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G. J. h:~rklin, and D. A, Platts
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At the time of termination of any experimental research program, a
large number of unanswered quesLions always remain. Many of these
questions are specific to the particular experiment or technique being
studied. But, if the research is relevant, there will be many that also
apply quite generally to all types of work in the field. We find this to
be the case as CTX operations come to an end. In our final contribution to
what has been for us a stimulating series of workshops, we would like to
review our progress over the last year and, at the same time, state what we
think arc the important related issues foL- further spheromak research.

The big question being addressed on CTX during the past year has been:
Why was energy confinement not improved by increasing the mesh flux
conserver radius from 40 cm to 67 cm? A comparison of decaying spheromaks
with the s me

!?
values of j and n in the two cases [1] shows ~B2 improving

roughly as R but little change in T=. As a result, <@>vo has gone from
- 7.0% 10 i- 2.0% and the inferred energy confinement ime has remained
unchanged at - 23 us. An energy balance analysis of the 40 cm case [2 J
showed that the observ~d rapid particle loss could account for most of the
energy loss while providing a mechanism for the removal of impurities. At
6’ cm, T has also improved by about a factor of 2, particle loss therefore
contributes substantially ~$ss to energy balance and the achievernsnt in CTX
of j/nP as high as 3 x 10- A“m (Ito.

\
up to 1 HA), low-Z impurities should

not be-a problem. A question then gr ses: Is CTX faced with a new strong
energy loss mechanism that is characteristic OE spheromks in general? ‘[his
question is not simply answered because it may involve procesnes of thermal
conduction OL convection that cannot be directly measured, In the
following paragraphs we discuss many of the topics that have been
considered in this search,

Radiation Studies— .—

Impurity radiation is the first topic of concern in any energy
confinement study. After increasing the size of the mesh flux conserver,
WQ also increased correspondingly the size of the conxial helicity source,
This step eliminated observable high-Z impurities associated with source
operation. Furthermore, there was no noticeable difference betweel]
grazing-incidence spectrograms taken at 40 cm and 67 cm. In recent months
we have used gold-foil I)olometers in a survey of total radiated power from
CrX *

Both CTX bolorneters use a 5 Urn gold UV ratijation absorber layer
deposited ON a 1.5 Urn mylar film. On the opposite face, a 2000 ~ thick
gold resistor pattern is deposited on the mylar. As rndiation is nbsorbe ,
the fresistnncc chnngc is measured using n circuit previously dcs.:ribed .
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Both I]olomctcl”s are co] limal(~d to a 3.7.0 viewing allgl P, allowillg goofl
spatial IestIlu[i(JII (- ‘I CIII lyl)icall y). One of the llolomelcIls is mounled (II1
the spheromak midplal~e, al]owil)j.~ a f~lll view along tl~e sp]lerornak geometric
axis (whele typically the m;,~ncll
portiol] of llle (’i]llal)cc legi(~ll.
source, allowillg a view alo]lfl
tank wall, I.hroufih [he magnellc
purposes, lle splle~omak volume

)spheromak B COIILOUI”S at sourer
on a slIOl 10 ::II(JI l);15 i:, 10 ill!’

ic cIIelgy densily is highest), as well as a
‘1’Ileolhc!l” is moulll(’(] Ileal llle coaxial

tile spheromak radius, lrom the outrr vacuum
axis, to about 3[) rm Iaclius. F(I1” ar.alysis
s divided into zol]es vaguely veseml.)ling the
L(lrll-of’f time. tlo[l} holom[tel.s are steered
llIlr~ IJhsotv7.t ioll.s ON simi lm ::11~)1,~ 011 OI1OIIE11

chords 10 col]liclenlly lesolve tlIe spalia] Iadiatioll disl] ibu’ ion.

Previous data !rom only the lmlomel.cl neal” the SOIIICP illfii~nted that,
during the decaying pllasc, the uadiated energy densily near the magnetic
axis co(lld be as low as Yl)%0( the illitiill magnetic Qnergy density. But
the possibility 01 a rlon self-sin.ilar decay, with relaxation dynamics
transferring magnetic etlergy within tile spheromak volume, indicated the
need COE a complete coverage of the spheromak volume. Double bolometer
scans have since IN n performed Fol a variely of conditions on both
sustained and decaying discharges, albeit not fol- tile highest range of
spheromak toroidal current nor for the longest decaying spheromak lifetimes
achieved 011 c’rx . Ri~diatecl to Iriagnelic energy fractions of anywhel-e from
30% (on cleal~, 650 kA maximum touoidal current discharges) to nearly 100%
(011 “dirty” discharges, obtained just after a vacuum opening or hy heavily
seedin~ tile dischar~es wilt; AL-gas) have I)een obtained. All observations
to date indicale a monotonically decreasing radiated fraction with
increasing < jtol > ‘ol,t i < I?e > vo],t,~ with no difference between
suslaitled allci J(?CilylllK discharges with similar
< ~tor > ‘o] t / < ‘e> v ] t“ In addition, significant variations in the
racflntion sfiatinl protifc~ have been observed for different operating
condi lions, Tile Kcasun [or these vauialions is not presently known. To
underscore the observation of non radiation dominated discharges, temporal
analysis of the evolution of (IIC radiated energy has shown examples where,
wlli Iv lhe ohmi r p(,wvl illl[l j/u Illcreti;es, the radiated powcI” fuaction
dc~t~iis~~ to 1(!!;s [Ililll 10%,

The observed lcvvls of impur~ly rmfiiition are suf[icif’n(ly low, thal
the plssil)ility of enhanced losses from another mechanism remains, This
rnisrs 1110 qtlcst inn: I1OW10V must radiation losses he to allow definitive
studi~s of 0111(!1” spheromak loss proccsscs? The answer is complex I)ecause
10CR1 reductions ltl electron temperature in rc~lons dominated by radiat~on
1(d tn alterations of the cuircnl density ploiilc, nffect global helicity
colltcnt, and il)~lll[:c l~ilaxntloll. ‘1’hc qucstioll Ihml becomes: Ilow low must
radlnllon 10ss(S:: I)(I III OI(IPI that tho confin~nl[~tl[ propcrti~s being studied
Keprescl)t IIIOSI= 01 ;1 sphcromnk wltos~ dynnmies itrI’ not conlvo]led hy
jmpllrillcs?

~~l:~nll(..[)~iv(!ll f+()(lps-.—...—.—--.—.

Mqplotl(’ 0!:(’1 I lilt {Im!i, IIIldcIstood 111 terms 01 rotating {tltertln] kink
modes [31, [II*V olxcrvcrl 011 (XX (Iischnrgcs. ‘1’11(1questlotl Ilt’lscs: 1)0
cllrl.(!tlt--(;l”iv(!tl modes n:;sortnl(!d with dcpnrturt!s of III(? cquilil)rium from Its
mitlimtlm .c’Ilnrgy stntc hnvn ntl advorsc offert 011 (’ot~fltlcmrnt’? Thpse mtxlrs nt-(i
St(lliollill”y 011 t hr t Imu !:(’ii I (i!+ ()1’ pnrticl(! mot,lotl,” so mIy rffccl 011
vonfIll(vn(’llt Woill(l 1)(! ilS!i!)(’lill{?(l Vllll tl)t! (l l!Jtol”l loll” illlfl [)l)[!lllllg (If rlux(!d



flux surtaccs. t3~CilLlS(’ I llt’ Iel;llive amplitudes (1f the ol)served
oscil]al ions vele unchnng(wl wlicn lhu l“il(l iUS 01 lhe flux colwerver was
increased LO 6“1 cm, Wc do 1101 lee] the explanal~on for tlnimprovcrt C,I’X
eneugy collftnement 1 ies ill this ill f’il. on the lheoretjcn] side, plln(!t Ul”e
plots of mixed m ~~[I illl(l m =. I lwluilibrin (pe~folmed ill s(Il)pt)rt 01 ou~
m = 1 helirity source (’xperimcnt [41) show no serious degl”il(lati(_)n 01 flux
surface closure for perturl)at ions iit the 10% level. These facts do not
entirely sellle the issue. Simulaliolls of the resislive evolulion 0[
decaying spheromaks in n rylindricnl geometry [5] show that the growth of
all 11 :- 2 dist[lt I ion illlIl ~llllsrlrlll(’llt I(}lm;ll ion of a Ilow ma~llpt if. axis is

accompanied by some loss of ficl(l line closure whose cffec[s on confinement
are not known. By applyinR an oxlcrnal h,ias field on CTX ve have obtained
condi lions ill which illf.!l L’ilSC?(l Tn? and T~ were accompanied by the
disappearance of n :- 2 nscillalion$. Because other ol)seuvable quantities
(e.g., current from !IICI plasma t () the mesh) wet-c also significantly
affected, this result dous not 11(’c(’ssill ily eslahlish a causfil relalion
between kink modes and confinement.

To examine the internal str~lcturu of the II = 1 and n = 2 modes on CTX,
vc are analyzing dnta from the mtlili(hord interferometer usjng tomographic
techniques similar to those Ilsud in the successftil reconstruction of the
perturbed sur[ace current from R()~()’#ski loop data [6]. This work is still
in progrcssl but ft shnvs clearly that, during both the sustainment (n = 1)
and decaying (n = 2) phases of Ihc discharge, the density profile peaks
nea L- lhe magnetic axis. If the observed distortions of n(?) do indeed
[ollow the magnotjc flux surfnrcs, then we have a nonperturbing measurement
of the internal 2-II structure nf the modes. One result of this study, with
implications for confinement, is that local density pladients in the
presence of kjnk modes can I)c si~nfficantly greater than what would be
inierred from the inversim of tlmr+-avulaged data. An unanswered question
might still bC: At ,lat level do current-driven modes have an adverse
effert on sph(’romnk cnnfin(’mcnt? This issue decreases in significance iIs
::teps ill”[~ tilk[~i} t:) CI)IItIOl tl)v vquilil)riurn field profile.

lc)n Tcnlp~;ilt\\r~~ ~ci~~tlr[!m~tlt:;. .. .. .. .. .. . . .. . . .. . . . . .

we hilvc US(XI two l)~ly(~l]l.[)miltoi.~ to simultaneously :ensure Doppler
I)roa(fcned IInc widthn of ion impurities in CTX dis narges. Both
instruments huv(! seven wnvclcnKth chnnnels each to resolve lhe li.le shpe,
nnd togethcl cover (IM! Intct-vnl of 1500..5000 R. l,incs used hnve been
C-III (229609fi), NIV (nt both 171H.6 nnd 347fl.Yfi), ()-IV (3385.6fl) and
()--v (2781.lR). III nll Ittslnnccs, wc have used normnl inc!dence
VUVmonochromnlorx to mollllol l(!NOllilllCe transitions of the snmc cmltting
irIS FIt Wav(tlpl}gtlln Iwlov l(NM. l’hlu monftorjng hclpfi cnxIIrP thnt the
IIIM! king UN(’(I 101 rho l);oadw)in~ mrnsuremcnt IIHS n *lmllnu lime signnlurc
ns thnt of the more Isolntcd IOSOIINIICP transition. lh)tl~ instruments view
dinmcters t llrou~ll th~ mldplanr
15(P .

nnd nrr sopntnlmf hy ii toroidnl angle of

Ill tlrd(~I to m:rcr[nltt illly (:hnllg(!!4 In the 1o11 t[!lllp~l.il tlll”t! from
d!ffcrlmt !q)ucic:i, vr hnvc U:WI I lnuM from diffcrenl cmil(lng spcclos, I)oth
with squontinl nmf filmul tnnwu:: monwlrcmon t:. As the rhnrgc stnto
dintr{l)utl(m of lIIP rrnltting IOIIS rhnng(w wllh time, 111(’ corresponding ltIIo
}ill.t!ll~tll~ Vlll’y SlgIllf’1(’11111Iy WIIIIIH N dl:iclutr~vt Typlrnlly, C.111, N-lV
and ().IV 1)(11’11lhlwll~ll hy 0./ m:;, ::() llInt n rumpnl 1!{011 !11 ‘ lWllpul’iilUl’O:i’
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from the different species must be made prior to this time to ensure
sufficient signal strength. Consequently, llne width temperatures averaged
from 0.5 to 0.6 ms from zzz shots have been collected in a data I)ase for
analysis.

Ballooning Modes

Because of the low shear of spheromak equilibria. the predicted
threshold in (3 for the onset of pressure-driven modes is low. Recent
computa Lions ur i nfi tlIc Hc]cior criterion for lhc mnr~inal stabiljtv of
cTX equilibria show [hat <&v 1 at the stability

t [1].
threshold is less than

0.6% for decaying spheloma s Sustained CTX spheromaks have more
strongly sheared profiles for which the threshold is - 1.2%. It thus
appears likely that these ideal modes are active in all spheromak
discharges. In order to see indirectly whether pressure-driven modes were
controlling ‘E I we attempted to raise the critical B for instability by
modifying the q-profile. We inserted a 15-cm-radius copper cylinder, with
a hemispherical cap, along the geometric axis of ~X. The resultant
configuration was like that used at Osaka for the stabilization of
disruptive instabilities on CTCC-1 [7]. The ?lercier criterion computations
indicated that a fourfold increase of the <Ov 1 threshold could be
expected at the insertion of 50 cm that was used. Rssuming no current flow
on the cylinder During CI’X discharges, the axial current measured in the
cylinder was only 5% of th spheromak poloidal current.

3 x 10-~4Amm,
However, even with

j/ne as high as the electron temperature of decaying
spherornaks as measured by Thomson scattering was lower than before.
Insertion of the cylinder also increased the radiated energy density near
the magnetic axis to 50% of the local magnetic energy density. The global
energy fraction radiated during both decay and containment was 70%.
Therefore changes in the contribution of impurity radiation to the energy
balance probably obscured the effects of modifying the q-profile. We
therefore still have no experimental measure of the role of ballooning
modes in spherornak energy confinement. Smaller spheromak experiments have
generally achieved higher @ than largar ones, and among the many unanswered
questions is: Given the low ballooning mode threshold, are the P vnlues of
order 10% achieved is some spheromaks (including CTX at 40 cm radius)
representative of the performance to be expected in a more reactor relevant
regime? ln olher words: For 6 above the instability threshold, how does the
effect of balloonilig modes on Tg scale with increasing
Reynold’s number, S?

O~imum Boundar- Conditions——. . .. ....——— - .-

One lmportnnl qucst]on for spheromaks is that of

size and magnetic

the desirability of
having conducting boundarle~ or flux conserves near the spheromak. WC
feel thnt iii order to produce the best parameters a conducting boundary
needs to be provided which is as close as possible 10 the last closed flux
surface of ~he sphpromak. (This npproach has been used with success in the
RFP community. ) A conducting bounda~y prevents the loss of helicity. 11 nii
insulating boundary such as n vncuum vith open [iuld llnes is used then the
sphcromak eject its hcllcfty Into the boundary and decny very rapidly. The
optimum boundary is a conducting boundary with B o n n 0 everywhere. open
field lines (ones that penetrate the boundnL;I) RLWalso undesirnhle bccnum
the plnsmn on these flcld Ilncs will hnve low conductivity and tend to Iwtve
]nrge H,] which (:ttuse n Inrgc di~stpntion 0[ hclicity. Ftlr this idon]
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spheromak boundary thu (“IIIi!{’ I irst wall is the plil~m~ limitel . This is
hi~hly desil-able I)ecaus(’ wi[ll lli~~l] p(jvel riensily systems plasma limiters
that are a smal 1 Ilacliol) 01 tllc’ I)lasma area cause an undesirable
rnllren~ration of tllc ctify lIln:;ma pnwel 10.ss. The challenge of spheromak
resei+l”ch is to develop a (Ol}llflll(.lilll: I)ollldary which prevents helicity loss
while allowing helicity illjc!ction. The boundary should also absorb
impurities and supplies hydI.ogcII at the desired rate.

The ratio of the averng~’ toroidal current d_~~sily to the average line
[Iensi tv at 111P ma~llol i “ “::( i:: ! ‘I: /!I1 ltnilr nf 10 Am) is an importnnt
quanti”ty for RFP’s al)d l)l(lhiihl~ lot spllelomaks. It is prupuutional 10
/TevD/vth and is a measure of the onset of current-driven instabilities.
The square Of j/n is al So plnprll li(~llill to the ratio of ohmic heating power
to radiated power, RFP’s in genera] requ’re j/n ~ 1 in o~d~r to

1
have low

values of the radiated pov~l fraction. Our standard operating values of
1 < j/n < 2 are only reached in ‘clean’ plasmas which do not have high
fractions of radiated powel . We have found that j/n in CTX discharges
telxls to have a weak saturation at values < 3 for our standard discharges.
It is found Lhat althou@~ Ihc Lnroidal current Itor is increased (in the
range 0.4 - 1 MA), n jllCtWFiSC’S R]S(I.

The significantly higher values obtained ::1 RFP’s (j/n < 15) may not
be obtainable in spheromaks clue to differences in the phy~ics of the two
concepts. Tl!e high aspect ratio of the RFP affords a substantial hole to
pour loLs of flux through C(J force high Et r and drive j up.

?
In RFP’s with

j/n > 5, the ano alous resistivity coeffic ent increases faster than the
increase in jln. ! The same prncess may limit j/n increases in spheromaks.

Another difference in sphcromaks and RFP’s involves the proxim”ty of a
4crinducting wall. Experience with RFP’s without a conducting shell shows

that for the same toroidal current and ~r’ discharge pa~ameters that
the initial filling pressure must be 2-3 times higher than that in the same
mnc.hine with a conducting shell. “The magnetic fluctuations increase and
Lhe l)arti=collfillemelll time is substantially degraded for operation
wi thout a conducting shell. As a result, comparable values of j/n are not
achieved,
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