discharge,

Normttl bim can providt~ improved conflnamcnt
of ttl<! dwmityj l~y operating at Iowcr fillin~ proY-
8UIWthan witlj n~ bi~~ an optimutn dcnuity can i}t~

found that allow~ for our lotlge8blivcd Hpht!rontak

discha,rflcs (ovw 2,() IIIS kftvr ttource turn.ofl. ) Rv-

vwwed bibs mignilicmlltly rwlucm the cwly tinw den-
flity mod improvw the j’/n, for n ~hort time, up to
2 x 10”’*4A III, Such diwtlnrg(!H initially h~vt) km[f

refliwivc decay titmw, Iml thv) HuddQIIly terminate
wtlwl th{’ particle dot~uily ~ovN tmwardu ww (fw lJig-
U1’(!2(tm)l)

Awumtc dctmvninrnt,iou of tho glolml ptwticle con.
finemotll tinw requiwfi iufortm.ion Aout the relation
of tlichydrogen radidon U) (h ioni~ation ratall~]o

TOME (m.)

Figure 2: Spheromak poloidal ffux, electron density,
snd Lo radlaticm for three discharges at - IS, O, and
+13 ntWb bias flux at 4 mT filling pressure,

WAQ FLUX
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4The number of ionizations per photon ciepen s sen-
sitively on density above ● few times 10’actn~ and
on temperature below 25 eV. Profiles of the emission
may vary under different conditions. Since the )um-
ber of ionisations per photon increases with de~sity,
it is possible tnat. a rise in density and a drop iit Lo
radiation could occur with no change in global F&t i-
cle confinement time rP. A strong edge temper~ure
increase with applied positive bias flux could help ex-
plain the drop in hydroger, rtiiation for ● cons~ant
7P,

However, the observed magnitude of the rise in
density and decrease in hydrogen radi~tion seen on

CTX with applied bias flux can only be explained
by an increase in the particle confinement time, A
rough eutimate of the actual confinement time can be
made using the following assumptions: 1) the tem-

perature remains constant; 2) there are no profile
changes in the Lo radiation that would change thr
emission volume; and S) rr e W@s in no bias. field,
4 mT filling pressure operation. (This assumption
is used to calibrate the Lm emission because dur-
ing these experiments the absolute calibrations of the
vacuum ultraviolet spectrometers monitoring the ra-
ditttion were not accurately known. The value of
i100p~is chosen as a fit to density and impurity pump-
out behavior. ) Using these assumptions the particle
confinement time can almogt double at +15% initial
him flux, and more than triple m the flux ratio ex-
ceeds +.2570 (Figure 4(a) ). Reversing the bias can

more than halve the confinement time at -1OVO flux.

Temperature changes ●lone cannot explain the ob-
nerved density incrc~e and I.a decrcasc, A factor of
fi change in the number of ionizations pcr photon duc
JO changing the temperature of the ionization region
would be required to maintain a constant r,, with pos.
itive bias tlUX, An additional factor of 7 would be r{~-
quired to explain the neg~tivc bias flux results, l’hc
adge temperature would have to go from les~ than
1 CV witk revtwne bins to a few CV with no bins to
greater than 20 eV for normal bias, While the impu=
rity radietion iR lower with rcwwscd bi~~ becauw of
the lower dcn~ity, the rtkdiation normaliwd to dcn~ity
dow not ducrcw in time at a nignificant]y dillwwuL
raw,

A wan was performed with rnimilar bia~ flux ~t re-
duced initial ~pherom~k fluxm, h’igurc 4 show~ how
the eflect8 of the bia~ flux 011 the pmrtkl~ twdinomcnt,

tiw occur twliw u tht! initial r@crotnrnk poloidtd
{Iux in raducwl an(l the thne of t .l0% flux rutio occur~
earliur. ‘1’hu dmcrrwc in rP laLc in time i~ aeaociated

1.0

0.5

0

e
0.s

o

0.s

o
o 2

Td (ins)

Figure 4; IMimated particle confinement time for
diachargcs with + i3, O, and = i$ ni’?db bias flux at
different inititd upheromak {IUXCS, lhtimatml rP’s
greater than 1 mtj have been cutoff for these dig-
charfp with clccay lifotimefj Of olI]y * l, fjms,
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with Lhe termination of the spheromak discharge. [11] C.W. Barnes et al., Nucl. Fusion 24 [1984) 267.

The value of the flux ratio where the msximum e$
feet on the particle confinement is observed is close [12] L. Johnson and E. Hinnov, J. Quant. Spectrosc.

to the value that just closes the open linked flux. At Radiat. Tkansfer 13 (1973) SSS.

these flux ratios of 10-20% the spheromak is still ob-
served to be very stable to the t~t. instability in the
presence of a nearby stabilizing @ux conserver wall.
The use of bias flux with stabilizing flux conservcrs
holds great promise far iinproving the operation and
confinement properties of spheromtdw.
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