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ABSTRACT

A major effort 1s being made in the mnational
program to make the operation of axisymmetric,
toroidal confinement systems steady satate by the
application of expensive rf current drive.
Described here 18 a method by which such a
confinement system, the spheromak, can be refluxed
indefinitely through the application of dc power.

As a step towards dc sustainment we have
operated the present CTX source in the slow sourcec
mode with a longer power application time
(~ 0.1 ms) and successfully genevated long-lived
spheromaks. If the erosion of the eclectrodes can
be controlled as well as it is with MPD arcs then
dc operation should be very clean. 1If only a small
fraction (~ 10X for an experiment) of the poloidal
flux of the spheromak connects to the source then
the dc sustainment can be very efficlient. The
amount of connecting flux that {8 necessary for
sustainment needs to be determined experimentally.



STEADY STATE SPHEROMAK
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I. INTRODUCTION

A major effort is being made in the national program to make the
operation of axisymmetric, toroidal confinement systems steady state by the
application of expensive rf current drive. Described here is a method by
whlch such a cornfinement aystem, the sapheromak, can be refluxed
indefinitely through the application of dc power.

Presently, spheromaks are generated by pulsed techniques. For coaxial
gource produced apheromaks the generation process, gross behavior, and
magnetic field profiles are in qualitative agrcement with Taylor’s minimum
energy priur_-iple.l Thia principle states that a plasma-laden magnetic
fleld configuration enclosed within a flux—conserving boundary will go to
the minimum energy state allowed by Lthe houndary conditions subject to the
congtraint that the magnetic helicity 1n conserved. Helleity has  the
dimensions of magnetic flux squared and {8 a meagure of linkage of flux
with flux.? This minimum enecrgy principle wan applied by J. B. Taylor to
explain the remarkable phenomenon of self--reversal of the toroldal field In
the Zeta reverased fleld pineh experiment.

In order to milataln a aphergmak cont Inuously bhoth {ts torofldal and
polotdal flux muat be walntalned agalnst reatutive diffusfon.  An lwmportant
connequence of the Taylor prineiple {a that the boundary condltions {mponed
by the peometry and the amount of heliclty present determine the magnet te
f{eld proflles.  Thusa, If the boundary condit{ons are chosen properly and a
de  pource  of heltelty In provided contimwously rvef luxed spheromake should
be posastble.  Proper boundary conditionn ave known from experience with
pulne-generated aphesomakn,

When  de power I uded Lo nuatain a apheromak the nource of power muant
be applied by electrodes.  The electrades must bhe cont ipgured no that  the
toroidal  flux coming from the elect rodes (.L' = V) Iiuku nome polofdal lux
¢, (See Fig. 1.) V. In the voltage applied to the olectrodes. The
hl'lh'llv e nupplied at a rate of 2 V‘l’p.}

1. SLUW SOURCE MODE

Four fmportant time nealed In the farmat fon and puntatinment ot a
npheromnk are the Alfvén tlme Ay the renfutive teaving  or  reconnect ton
time 1, the wagnet fe decay time G, and the nystem fmpurity eleanup time
e I mont of the renulen reported to date, the uapheromak o genevatoed
with o power applfeation time comparable to th 2 Wu), PFlpure 2?2 shown
nome reaunltn of pgenceat lng a sphevomak unlng 4 power applicatton tlme o
about  the reconneed fon time Yoo CTXL The voltages at the pun are about
an ovder lower and the getnevatton time ¢ 60 WR) {n over  an ovder longey
thar In the  ant YA Rencratfon time.  The nphecomakn generated on the
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time neale ave nlmtlar to the one generated on the fanter tlne acalen  and
have total Hietimen o about 1 wn.  The abvioun next experiment (which
nhould be talvly ptmple gue to the flextbh{ltty deafgned fnto the €T
experiment by Kalon Linftord and  Art Sherwood) s to lengthen the power
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application time to a few Tg (~ 1 ma). This should test the concept of Jc
sustainment. Increasing the power application time scales to T_ and Ty may

not help the impur ' - situation and could even be detrimental because of

the longer time impurity transport from the source. However, a real
gain in cleanliness w ' probably be ivealized when the spheromaks are
sustained for times mng compared to Tce For the Elmo Bumpy Torus T, is

about 5 minutes.
III. IMPURITY CONSIDERATIO! 5

In pulsed discharges where electrodes are used 1mpurities can be a
problem. In the past, impurity problems from such discharges were
important factors in the demise of many concepts utilizing electrodes. The
application of modern cleaning techniques and vacuum technolo,sy can
substantially reduce these problems as we have seen during the hiatery of
the coaxial source generated spheromaks., However, when electrodes are used

continuously, such as in vacuum tubes, Q-machines, and MPD arcs, impurities
become less of a problem.

The hollow cathode MPD arc® has a geometry simila: to the coaxial
helicity generator shown in Fig. 1. A rule of thumb for the MPD arc 1is
that the input gas supplied must provide the charge carriers for the input
current. MPD arca of a few centimeters size have operated meveral tens of
hours (passing thousands of moles of gas) showing little ecroswlon (a small
fraction of a mole). This demonstratee that the crosion prohlems have been
controlled at least to the point where clectrode material contamination 1is
negligible. Also, the large volume of gas f{lowing through the system will
rapidly remove any other contaminanta provided a clean pumping system {8
used. Thus, {1f the crosion problems can be solved, ae they have been with
MPD  arcs, the plaama from the source should be punre. The high gas flow
rates asnociated with thia type of source should tend to maintala a  clenn

pas hlanket around the spheromak, providing a « lean source for recyeling of
partlcles.

IV. FEFFICIENCY OF DC SUSTAINMENT

There are two sources of {pefticliency connldered fn this seetion:  the
mismatch of the source with the aphervomak and the encrpy loas due to ohmle
heat fog of the dource and eatrance vegion. In the flrat  subsectian  the
miumatch  loss will be treated. The wecond nubsectfon will add heat lons
bauned on clansfcal restativity and thermal conductlvity.

A. Mateh Fiflcloney

Hellelty tn traunterved with high efffctency (apsamed 100%)  from  the
nource to  the apheromnk. Enerpgy flows Trom the nourece with the hellefty.
When the hellefty {8 absaorbed by the sphevomak the encrvpy of the  wnphervomak
I Ineveaned.  The Tayloe minfwmum enerpy principle dictaten that the enerpy

galned by the apheromak {n lenn than that [lowing from the noneeo, Thun
there 1u a lown ol energy In the procens. A very useful coneept In
congldering thin procens In the ratfo of  the hellelty 1o energy. Thin

ratfo haa  the unttn of Inductance.  The magnette tTeld proffles tor the
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Taylor minimum energy state of an oblate spheromak (in a right circular
cylinder of radius R, and length &) are well known,' These profiles yleld
a helicity per unit energy of LHE - 2 uO//K%s+ Kg where Krs - 3.83/Rs,
K, =n/i, and M, 1is the magnetic permeability of free space. The match
efficiency then ie simply the Luyg of the source divided by that of the
spheromak. To eatimate this loss I will assume that the field profile; in
the entrance region adjacent to the source are those given by the Taylor
principle for a fully reversed RF} The source L,. then has the same form
as that of the spheromak with £ going to ® and R_ going to Ry« R, 18 the
radius cf the entrance region. Thus the efficiency is
€n = /(Krg + Ki)/Kré. For the geometry of Fig. | e 0.6.

B. Adding Ohmiec Losses

Efficient current drive, by this method, means that the n52 losses 1in
the entrance region must be smaller than the nj2 loases {n the spheromak.
One advantage of this method of steady state sustalnmeui over ihe Bumpy
Z-Pinch® s that a larger fraction of the inevitable power loss from the
spheromak will be diverted to heat the entrance region (and 1lower 1its
reaistanceg since the driven 1layer surrounds the cntire spheromak. The
value of j“ in the entrance region relative to that of the spheromak scales
as (rolrnla. (See Fig. 1.) This effect and the temperature of the
snheromak dominate the cfficiency.

Accepta’ "e (Eff * 502) maximum values for r /r, can be found by
solving the parallel heat flow problem with clasasical resistlvity and heat
conductivity. These types of estimates show that ro/r muat be less than
about 1/10 for a reactor (Bwnlf = 5T, T,= 5000 ov9 and less than about
1/3 fir an intevesting experiment (B = 0.2 %, Ta= 100 eV). Whether or not
these valves are large enough for sustainment depend on the absorption
retes for the helicity. The amount of exceds helicity avallahle for
absorptfon comparced to the amount the spherowmak haas i1s proportional to

rn/RB)'. Thua Uy must be large enough for sustalnment yet smal! enough so
that the sustalnment I8 effilcient. That there s an operating window needs
to be whown experimentally  The amallnesn of v, will be a paoc veasure  of
auccenss for de current dvlve.

V. SUMMARY

Avw a step towardd  de sustainment we have operated the present GTX
source in the alow source mode with a  longer power application time
¢+ 0.1 ms) and  sucecesfully  penervated  long-lived apheromaks. 1f the
cronlon of the electrodes can be concralled an well an 1t [0 with MPD  aren
ther de opevation should be very clean. It only a seall fractfon (~ 102
tov an experiment) of the pololdal flux of ithe apheromk  connects to  the
nource  then  the de suatalnment can be very effictent.  The amount of
connecting fiux that I8 necersary for nastalinment needs to be  deterained
cxperimentally,
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