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.The feasibility of using poloidal currents to heat
plasmas confined by a multipole field has been examined
experimentally in Tokapole II. The machine is cperated
as a torcidal octupeole, with a time-varying toroidal
magnetic field driving poleoidal plasma currents Iplasma

28 kA to give densities n, - 1613 om™3 ana

temperatures Te T 39 ev.

The measured plasma resistivity ranges from
-7?spitzer to T 158F X 7} gpjrgzer and scales like
1[5;/ne as expected from mirror- and
fluctuation-enhanced resistivity theory. fThe enhanced
resistivity allows large powers {~2 MW} to be coupled
to the plasma at modest current levels. However, the

poloidal ohmic heating reduces the confinement time

from = 1 mszec to ~3d psec. This is apparently due o a

combination of the unfavorable location of the input

ii






power near ' the - wall of  the vacuum tank and

o fluctuat'ion-enhanced transpo r.t. N

b one—émenszonal transport code caiculatmn shows
that  the location of the input power near the walls
vields a confinement time four to ten times shorter

than if the power wers deposited on  the octupole

‘separatrizx. .

The heat'.i.nf; -produces  large t &nsm . lﬂ.E%)
lo'swfzequem:y _(E'E‘ 1¢ %_f;az'} fluctuations which are
‘apparently current-driven. local electric . field
‘mezsurements corellatéd with local density measurements
show that these f£luctuations further degrade the
" confinement  time by a factor of two to five.
‘Current-driven @rift instabilities and resistive MED
instabilities appear to be the most 1ikely causes for

Itha fluctuations.
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CHAPTER ONE: INTRODUCTION

Multipoles were among the first devices to .stably

confine plasmas;l'2 but traditionally they have been

.operated with low-density, . low-temperature -plasmas.

Recently, however, multipole plasmas have been pushed

" to higher densities and temperatures, both for general
-plasma studies and  for . assessment - as advanced fuel
‘reactors.  While tokamak—-like toroidal ohmic heating

‘has been . the more <common . technigue used to  heat

multipole plasmas,3'4 poloidal ohmic heating may . offer
several advantages, including enhanced resistivity due

to the strong multipole magnetic mirrors; alse, it is

. not  known whether a current limit exists for this type

of heating. . 'This paper will .describe. poloidal ohmic

‘heating expériments performea.on Tokapole IT {operated

as an ocdtupole} to determine the  methed's . .suitability

25 a plasma heating scheme. -



: Hultipole  fusion.reéciofss'ﬁ uéiﬁg advanced fuéls
:shch'ﬁs p—ELi-of p~113 would ‘have ‘several advantages
' over D-D or D-T reactors, based on the fact that the

‘advanced fuel reactions produce few or noé - neutrons,
“The absence of neutroh damage to'ﬁateriéls and the fact
-?hat.no fuel breeding would be needed (as it would for
;IID—T :feactOr) would greatly Simplify blanket design,
}reﬂoving one  of the major"difficulties' in. fusion
reactor &esigﬁ. BEliminatien .or - reduction of the
neutron fiﬁx means that advanced fuel reactors  could
“also . offer improved maintainability and would be

“environmentally more desirable than b-T ot b~D’ Ffusion

“'redctors.,

Aﬂvanéed. fuels typically reguire much higher
teﬁpératures for ignition than' D=T Vor- D-ﬁ. Typical
ﬁesiqn “temperatures  range from 58 to 384 “Kev for
‘advanced fuels, compared to the 18 to 28 keV rieeded for
Sa D-T _readtor. The 'p;lla cyele has not been fully
'explored.and it ié not'Cérfain whether its ‘Q - {(defined
as ;hé fusion power divided by ‘the injeéted perr) can

be made greater than one.5r7 p-Spi looks more

8

“promising; early calculations showed that its Q would

" be ilimited to’about 3, but a more detailed caleulation,

taking'into account nuclear scattering, - propagation

;eactions, and the interactions between the particles
in the high-energy tails of the energy distributions,
indicates that higher Q's might be obtained. TFor
example, at T; ~ 250 keV, T, = 155 keV. a Q ¢f 32 may

be possib].e.'9

" These high temperatures -are typical of thbse
required for burniﬁg advanced fueéls, and are the reason
that multipcies appear unigquely suited for advanced
fuel reactors. A&t these high temperatures synchrotron
radiation Jlosses become excessive unless the magnetic

field is wvery small: multipoles have the unusual

ability to operate with 2 large internal low-field

region. This ability makes multipoles attractive for
burning advanced fuels, despite the engineering

difficulties such as cooling and levitating the

‘internal rings. Similarly, advanced fuels are uniquely
- suited for burning in multipeole reactors, since the low

- neutron yield is necessary to minimize damage to the

internal rings.



Present-day multipslas typicéliy'run near n = 1612

cm’3, To = 18 eVy muitipole reéactors would reguire

‘something like n = 181%, T, = 156 xev, T; = 380 kev.
"As a step toward scaling multipole paraméters toward
reactors, a Proof-of-Principle (POP). multipolé/Sufmac
experiment has been proposed by TR®, UW, and scLa. 9018
‘This would be a $28 miilion octupole yith levitated
superconducting rings. and wéuid be about i,S wm in
major :adius,.with.fields éf about B = 28 kG, n= 181%
:m'g, and T; = T, = 1 5e¥. The plasma would be heated
:with poioidal ohmic heating te about 188 eV, then
raized to 1its £final temperature using neutral bean

injection.

¥hile the proéoéal study éoncluded that pgloidél
chmic heating was technologically - the mOSt
.stfaightforward startup method £for the POP octﬁpdle
éesign, it alse calledé for more investigation of the
affects of poloigal ohmic heéting: *The viability of
S poleigal ghmic heating has heen established
experimentally. Tﬁe only deleterious gffedt gbserved
. so far is a reduction of.energy confinement, possibly

associated with the presence o©f current-driven drift

:”waves;; ‘8tability acgainst filamentation, kink ‘and

sausage modes, eté., will be determined.”?

Seéidés its _éotential for -ﬁeating reactors  or’
multipéié' pfoéf—dééprinéip}e':ﬁevices, poloidal ohmic
heating ma§ prove ‘useful ' in pushing- presentmﬁay
multipole .plasmas into'.neQ regimes. . ﬁultipolés'héve
some intéresting Ffeatures as - plasma research
facilities, -‘such as the -ability. to confiné plasma
without a sheared magnetic field and the ability to
operate at a high ﬁ=(the Wisconsin Levitated Octupole
has recently beéen operated at alg of 35%).11 poloidal
ohmic heating was the first ohmic heating applied to
#he original wisconsin Octupole, -but was soon 'keplaceé
with toroidal chmic heating, and was never thoroughly

studied.

The research described here addresses a number of

guestions pertaining to poloidal ohmic heating in a

' multipole as a plasma 'heaﬁing scheqme. Among these

guestions are:



'_*Does "poloidal ohmic"heating cdublé.significaﬁt

amourits of power into a multipole plasma?

_%khat is the poloidal resistivity? Do the'magnetic
“mirrors enhance it above Spitzer resistivity as

", expected from mirror-enhanced resistivity theory?

%#Is the input power converted to thermal  plasma

energy?
“eWhat i€ the pol6idal current limit?

:*Ddeé poldiaal ohxic heating alter the mdltipole‘s

' MHD equilibrium or stability?

*boes it produce other loss ‘enhancement over a

_sEandard multipole configurafion?

: Thé answers “should be _relevant both to general
. plasma studies in multipoles and to advanced fuel

multipole reactors.
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CHAPTER TWO: THE MACHINE

A.  TOKAPOLE II

.fdkapole iI. 12,3 f?iéufe 2-1y is a - puléed
'.tﬁrbidal plasma device which may be }un either as a

tokamak with a four-node poloidal divertor or as a
" toroidal octupcle. . In ‘the experiments to be described,

it was opérated as a toroidal octupole. ..

The vacuom chamber is of aluminum- with major
_radius 5@ cm and square cross section 44 c¢m x 44 cm.

The walls are 3 cm thick, 5o that field soak-in to the

. -walls is small on the few millisecond time scale of the

'_éx?eriment {the field soaks through the.walls in about
15 msec). . Because of this, insulated gaps are provided

‘to allow the magnetic fields to enter the machine,

'_;The-poloidalsfiéid is provided by currents induced

in four internal copper rings 'through'an'iton core’

transformer. Image currents flowing .in the aluminum

‘walls confine Ehe field to the inside of the torus.

- Figure 2-1. Tuképole II.

11
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The poloidal electric field {and'toroiﬂal'magnetié'
fieié} is'produced by-24 sets of 4 wires each wéund -oﬁ
the outside of thé vacuum tank. To minimize field
-pertuébations, the wires .cross ‘the toroidal gap  at

uniform iatervals.

_The _vacuum .is maintained by“a-ISBE 1/s tﬂrbopump
attached to a 7.5" port and a 18PE°1/s 18 E cryopump

which pumps +through 'a 4.5° port. Base pressure is

‘usually in the low 1877 torr range. _.Taylof discharge

-cleaning,4 or more recently, giow discharge cleanings

in Hy is used to condition the walls when ~the machine

is not being run.

B. FIELD TIMING

Figure 2-=2 sﬁows a iypical'sequence of events in z
poloiddl ohmic heating shot. #, gas is puffed inte the
wachine through a piezoelectric puff valve. 18 msec

later an ignitron fires a bank of thirty 248 p? 5 xV

‘capacitors -into  the poloidal field primary windings,

giving a pulse with a half-period of 5.8 msec. 3Short1y

before peak poloidal field a 1 msec pulse of B.8 GHz



';"'1”Eigure'2“2.' Typibal tiﬁihg’sequehce for a §oloidal

ohmic heating shot in Tokapole II.

AT
10'% em™3
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i mié:bWavégsié.usé& ﬁo §réibniie the glasﬁa'vié électéén
:'éﬁélotfon-'hééting, giving a plasma with”déﬁsitﬁ né"
1012 ¢n=3 ana 'tempefature. Te' ~ 18 eV.’ ‘When the
7_'§oioi&al"fiéld. ?éaches its peai it is ﬁrowbérred, and
;he’tbroiaal'fielé is fiféd'td'givé a pbibidél.eleétric
':fielé;' Toroidal field turns raties dan be set éﬁ 96:1,
 _48:1. or 24:1 to give poloidal - loop vbltagés up to
about 2na'v, aithough typicéiiy ﬁ.poioiéai loop voltéée

' of about 68 V is used. & bank of twenty-four 240 af s

. ‘kV capacitors is used to create the toroidal field.

' ¢. MAGRETIC FIELD STRUCTURE

Pigure 2-3a, generated by the rorMESHS 7 code,
Shows projections of .surfaces of constant * poldidal

magnetic flux _f?! ‘The surfaces are’ ‘labelled - in

hormalized units from & (at the surface of the’ rings)’

to 18 {at the wall). Inside the separatrix {(at ¥ ~''5)

| flux surfaces link _a. single ring “and are called

. private; _outside the separatrix flux surfaces link all

four rings and are called common. - The . critical flux

" sutrface ¥, is at ¥ = 8.2; flux surfaces inside of ¥,

17

" Pigure 2-3.a} Projections of ‘constant bélcidal'flux

surfaces in'Tokapole IT. . ‘the surfaces ‘ate .labeled
from - 9 (at ‘the ‘rings) to 12 {at the wall}. The

separatrix is at ¥ "5; the ecritical surface E&I ig

Cat ¥ vt B2,
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e
o= L (wpow)

:;ﬂrxgure 2-4 shows M as a functlon of flux surface‘? for
'_varxous ‘values of K In the polo1dal—ohm1ca11y-heated
_foctupole:(generally ranges from about | EB to about ‘1.6,
;sp'_ that '_thé' ‘toroidal magnetic fxeld' is - ‘not

':1nsxgn1f1cant compated to the polo1da1 f1eld.

. “p. - ELECTRIC FIELD'

‘The poloidal field crowbar is -able’ to hold thne

':toroidal' ioop voltaée to 1a few volts, an&'thus’the”“

eléctric field in ;ﬁié experxment is  almost putely

 ‘poloidal. _This 'pdloidal electric field is calculated

"_by'a computer prdqram8 from the eguation-

- B(x)= - L 'ﬂ(x)
at

== Ef e Jié:;lu'dx' )
g Jix-x"

23

Fidure 2-4. Micror ratio M as a function of ¥ for

various values of o= (Bf/Bp)nébﬁ-
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The'prﬁgfém caiculétes'ﬁhe vacuui electric field by
-approximating'the wadll current tinducea by the toroidal
field windings) as a series of 24 poloidal filament
currents. {The number 24 is chosen for convenience and

is unrelated £o the fact that there are 24 sets of

. toroidail yindings.)'The hoopé'are assumed to be perfect

conductors; thus -each hoop is assumed to carry a

' poloidal - filament current edual' and opposité to the

wall filament at each - azimuth. ~ The "érogram foilows

aleng poloidal flux surfaces, calculating the electric

~field at uniformly-spaced points and then summing

components parallel o the flux surfaces to get the

average electric field <EH{Yf>. (Fiéure 2-5a). . 1In
figure  2-5b .<E“$.is plottéd as ‘a funétidﬁ of distince
from the major axis - for  locations .on ‘the -midplaﬁé.
Note that the calculation gives the jocal value of Ey
at points - along  the flux surfaces, but for most

purposes only the'averagéd valde'will be importént.
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:'F1gure 2»5 a} Avetage parallel electrlc field <E” >

v, flux surface‘?. The Fields ‘shown are for a BT.

_bank of' s7sa }xP charged ' to 1.5 kV with the BT

:'wxndlngs set at ag:1 turns ratxo.'

'b) <Eu > plotted aga1nst dxstance from major axis
. on the mldplane.* The cond1t1ons ‘are the ‘same as in

as

)
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E. GENERAL PLASMA CHARACTERISTICS

‘The electron density ptoduced by poloidal ohmic

heating in Tokapole II typically ranges from 1911 en~3

3

p13 cn~3,  Initially the density ' is

ko a few times 1
peaked toward the wall, where most of the ohmic heating
‘takes place; the peak shifts inward toward the
‘geparatriz as  the poloidal - ecurrent dies away. : The
density typicallf'peaks about a millisecond after -the
heating voltage is .applied and decays with.a time
constant of a few milliseconds -after the heating  is
- turned off. Figure 2-& shows a typical scan of ion
.saturation current taken on the  midplane “ﬁuring
poloidal ohmie heating. As shown iﬁ the figure, the
ohmic heating is accompanied 'by large local density
fiuctuations, 6jsatfjsat = 188%; the fluctuation level
is highest in the region where the current .flows - and

£alls to less than 18% a2fter the heating is turned off.

Electroh temperature ranges from a few eV to about

32 eV. As the ohmic input power is raised, the

electron temperature increases until it reaches about

"38 eV. Further increases in input power do not cause a |

significant increase in T+ Figure 2-7 shows a typical -

29 .

Figure 2-6,a,b,c) Ion . saturation  .current  and

percent ' fluctuation in ion saturation current in

midplane  for ~various times after the poloidal

electric”_field is applied. Toroidal bank vblté§é

is 3.8 kV, poloidal bank voltage is 2.8 kv.



1 -

Figure 2-6.d,e,f) As a,b,c¢, but - for -later - times.:

Note - the expanded - vertical scale-in £, also the

O.

o
AJSAT /VSAT (%) -

error bars on the fluctuations in f.
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prdfiie of T, on the midplane made with a small triple
probey the -temperatures shown here are  in good
agreement with those obtained from measurements of

impurity radiation.

The poloidal current is strongly ‘peaked at gbout ¥
= 7, as shown in Figure 2-8. Peak current densities of

18 Afcn~? are  typical in the #idplane. The current

" .rises roughly linearly with time until about 588  psec

after -the heating voltage is applied, then decays to

Zero in about the same ‘time. If the toroidal field is
‘not  crowbarred, so that the poloidal loop voltage

~ reverses polarity as By decays, a second current --peak

of opposite .zign to the first is seen toward the end of

:the Bg pulse.’ This secoﬁd'peak is always much smaller

than the first peak and decays in typicaiiy Z 5§ psec
after the poloidal loop voltage goes to B. The .spatiai
p:ofilé of .the second peak is roughly the same as the
first peak. . Most of the measurements to be discussed

were made during the first current peak.
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" CHAPTER THREE: DIAGNOSTICS

A. MICROWAVE INTERFEROMETER

The phase -shift that a beam of microwaves

.undéfgoés as it passes through a plasma can be used to
‘peasure the electron density. Por the case of ‘a cold
collisioniess  unmaghetized plasma, ‘the  microwave
..radiation propagaies with its wavelength increased from

the vacuum value by the factorl

11/2

N 3
po=onn-ees
. w2 _
is £ i ' £ v oa d'. §ﬂ8231/2 i;
where o is the microwave frequency and g oo

the plasma frequency. Thus the phase shift due to the
plasma is

ags (1-11-28Tl/2 Loax

where the integral is over the microwave propagation
_path and A, is the vacuum wavelength. For (o2 >>ujpz

rhis becomes

41

A@z -ez. ﬁe 6x.

AmegR

and thus the phase shift givés directly a line-averaged

density over the microwave path.

In the presence of'&'héénetic-field peépéndiculaf'
to the microwave propagation the phase shift depends on

the orientation of the radiation -electric field with

. the magnetic fieldzg'

(- Y wi-a?)
( s 2z ]
W (W -wyp©)

 Pext *
where
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wy = -1+ (1252 +wp? 1172
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g:-Interferometets of ffeQueﬁties 48 GHz énd 7B.Gﬁz
have: bsen used on Tokapﬁle ITI o _méasure glectron
" ‘density. " the beam passes through the midcylinéer from
“ top to bottom of the machine.  Since Tokapole II is

. ‘ysually operated as 'a ‘tokamak, _wiﬁh By »> By oD
;.ﬁidcyiinaer, the in£éfféf§me£ef Worns afé mounted with
' £heir E-plane _parallel ‘to Bg; so that primarily the
oréinafy-mode is excited and the magnetic field does
'ﬁot affect the density measurements. However, in the
:polcidal heating mode, By is at least cdﬁpatable to ‘Bg
én the midcyliﬁaét;":he'ﬁaXimuh magnetic field here is
.:6n the order of 3 kG; thus for an electron density of
' ﬁé'='ial3 cm-3, we havefdb = 8.4 GHz,&JP = 28 GHz, and
': Héxt = .915, Neglecting thé'ﬁégnetic Field .leads to

T p= .914.. Thus the ercor in the density measurement
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due to the m-agnetic"fiela is .821/.886 = 111,
ﬁegligible in compazison to .othér' errors. The
.éorresponding values for the 4% GHz case are pext=;683
and B {neglecting B) = .70¢4, which s5till leads teo an

error due to the magnetic field of less than 8%,

‘The 48 GHz interferometer system 'was constructed

‘first, but .-was found to be cut off in normal

{tokamak+like) discharges. Thus it was modified to the
78 GHz system shown . in Figure 3-1.  HMost of'thé
microwave "plumbing” was the Ka-band wavgquide from thé
4% GHz system, in order to reduce attenuation énd save

money. The klystron and detectors were mounted about a

meter above the machine to reduce the effects of the

toroiéai'field'on the klystron. No special care was
taken in- the -Ka-band bends for 78 GHz, yet they gave
very little attenuation (<18%}. The original 38° flare
horn antennas were replaced with 8% flare horas im

order to obtain ddequate &oupling.

in order to obtain density information from the
interferometer, . a  zebra-stripe system>:? is used
{Fig.3-2). The klystron freguency is modulated by & 1

psec sawtooth wave, which is also fed to the y-axis of
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. Figure 3-1. 78 GHz interferometer system used to

measute electron density on Tokapole II.
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'Figﬁféﬁ-3‘2} .,Zebra-stripé' system used to extract

electron Senéity from interferometer of Figure 3-1.
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an osciiloscope. as the klystron's <frequéncy Garies,
the zero-crossing detector senses interference minima
due to the difference in electrical path length between
the plasma arm and the reference arm of the
“interferometer, and unblanks the oscilloscope at the
points where these minima occur. The plasma causes an
additional phase shift in the plasma arm, causing the
bscilloscope trace to be unblanked at a different point
on the sawtooth ~gweep; .the resulting display is 2
series of dots whose vertical displacement is directly
proportional to the plasma-induced phase shift and thus
to the line-averaged electron density. The sweep
voltage is made large enough so that at iéast two
interference minima occur per sweep, so that a trace is
always visible on the oscilloscope. The system is
absolutely calibrated in that the difference between
two minima corresponds to cne wavelength path length
difference: thus if the plasma causes a vertical
displacement corresponding to this, it means that the
£0t31 electrical path lengih through the plésma has
_.changed by ona wavelengthk, which gives dgirectly the

change in line-averaged density.
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Recently a digital ‘circuit?+® which counts ' the

fringes ‘has’ been installed. This .circuit gives an

.analog voltage whichiis directly - proportional - to . the

line~averaged density.

8. POLOIDAL CURRENT MEASURING TECHNIQUE

The ' poldidal plasma current can be measured by
measuring ‘the chaﬁge it producés in the torsidal
magnetic field. The toroidal field is the sum of the
field due to the windings and  the .field .due -to the

poloidal plasma current:

By = Mg (Tg+lp)
2HR
By .. -
=19 (1. gacy FAT AT L)
STR wi } P

= Bpeyac) t8Bg

"where I, is  the primary winding current, I ig the

poloidal plasma current, the subscript VAC indicates
quantities - in - the .absence of plasma, and A indicates’

the change due to thg'pdlbidal plasma current.
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‘. "gince the probe-.resﬁoﬁdé to ~the - net current

'-flowing between it ‘and the  inside wall, the plasma .

_cﬁfrent‘dénsity’brofile can be” obtained . by making a

‘radial scan of the plasma current:

3Ry =103 Ig
) . 28R 2R

" 'where :IR is' the net current between radius-R and the

. majoraxis.

The probe consists of .a 5pg-turn .coil of fineg
‘copper wire about .1 em long insige a 1/4-inch diameter

‘tube 6f 15-mil stainless steel.  The coil is wound on a

- G=18 form and is coated with non-corrosive RIV, and can

._be.quiékiy replaced by pulling it from the stainless
"stéel”'tﬁbe'and soldering a new'cail'in its place. The
_:probe’slfrequency response is flainup to about 3£ kxHz.
‘The probe is inserted ‘through  a port into the major
' éxis on the midplane and oriented as in Pigure 3-3,  so

 thét'£hé probe output is propertiocnal to éT.

“Phe- eircuit  of Figure 3-4 is used to extract the
‘poloidal curreat from the éT measurement. - The plasma

current . signal ‘is only a few percent of the winding
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Pigure 3-3. - B probe used to -measure polbidal

plasma current by measuring the change produced in

the toroidal field.
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_ Figure 3-4,

plasma current from measirement of B

e
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siénal upon which it is .sﬁﬁerimpdséd,:.so it: iz not .
trivial ‘o accurateiy' separate the plasma currént
signal. First the fields are fired without puffing any
gas, s¢ that no plasma is produced, and Rl is adjusted
until the winding current signal from the Rogowski coil
cancels the éT signal from the probe.- Then the machine
is pulsed with plaéma; the nulled éignal, after
integration, “is directly proportional to the poloidal

plasma current:

Iy = MR ABy <AL,
P’
ln'praCtiCe the nulling is not peifectiso the computer
must. ﬁake a -no-plasma baseline . for - each shot and
subtract it. .. This leads tc an.érrot'of_ €A1, in the
Qéasured -plasma current, where € is the ratio of the
nulled signai.to the uﬁ—nulled"signal. Since & - is
typically ‘a féw percent and since AI, is on the order

of IP-“imperfect nulling leads to errors of only a few

© percent in measuring the plasma current.

- A typical Ip waveform obtained this way is shown'
in Fig. ' 3~5. .To prevent drocop problems  the -coupling’’

¢ireuit® shown schematically in Figure 3-4, rather than
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-a si&plé-trénéfc}mer} is used  to -iselate the signal’

" pata to the computer. Also, the signal integration is
. ‘done by the computer, to minimize noise pickup and
- dfcop. ~The Ccircuit - ig calibrated by measuring the

_un-hulled.vacﬁum B signal; then

B PN PR T
T Iwe "e__®

- I
TIVAC) T W(VAC)

and since the winding current is ~“known; -the poloidal

" plasma current is determined absolutely.

" A few current dehsity measurements were made using
ﬁthef téchniques; A small ("1 em inner diameter)
‘movable .Rogoéski coil? was ZUSed to measure ‘both the

‘toroidal and poloidal _éﬁhponénﬁs of 17 however
- peeause this probe 'féprééents .'a . fairly . large
) -bbétrﬁctiéﬁ;'because it‘fequires a high plasmé current
.;déﬁsiﬁy to give a usable ~signal, and because it is
" sensitivé to magnetic field pickup unless ‘it -is very
:¢afefu11y wound and the f£ield is uniform in space, it
“éould not be ‘used -except “at the ‘highest ‘current

‘densities. . For low -cutrent ~gensity measurements, a
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péddle pr‘obegflg was used; however, t&e poor saturation

of electron current with bias voltage, especially at

”high electron densities, and probe surface effects,

make © this probe  soitabie only at low electron

densities. 'Even at - low densities the accuracy of

_paddle  probe measurements is pocr. _The'advantage of

these two alternate technigues is that they measure a
truly 1local current density and can measure both

poloidal and toroidal currents: the"éT technigque can

measure only the " toroidal average ‘of the poleidal

current éensity; but generally with good accuracy.

€.  LANGMUIR PRCBES

Langmiir ‘probes were -used = to ebtzin . local’

:measuréments.of electron density, eléctron temperature,

and floating potential. Since  discussions of

‘elemeritary Langmuir probe theory are widely available

elsewherellr12 ypig section will be limited to a brief

description of their use in these experiments.



58

‘Local electron dernsity was measured using single-

BT double-ﬁipped Langmuir probes biased to collect ion
”:satufation current. The probe body’ consisted of a
-if4-inch o.d.- stainless steel tube ending in 2 céramic
tod through which the small (.95 inch- diameter x .1
inch -.long} .platinum wire  probe tips protuded. The
prébe.is biased to about -~75 V, :USually a . double

érobe13 was used to minimize errors due to floating

potential fluctuations;9 in this mode both tips are
left floating and the volitage across the
current-neasuting fesistor is menitored . . via a

differential amplifier.

in addition to  these localized -~ density

meéasurements, a line*avéraged density was oObtained
using a fixed Langmuir probe. This was located between
an outer ring and the wall and was specially shaped so
az to correctly volume-weight the flux surfacesl4.
. This  probe  was calibrated against the . microwave
“interferometer _and . found toe .agree 'well in the
poloidal-ohmically-heated discharges (Figure 3—65. The
- movable Langmuir probes were also calibrated against

.the interferometer.
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Figure 345}“-Dgﬁsity ﬁéaéﬁfemeﬁfé;aﬁring a poloidal
ohmic héééing:::éﬁéﬁi' maﬁéts_ﬁith f zebra-strive
interferb@giég:ftgb'éiﬁéeiiﬁfélﬁ,é) ﬁha with liﬁé;
averaged Léhémuir"bfabér”(ﬁéﬁééh'trace in a,ﬁ,c)._“
The horizontal scale is a) 8.7 msec/division, b
2.5 msecf&i&isigh;“'éﬁa :c}f'lzﬁééé/éivisidh. The
distance betqgen.intéfféfﬁméiéf étfiées represénts

a density -change  of 1.2 ‘x 1812 en™3.  The

_.iine4averége'?f@bé s¢a1¢ is;ioughiQ'i.l x 1812 cp~3

{assuming ¥, - 16 evy).
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Electron temperature can be obtained by sweeping a
Langmuir probe - or with .a triple~tipped ‘Langmuir
probe.13'l5 ‘Both "‘methods ﬁere used to .- obtain Te

profiles and gave similar results, although both gave

large (758%) uncertainties in T_ - - The triple-probe

e

. method was also used with 2 fixed probes loczted on the

separatfix to obtain electron temperatures . during

“scaling’ and resistivity measurements. These elactron

‘temperatures are comparable to those  obtained from

impurity - radiation - measurements -as .- describsd in the

next gection.

D, IMPURITY RADIATION DETECTORS

In most of the plasmas studied using poleidal

'ohhic"heating in" Tokapole 1II, the hydrogen is fully

ionized in most regions of the disbharge- and cannot

emit ‘line radiation. Most of the .electromagnetic

‘radiation produced by the plasma is line radiation from

partially  stripped ‘impurity -ions. This  impurity
radiation ‘can be used to measure -the plasma's electron

temperature.
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:Groebnér16'17 developed a cbmputer .code_.which.

determines the time evolution of electron temperature
in standard Tokapole II discharges from measured ratios
of oxygen tadiation lines, based upor a  time-dependent
coronal model. This ecode 1is used t¢ determine peak
electron temperatures in poloidal ohmic discharges.
The code solves a set of rate equations for khe
densities of the variocus ionization levels of oxygen of

the following form:

=]

o - 2l
= =55 {T)ngMy ¥ (Tdngny K +By

% = o5, (T hngn, =or, (TIngn, 45, 3 (Toingn

i3 e'ez e'ez 2-1

n
- 2
w1 iTeInN 4 ST

a1 YN + 8 y(T In L
s i R TACHLILE ) zi~1t'e zL-l“e_ _zu
) T

where n, is the density of oxygen ions of charge z, n,
is the electron density, T is the particle confinement
time, $, is the influx rate of atomic oxygen, and zL

refers to the most highly charged oxygen ion produced
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by the plasma.- 5, is the jonization -rate coefficient =

for an  ion with charge z and X' is the récombination

rate for i6n 'z going "t6 z-1. . The calculation .is

zero-3imensional ; The electron - density -used 'is

‘obtained experimentally from microwave interferometer

“measurements; - T and @y must ‘also bé estimated froi

experimental data, although the results of.the'coae ére
guite  insensitive to their values. & guess is.made of
the eleéctron temperature as a  function of ‘time, and
this -is used as- ariother input to the éodé: the code
gives as output intensities of oxvgen line radiaticn as
a function of time, and the input electron tempetrature
is wvaried until the radiation ‘intensities "match the .

experimental data.

Oxygen ~ - impurity  ~lines -  which - give - usable
intensities in poloidal ohmic discharges “are in .the
vacuum ultraviolet aad range from those of O I (neutrai

oxygen, which has an ionization energy of 13.6 eV) to ©

“VI {oxygen with five electrons removed, which has an

ionization energy of 138:eV);' The -experimeﬁtai _line.

intensities " all peak at very nearly the same time, 86
that ‘the ‘codeé gives little information about  the time

dependénce of T.» but does give a peak Tg»
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~Groebner estimates that the tecﬁnique éiveé T,
accurate to about 58%. 'The results obtained in
",;poloidal'ohmié discharéés on “Toképole 1T ayree well
*;iwith ‘results - from triple GLangroir ‘probes and swept
“Larnigmuir probes. TheIValiéity of the time-dependent
-~ goronal equilibrium code method is further supported by
.:e; measurements made on the Wisconsin Levitated
dctupole with admittance'_érobes. and using ratios of
* _¢arbon lines ‘from the ' same ionizétion state; both

‘methods give excellent agreement with the code results.

IR addition té  its use és'_a T, diagnostic,

: iﬁpurity rad;atioh..is' potentiaily important as an
. energy loss hechénism. 'A.1/2-m Seya monochromator with
© ’a Channeltron array in place of its exit slit is used
to monitor ‘the . total vacuum ultraviolet radiation on
:ﬁckapQIé II. - The -total current to the Channeltron
array is .proportional to the VUV Eadiation:integcated
over wavelengths from abcut 5898 g to 1388 .g . The
'_éignal from this -monitor .is always much less during
poloidal éhmié—discharges than during standard Tokapole
13  discharges, ‘despite ‘the -fact that up to 2 MW of
-:'pawer_is éoupled iﬁto the ﬂ#lasma by poloidal ohaic

heating, - dompared to the several hundred XW in a
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standard discharge. Sifce only a small fraction of the

input power .in a standard discharge 'is lost ' through

impurity radiation,18 clearly impurity radiation is not

an important loss mechanism for poloidal ohmic heating.
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CHAPTER FOUR: RESISTIVITY THEORY AND MEASUREMENT

A. SPITZER RESISTIVITY

In the presence of an électric field, electrons in’

a plasma accelerate until they undergo collisions which

- L ‘convert the ‘directed engrgy they acguire £rom the

electric field to randomly-directed ' thermal energy.:

This gives rise to a resistivityl

where m is the electron mass, n the density of

current-carrying electrons, and Vv is the collision

frequency. For a fully ionized, unmagnetized plasma,

the dominant collision freguency is Vair the effective

freguency at which electrons colliide with ions changing

‘the electrons’ velocities by 92°, Only the-

electron-ion collisions are involved, since electrons
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carry most of @ the cuarrent and slectron-electron
collisions produce no net  change” in the electrons'
' momentum. Bowever, =lectron-gslectron collisions do
play a2 part in that they modify the electron velocity

distribution, which in turn affects assuming Z =

2

ei-.

1 and including electron-electron collisions, Spitzer

derives

10-3 inA
T 372
e

0N o-cm

7= 6.53 %

_where T, is in ev and 1n'/\ is the Coulomb iogarithm

_p&;ﬂjéfévez

ie

Bere A D:'is “the bebye'leﬂgth'and v, is the electron
thermal speed. 1n A is about 18 for the plasmas

studied here.
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If mechanisms 'ptﬁer-than electron-ion collisions
afe.évailable £6 randomize the electrons’ momentum;.the
effective collision Erequéﬁcy V increases from U;i"
and -the resistivity ;s enhancad -above. the - Spitzer

value.

B. MIRROR TRAPPING AND COLLISIONALITY

In the presence of a magnetic field which varies
in space, some of the electrons are trapped - in the
magnetic wells and are unable to respond to an electfic
field paraliel to the maghetic Field. The effect on

3,4,5

the resistivity varies with the rélative

_magnitudes of Veair Db. and Vlc' Here ub is - the

bounce freguency for trapped electrons, the elections’

_thermal speed divided by the mirror length:

'Lm is defined as half the distance along field lines
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" between _magnetic field maxima. Vlc-is the frequeﬁéy
“at ‘which electrons . are scattered by  small-angle
;6liisioh5 out . of the mirror loss cones in velocity
‘space and become'tfapped iﬁ the maghetic mirtrors. If

this scattering is due to electron-ion collisions, a

‘random walk in velocity space leads tod

Vi = (22

i¢ ei
elc
Cwith
©B_:
:Sinz elc =R o am

max

'Dépending on the relative maghitu&és' of thesé three
" collision frequencies, there are three collisionality

-regimes:

a. Hith? collisionals Qei >> Vg
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Here an  electron undergoes many  electron-ion

coliisons in the .time it would take to bounce in the

'magnetic mirror. ..Thus the electron is never really
“‘trapped .by the mirror, and the electron~ion collision

~frequency alone determines the resistivity:

b. Highly collisionless: v << Vg

el
Here the electrons are trapped at a rate i’lc and

then -bounce in the mirrors many times before they are
de-trapped by -~ a  collision. The mirror-tragped
electrons cannot contribute to the current, soO that the
density of current-carrying electrons is reduced Erom
. . . -

n,.  to .a fraction £,,.0_r where f,p is the fraction of
electrons which are untrapped by the mirrors. Ignoring -
the imposed electric field, for an isotropic electron

distribution f ., depends only on the mirror ratio; the
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. préséhce of a'strong electric field ‘modifies this by
. giving  some . of theé irapped electrons éhough parallel

" velocity to overcome the magnetic well. This leads tob

S

g . . .  can .
fe=1- V1 - 1/m eXP{EZI“Lbounce/kTe)

© where Lygupee 16 the total distance along field lines
between field maxima and E is the mégnitude of the

electric Field parallel to the megnetic field.

Since the electrons are removed Erom the
¢irculating region of velocity space at a rate Vs

" the resistivity is

72 . BV (“/2)'2 MV, 4
p) 2z
f,p e .elc e £ 1
(/72,2 Mso
2}
ic fut
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Thus in the highly collisionless ;egime“ the

-resistivity scales . as SéiEzer tesistivity} But | is

énhanced by a factor which depends mainly on the mirroer

T ratio.

c. ihtermédiate Regihé: Vi < Ny € Vie

Here the electrons are- removed by small-anale

.collisions from the circulating region of veloeity
'space at a rate vlé. put after they' are ft;apped*,
“they . d6 not bounce in_the-mifroré'untii_a'feiéﬁively'
long  time later .t %'i/\fb-_ Thus = they . must . be

considered “as contributing to the cufrept during this

time, and the effective frequency at ‘which they - are

_removed £ffom . the circulating elegﬁions is VJp- Again
_only a . fraction £, of the electrons tarries the

current,  so that the resistivity in the intermediate

regime is

mv, m v
b e

Z
et Ly Eye ng

" -

; .
e fat Pe
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Note fhat-thé effective mean free path here is Ly faes
j'ﬁﬁiéh'_dé§ends' maiﬁly ‘on machine parameters, and only
" very weakly on éhe'eléctfdn"temperaturé; Because  of
" this ~independence ~of .the mean free ?athzftom'plasﬁa
_'patametérs the intermediate 'collisionality regime ‘is

often referred to as the plateau regime.

C. OTHER RESISTIVITY EFFECTS

f:'Begides ‘the éffeéts of mifrof'-trapping; other
. pﬁeﬁdméﬁé'which éah'médify tﬁe plasma resistivity from
' the value calculated by ‘Spitzer include collisions with
'neuftéls, runaway electron  effects, -and interactions

. with fluctuations.

' If the current-carrying ‘electrons | éncounter so
' :many Tneutrai' ‘atoms  Or molecules -~ 'that the
ﬂ'eiectronéneutral “collision  frequency Vean ‘becomes
:éomparable te Vgjr then Von becomes an -important
factor in determining the resistivity. Scattering from
neutrals is different from electron-ion scattering in

that 'it does not involve the leng-range Coulomb force:

_thus the electrons which scatter from neutrals are
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those with small impact parameteérs, and the scattering

'angle is - typically large. - Thus if neutral collisions

‘dominate ion collisions, one canrot simply replace 'vgg
by Van in the mirror resistivity expressions of the

previous section.4

In the pcloidal chmic heated
discharges, however, neutrals usually play only a small

part in the resistivity, so that simple approximations

‘for  their effect are adeguate. Snith,’ using

cross-section data obtained from Gilardini,8 gives

analytic expressions for V,, for molecular hydrogen:

Ven = 1.85 x 1877 ny (T +.6114), T < 1 eV

1.84 x 1677 ny, (773 ¥ .8246); 1 eV < T, < 10 eV

218 x 187 ng, . 0 T, > 10 ev

where ygn is .in sec“l, T, is in eV, and ny_.is in
cm-3. All of the poloidal ohmic heating data falls in
the latter two temperature regimes. The electron-ion

collision freguency used in calculating Spitzer

resistivity is?®
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ne'ln?\
Te

Vei = 1.5 x 1876

with ng in cn”2 and T, in eV.  For mosﬁ of the poloidal
':ohmic heating cases  the plééma is bélieved to be
‘strongly ionized and v, >> U, as "determined from
these expressionsy but for' the cases in the ~low
.ebllisionality regime,; collisions with neutrals can  be
significant. Frostl? and Johnsonll have done more

careful calculations of the effect of v on the

en
‘reésistivity, but "Etzweiler? nas shown that simply
édding the . ion-dominated resistivity to the
heutral-dominated resistivity, “¥]= 7?Sp + ﬁ?ﬁeutral'
jeads to errors no greater than aboit 25%. Thus in the
cases where neutrals have a significant efféct on the

"fesistivity, we have simply added the two terms as

resistors in series.

Runaway elec¢trons are produced when the applied
electric fields are so high that electrons gqain more
‘energy - between cellisions than the collisions

dissipate. This is posgible because thé ¢ross section
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for electron-ion collisions ‘décreases as ‘the electron
velocity  intreases. Dreicerl? calculated khe critical

electric field above which électrons can run away::

T Vei M Vg th

_ o
= 18718 & yun

with ng in em™3 and Ty in eV. Furthermore; he pointed

‘outd3 that even below this field, electrons in the
high-energy “tail" of the distribution cad run away,
distorting the electron  energy distribition and -
possibly proviﬁing' a source of energy . to drive

instabilities.

a4 parameter which is closely related to E/E; and

" which is also used to determine ' the theoretical

threshoid of instabilities .is ‘the ratic of electron

streaming speed to electron thermal speed, v./v L =
) = d’%e - th

I/E enevy g "Note that for '723 hﬂsb = m'uéi/néz,.the

8

two expressions vd/vé rn and E/Eé are identical.
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a;Bunemaﬁ14'.cohsider$ _tﬁé'-éoupling of enerég.from
';uﬁaway'électrons.into"a two-stream instability  and
' obtains the result that withiﬁ a time'én_the_order of a
“hundred éiaéma periods (189'# '2?1/tupé) " the drifting
':energy of the electrons  should be couvled into
instabilities; ' From this he derives a  turbulent

- resistivity for E > E_:

- . i _ ;1
??Buneman" (2937r€olupe)

'__iDeIidOVZI derived a turbulent resistivity

o : : e 172
M emidoy = 2 x 187 2
. . Demidov TH;_?T

" 'where r is the distance in meters to the wall, n, is in

o3 and T, is in ev. He ‘assumed that .the . two-stream

e

e

“instacility took energy from the drifting electrons and

that ‘this eneérgy was then absdrbed  primarily by the

'vzsp' Cogpi and Mazzucato
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. machine wall, rather -than by  the plasma.. His

experimental - turbulent heating data were in good

-agreement with = this resistivity; furthermore, 'he

observed microwave emission from the plasma at “cgpe,

as expected from the two-stream instability.

Eveﬁ whgn ;he électric field.is weli below E.r the
stfeaming energy of the electrons may excite
instabilities which incérease the resistivity above
13 consider the effect of
drift waves. on  resistivity and find resistivity
enhancement Commencing at E/E, ratios as low as 18-2_

fhe instabilities onset1® when the electron streaming

welocity is roughly equal to or exceeds the ion  sound

velocity €. = (kTe/mi)l/z. gmith and Hollwegl7

caiculate threshold streaming velocities for a variety

of current-driven instabilities; in gensral, for T; <«

T, the instabilities are excited at electric  fields

well below the Dreicer critical field.

For applied electric fields not much greater than

<

E_.. the ion-acoustic instability should provide

sufficient resistivity %o Kkeep vg T Ve th_18 If E >

E .+ the streaming velocity e¢an increase above Va pp and
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.stronger turbulence at fregueacies .much higher than
ion-sound instability fregquencies can occur, giving a

turbulent resistivity = W e'l. If this turbulence

P
again slows down the drifting electrons, the ion-socund

"instability may again dominate the resistivity.:?

B. PRE?IOUS RESISTIVITY MEASUREMENTS

The first experimental studies of resistivity in a-

toroidal octupocle were done by Lencioni3'2a,

“gun-produced plasma with ng ~ 18% cn3

using 2
and Ty~ 18 eVv.
Be used paddle probes to measute current dansities neat
the minor axis for electric fields E; up to about.lﬁ
ﬁ/m {far in excess of the Dreicer critical £ield).
Lencioni found that below the point where the induced
current density 3§ was about half of‘fthé thermal
current, the current was proportional to Ey; above this

point it saturated. For E; < 5 V/m, he obtained

' S YT (en
m=25x18 S n-a
n (em 7}
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This was’ too .._high to be '.'éxp'léined by either  the
collisionless .mirrofnlihitea_:Spitzet 'résiétivit§ af ”
section B or by Buneman's turbulent conductivity. = The
result indicates a constant electron mean free paiﬁ_iﬁ

the low collisionality regime, as if the plateau regime

'scaling continued where the collisionless scaling was

expacted. . The resistivity was in rough agreement ‘with
the result derived by Demidovil in scaling 1like

VTe/n r, although the magnitude was about a  factor of

four less than Demidov's result,.

Gu5522

:ﬁeasﬁred resistivity “ina emall toroidal -
gquadrupole and obtained} for sowe :opérating'-modeé.
roughly the Same form f£or the conductivity &s Lencioni,
although the quadrupole electriec field E, was less than

the Dreicer eritical ~ field. ' The magnitude. of -the

‘résistivity was about 'a factor of 5 less than Demidov's

result, . but approximétely the same as mirror~limited

Spitzer resistivity.

ttzweiler? extendad the resistivity measurements
in the small Wisconsin Octupole by ohmically heating an

ECRH microwave-produced plasma to give densities up to

several times 1512 em™3 with electron temperatures T,
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-5 to 28 eV. Brouchous3s> studied resistivity in the
- “Wisconsin jLevitéted Octiupole using plasma produced by
each of thréé-different'coaxial'guns. This allowed him
' 3
L 4

to vary n, from 18?7 ca3 to 1812 om~

e with T, ranging

from ~2 eV to ~18 eV. .Between the’ two experiments, all
 '£hréé' collisionality regimes were accessible. At high
_'ﬁnd 'iﬁtérmeéiate ‘¢ollisionalities 'the resistivity
followed ' the predictions of sectién B, but at low

collisionality the resistivity continued to follow the

“intermediate - regime - scaling. The  -variation of

" Pesistivity seen by Brouchous. and  Etzweilér  is
stmmarized .in Figure 4-1. 'Brouchous“ was . able to
' éliminate'thé'ring'supports as é possible causée for the
“ anoma1ous N fesiStiﬁity cat low ¢ollisionaliky by
:.1evitaéihg‘the‘rings: the-supporté'cdﬁld be withdrawn
for 28 msec by a ‘pneudmatic mechanism while the rings
rémained in position due to their dnmertia. Withdrawing
tﬁe supports did not affect the ‘anomalous resistivity.

‘Brouchous  and Etzweilér believed - scattering = from

Current-driven fluctuations was responsible  for the’

-anomalousiy high resistivity in the coilisionless

tegime.
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Figqute ~4~1.  Variation ' of “_reéisfivity. with
collisionality obsetved by Brouchous and Etzweiler
{(reference 5). The two lines shown labeled "small
octupole® represent the limit; of the plateau
régime mirror scaling for the electric fields usegd
by Etzweiler; the electric fields on the large
octupolé are  so  small that the theory is

represented by a single line,  labeled - "large

‘octupole®. . The Hhorizontal scale is eguivalent to

) Vb/ Vai® Crossover from the Spitzer to the

i t F - - - . N = L.

intermediate regime is shown at Vb/fut Vais
crassover from the  -intermediate to  the

“collisionless regime is at Vg & Viee
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2 'numbet of other - éxperiments have studied the

"effadts of fluctuations . and turbulencs ‘on . plasma

23

resistivity, Bamberger at"” Culham, using"'a small

stellarator, applied electric Fields- ranging from 1971

3

v/em to 187 V/em to Cturbulently heazt a plasma with

initial density ranging from 1gle em™3 to 1@13 em™3. A
similar experimént was' petformed by Demidov et a124
with similar results. The resisfivity as a function of
applied field exhibited three ‘plateau ‘regions with .-
sharp jumps between the regions. Hamberger ~believed
that the jumps in resistivity correspondsd to ‘the onset
of the ion-sound wave and ‘the ’‘two=-stream . instability
fespectively. ?he'{m/m)l/3 hJDé”l dependence predicted
by Buneman for - the regice ‘with "B »>» E, -was ‘also
verified by changing ‘the gas  used and varying the
density. 1In both experiments the magnetic field simply
provided containment for the initizl plasma snd did not

affeéct - the  resistivity. Bamberger = -alsc  measursd

" fluctuation Efreguencies  and found * them in agredment

with the “ion-sound -instability 'and the ' two~stream
instability in - the  -corresponding  eléstric ' field

régimes.zs
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" More -recenﬁ : expérimentsla'zs on-  the Texas
Turbulent  Torus, a device built to test turbulent
'fheéting;.fdund resistivities of the same ﬁaghftuﬁes _as
. those . of ' Bamberger . and Demidov, but  found . the

_resistivity to vary as roughly the ‘square root of the

éppiieézélectfic field. Enhanced outward transport was.

‘also seen, while the hoped-for rapid skiﬁ' penetratian
 3;5 ﬁdt‘ obsérved: the skin time wés'aé expected from
thgﬁfesistivity measurements. '

:'ﬁecenﬁ résistiQity data'ﬁaken by“ Bfoucﬁou527 on
jizﬁe ZeQitatéd'GcEﬁpole strddgiy.supébrt the fluctuation
*Véxplaﬁation of the anomalous  resistivity. _ In | these
-éxpefi#enhs, the plésma'wés-obéérﬁed to undergo a gquiet
:_§hase'_ih ‘its . decay, .with density fluctﬁaﬂions
“a/n < 23,  Brouchous . measured the resistivity during
" this ‘quiet phésé, and found that  the measurements at
-ldw; collisionality  fell on the mirror-limited Spitzer
.1ine;:rather than continuing to Tise -as ﬂin' previous
-”'éiperimeﬁts. Resiétivity.measuréménts.taken dﬁring the

Ehﬁisy periéd of the same - shots continued to follow
'_,éiatéau scaling  at .loﬁ.ééilisionaiities,:as_prééious

measuremrents had done. Thus there is geod redson to

‘'shape,

9]

associate the high .-resistivity wusually seen at low’

‘callisionalities with scattering from fluctuations.

" B. METHOD OF DETERMINING RESISTIVITY -

In  order’ to f£ind the plasma Tresistivity for
éurrent’_flow- along field lines, three things must be’

measufedfor caleulated: the electric field, the current

_density, and the  geométric effects of the magnetic

field structurg, . The electric field is calculated as

described  in section 2-D; since the poloidal field is

crowbarred; the electric field is assumed to be purely

‘poloidal, and since the plasma current is small {a few
percent) compared tp'thé winding ecurrent, the vacuum
:elect:ic-field is . used in'célqulatinq-:esistivity. .The
" local poloidal-current‘density'is measured  with a _é

'probe as described in section 3-3.

To  include the effect of .the magﬁetic. field -

28 the resistivity must be averaged so as to take

‘into  account the varying cross-sectional area throusgh

"which the curréent flows as . it follows the magnetic
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field lines. The resistance of the region between two

pbloidal flux su:faées once around poloidaily is.
R{ATF) =V, /I(AFE) = j{n/al) dx

Qhéte. Vﬁ ‘is Eﬁe poloidal  voltage oﬁce afound
.poloidélly at ?’énd I{A¥) is the total Eurrent.flowing
parallel to the field lines between the two surfaces.
.dx is an element of length measured parallel to the
total field and A, is the total area perpendicular %o

B through which the current flows.

By the definition of ¥, the surface between two
flux surfaces perpendicular to the poleoidal field
{shoewn as the annulus & in Figure 4-2} has érea
{A¥/Bp) If the current £flows arcund twice poioidally
as it makes one toroidal revolution, then the area
. perpendicular to B, through which the current flows is

A/2: or in general

gy

Figure 4<2.  Annulus A formed by the intersection

of the midplane with two poloidal flux surfaces.
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annulus A

=A\V/Bp

95

‘where q is the safety factor. The projection of this

area pérpendicular to the total field B is a, :

a, =gq ,(A?/B'P) {85/8)

Cand since 81 = (By/B) dx, where dl is an element of

length measured parallel to the poloidal fisld,

R(6F) = fms/(np'x B, 1Yy 41 = J'”QB a1

BP g AW

g and AY are independent of the location along the

flex surface. . If nois also constant on a flux

surface,

C : L : 5 ]
. _ B ) .
R{AY) =V, /I(AYF) = e JT 4l .

q
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‘or 'since I{a%) = 3, A, =3, g AE/B,

' in [p2 :
.ja_dl ‘

- Jsy

- Becos a VW

_ pol fE_ a1
R 5

This equation is used to obtain U from.méaéhted. data,
 Here a is the angle between 35 and 8 (Figure 4-3). The
integral in the denominator is‘evaluateé by "a computer
program from the vacuum flux.piot (Figure 4-4}. - B is
the-tctal,maénetic field at tﬁe.point where the current

density is measured.

£. 'RESISTIVITY DATA AND CONCLUSIONS

We made resistivity measurements in poloidal ohmic
discharges as described in the Drevious section for a

"wide ‘range of Bpr poloidal loop voltage,” and initial

- 97

Figure 4-3. cos a and cos?a on the midplane as  a

function of distance from the .major axis for

various values of ™ = (BT/By)H§OW" a is the angle’

between. ‘the poloidal magnetic field and the total

magnetic field;
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a?
Bp
function of flux surface ¥ for various values of

Figure 4-4. gl once around ?oloidally as @

™ for a poloidal bank of 34 capacitors chargad to

5 KV. The integral goes to infinity on the

separatrix where By goes to zero.
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. gas pressure values, .Most of the measurements .were

"o

made -near -the - location .of peak current and near the
time of peak current in order .to. get  the ' cleanest
S B 1 . signals. . The ' measured resistivity .. wvaried . From
(o]

approximately 77 .. -to about 1568 x ?ls ..
: sp : Sp

The magnitude of the observed resistivity varies

from " 1874 n-m to  19™2 Il-m.--The:cor:espondinq

o> time for current perietration can be found from
o} w ' ' '
= e
w
W T
i—'_,‘ - Tgkin =
it F
w
g where pd'is'the permittivity of free space .and 4 is
_g {ea ) the distance peénetrated in meters, If ¢ is' § cm (the
] o approximate disiénce from the wall to the current peak)
YREE . _ L o L e _
| : - then at M = 187% n-m, T_.;. ~ 180 psec; at ) « 1872
: : skin H
a N 9. 8 . ‘ - fem, Tekin 1lpsec. For 'times much  longer - than
e RSP S P o ) - : : : S :

- ihis.' the “plééma-appears'resistive. Since the plasma
. curtent takes 508 Asec to rise “to its  maximun o {and
somewhat longer at higher resistivities)_tbé soak-in is

apparently not an important factor in deterrining  the
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_CUt:ént'profiie. In the.casés where the toroidal field

' 'is pot ‘crowbarred; so that the poloidal  loop voltage
- fe§er§es' polatityﬁand.then'is-abruptly tﬁ:ned off, the
'.'cﬁrrént'éhould die away ig roughly ‘a - skin = time. The
"ﬁésistivity cduring -~ this - reveérsed-polarity heating is
_always hiéhéf than dufing the first  heating peak,; so
.ﬁﬁat"'fékin here is probably = on the order of a few
S ﬁSéé:‘thus.tbe observed current debay time of < 58 psec
.ﬁh-' this “mode - is  ‘consistent with';the-'meaSured

resistivity. =

pigﬁ}e'.§45 ‘shows .the. resistivity enhancement s
' ﬁf*l/?lsé, plo££ed -agéinsé the ‘plasma collisionality.
:Tné solid lihes_réptéSent the ﬁirfor_ theory described
fin séctioh B. The data is in good agreement exceot in
the.éoliisioniess regime, where?yﬁgn continves to rise,
in' aQ:éemént- Qifh ?ﬁe'méaﬁufements méde ptéviously by
.:Lén&ioni,‘ gféweilef, ‘aﬁd.._arogéhous.'. 1Since the
“fluctuation ‘level during soloidal ohmic heating is
i-alga?s high, it appearsfreasénaﬁle -tb ;éttribuﬁe this
:;aﬁomaiéus 'fesiﬁtiQity' t6 seaﬁtefiﬁg”ffom”fiucfuatiqns
iaé“étiwéiier'and Broutﬁbus did. Thus 'the..fesiétivity

agrées: well “with the mirror-limited Spitzer theory as

183

Figure'4~5. Variation of resistivitcy enhancement

with collisionéiity measured during poloidal ohmic’

‘heating. The solid lines represent mirror-limited

Spitzer theory for the extremes of applied electric

field.
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‘modified . by = previous  experimenters-  to  include

';flnctuatioﬁs.

The applied electric fields <Ey, > range from about

1872 % E, to slightly  above “E_.. ' The ‘appropriate

eleettic field to  consider ‘here is - .the ‘poloidal

once—arouﬁd.average,'sinCE'the plasma's.'collisiohality
is “low enough ‘that - the streaming electron generally
makes one For more ‘poloidal- transits @ before it is :
scattered. Figure 4-6 shows the variation of:721725é
with applied“field E/éc; the parameter range ~‘here is’
similar ~ to that in Figure 4-5. The resistivity ratio

appears to increase sligntly faster than linearly  with

E/Eg.

Figure "4-7 shows the resistivity 7] as a Function

of electron density n, at the lécation of peak cuarrent.

- The ‘tesistivity scales roughly  as n '1. - The same

e

scaling was cobserved by Lencioni and Etzweiler  and

contrasts with the-n‘e'l/2 scaling predicted by Buneman

. for E 33 E." {shown as ;olid line 77 aunemanc! Bt low

densitiss, corresponding to the largest values of E/Ec'

the magnitude of the resistivity apptoaches the  value

predicted By Bunemah:
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‘Figure 4-7.  Magnitude of  resistivity  versus
density at location of curcent peak during poloidal
=

C snmi i - iculations k| ‘.
oheic heating. “he calculations for { Denicdov

zssume & distance to the wall of £ = 4.5 cn.

1a9

[

! Demidov {0 &V)

2 3 P

ul

110 100
ng (102 em3)
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" fne other  solid lines in_-Figﬁte'4—7 represent

pemidov's resistivity caleculation with r = 4.5 em  and

.with'Té' 18 eV and Te'= 30 ev. - {The distance Ffom the
‘current peak to the wall actually varies from 6 cm in

';hé' midplané'_to T2 em in the bridge region, and T,

tends to be lower Eor the higher densities than for the

- low. densities.) . bemidov's calculation £fits the data
_ réasénabiy well. GHowever, since the same'scaling with
.denSitY' was  observed by Léﬁéiéni3'and ftzweiler? but
f_with a different value . 6f r, mnot much si@hificance
:;shohld pe - attaéﬁéd' £6.the fact that the maghitude of
Ttne .fésisﬁgﬁity l_ag:ees with Demidov's théocy.
grrweiler found that resistivity dats from several

machines did not Show the Scaling with distance to the

' wéllﬂthat:Démiébv”pfédicted.

The -measured -fesistivity during peoloidal ohxic

-heatiﬁg .thus -agrees "well with  the mirror-1imited

'}5@{{2&: gﬁebry in the collisional and intermediate -

.regimes. The resistivity  contindes to tise -as the
collisionality is- lowered, as expected from previous

_ resistivity = measurements = in  the presence of

©© fluctvations.. The measurements during poloidal ohmic

heating agtee with ~previous resistivity measurements

111
made by Lencioni, Etzweiler, and Brouchous. As 2
plasma héating scheme, poloidal ohmic heating does
appear to .offer the hoped-for ability to couple large

amounts of power into the plasma at modest wvalues of

current density.
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CHAPTER FIVE: FLUCTUATIONS AND TRANSPORT

A. OCTUPOLE CONFINEMENT AND DIFFUSION

Confinement times ranging from tens of Boha times

te rougnly the classical confinement time have been

chserved in octupcle experiments. Since confinement

times close o Tashm will m;ke an octupole

Bt cof-of-Principle exoeriment impossible  and will
1

certainlv make an octupole reactor unfeasible,” it is
imoortant Lo know how poloidal ohmic heating affects

the confinexsent.

. Particle confinement is usually discussed in terms

of the diffusion coefficient D defined by Fick's Law

where | is tne flux of particles per wunit area ver

. . - B s
" gnit time caused by the density gradient  Vn and <v> is

117

the mean particle veloditv. . In- .2 strong unifork

magnetic field, the particles gyrate around Field lines

antil they experience collisicns. after 2 collision,

the patrticles begin .gyrating arcund a new £iéid line

which is typically'a“gyroraaius'away from the originmal

field line. 'This leads to a diffusion coefficient?
= e?

Delass ) /t '4———-—7r

whare ‘f is the gyroradius, T is the méan tine Hetween

collisions = 1/V _, and GJ_ is the cyclotron Eréqdehb?._
The form D = {kaz)/t is <characteristic of a
random-walk process such as classical diffusicn. If

.

the step size A x i;'increased above jD or if the fime
between collisions is decreased, D will be  enhanced
above Beyass® Note that pariicies in & tokamak
axperience VB x B forces which have a radial companent -
and effectively enhance the step size A x qivinq tise

to so-called "neoclassical” diffusion; in an octunole

-with no toroidal Field, .these forces have no radial
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" component and so do not enhahce the radial diffusion

above c¢lassical.

Fluctiatinhg  electric  fields' in the plasma can

' ‘cause particle drifts which énhance the transport. = If

“the electric field E remains correlated for a typical

-distance L, particles acguire drift veldcities éd - E/B

which change direction after the particle has drifted a
distance TL. :_This yields? Deyrp - EL/BC If  the
'“fluctuatioﬁ':.ehefgy. is of the same order ' as the
pé;ticiés"tﬁermai energy, eEL ~ kT, then -the diffusion
..-coefficient“_Becomes Dy yrb = kT/eB. This formula {with
a”'ﬁuﬁeripal factor) was first giéeﬁ, without  a

" derivation, by sohm:?

D .h = . k T‘e"
Bonm T
16 e B

" .Otner . collective phenomena such ‘as convéctive
- “cells,> which are closed cbntours of constzht ootential

 that .cause a vortex E x B motion, can also enhance the

"solved as .an eigenvalue problen.
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diffusion above classical and give rise to a different

scaling with machine and plasma parameters.

"Energy loss through Jdiffusion " can ‘be - treated

similarly .to . particle diffusion. . If there is no

"particle flux, .the heat flux due t0 a temperature

gradient is given by

AT
dx

with ¥.~ n D the heat conduction coefficient.?

Except for special cases, it is difficult to solve
thése:diffusion paudtions for a multipole geometry with
temperature and density gradieats that wvary arbitrarily
in space and time. In order to compare observed

density profiles and decay times with diffusion theory,

‘the diffusion eéuation is usually set up in multipole

coordinates with some simplifying apoproximatiens and

6748 he density

B profile shape, density decay -time, and dependence’ on
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machine parameters can then be used to infer the
particle diffusion scaling law and magnitude. Most of
the multipole diffusion work has involved particile

transport rather than heat transport.

G&oa summaries. of  confinement data .from
_'multipdles, spherators, _and levitroné. appeaf in
~references & and 9._With a purely poloidal field and
_gollisional plasmas, diffusion ccefficients as small as
~a few pimes classical, and which scale as Dciaés'_ have
beeh' cbhserved, ‘When shear. is ;ddéd oy ;ddinq a

toroidal field and the plasma is not very cellisional,

tne GA Octopolel® and UW Levitated Octupole exhibit
Boha scaling but with coefficients usually -1g~2 Daohm
Without shear, the Levitated Octupcle

' ~1p—3
to ig DBOhm‘

usually sees diffusion severai thousand times Doj,qg
which scales as predicted by Okuda and Dawson.s This is
. believed due to convective cells created upon plasema
-injection: the pulsed UW machine does not allow enough
time for these celils to damp out, while the GA
Octopole, which wusually observed T Dojaggr W25 3 B.C.
sachine. while the wultimate importance of the

diffusion scaling with added toroidal field is not

c¢iear, chen® concludes that *with poleidal field alone,
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a gentle piasma'production mechanism may allow D to bhe

as small as b [classical) or'DOb [OKuda-Dawson] © which

would be small enouqﬁ'for_féactOr purposes,”

B. EXPERIMENTAL CONPINEMENT DURING POLOIDAL QBMIC

HEATING

During poloidal ohmic heating it is "@iffieult to

measure in a “‘direct way the particie confihement but

fairly simple to measure the energy 1oss rate; " after

the heating stops, the particle confinement time can be

measured by observihg the ‘plasma  decay, - while tﬁe"

energy confinemént is Gifficult to measvre. .Thus it is

gifficult to accurately ‘determine the effect of
poloidal ohmic heating “on tonfinement;"In-ptacticé,

however, even a tough comparisen ingdicates that

poloidal  ohmic = heating sigaificantly reducss’ the

confinement time.

The ohni¢ input power to the vlasma is  calculated
by integrating the product  of the measutred poloidal
current density and the ‘calculated . poloidal “electric

field Over the machine volure. This input power ranges
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-'up to 2 Hw in these exnerxments. The plasma enezc§ is
zfngen by E = 3/2 Nk(To + T, 7 3/2 NKT,, where N is the
_total nusber of electrons. {The jons are assumed cold;

" except at the highest densities in these experiments,
the electron ion -equilibration tlme17 is longer than
'thé duratlon of the EXDerlﬁeﬂt ) Flgure 5 1 shows the
' fypibal' variation of = electron temperature,  total
polsidal ‘plasma current,’ and -electron density with
 _§0101631:loop'vo1tage 'VEG' ' Note that the electron
 temperature fsaturafes'_at _Té 2 39 eV while the plaﬁma
.Behsity and plasma'current.continue te rise. Figure
'.'5~2 _ého&s total plaéma':enerqy as a.fugction cf peak
. ohﬁic input power. There is little increase in plasma
,ené:gy_.above Pin .~ 1 HW? this it a reflection of the
1 £em§erature and density saturation. . Even  well ' below
this satﬁratién;'the enerqgy confinement time T (plasma

. eneruy dlv10°d Dy ohmic 1nput power) is guite low, - 38
.-_Psec; At the hxghest chmic 90wers used, Zf drops to
' abbut'haif this value. Note also that Tg appears to
.bé ‘independent _of -thé poloidal wagnetic field from
:these data, hcwaver, since the plasna baraneters change
cas the _90101da1 Eleld is varled it is not simple to
-infér'a scaling law for the diffusion coefficient from

 this.

probe  and confirmed by measiaring oxygen

78 GHz intetferometer. The poloidal bank

123

Figure ©5-~1. Electron temperature {T): eleétton

. .density {(n); and poleoidal plasma current (i) .as

functions of poloidal 1loop  voltage Vog-  The

electron temperature is measured with a triple

line

‘radiation ratics; thé demsity is measured with a

volume-averaging Langmuir prebe checked a2gainst the

voltage

was held constant at 2.8 kV for these data.
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Figure 5-2. Plasma energy {3/2 NekTe) as’ a’
function of ohmic input péwer for two values of -
poloidal magnetic field. (These data are not from

the same data run as Figure 5-1}
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Measurements of impurity radiation, as menticned
in chapter 3, show far too little radiation to account

for the short energy confinement time. The impurity

‘radiation signals are always mucn weaker (typicaliy by

a -factor of five} than in the standard tokamak-type
Toxapole II discharass, where impurity radiation is not
the dominant energy loss process, even though the’ ohmic

input is higher for the pecloidal ohmic discharges. The

measured energy confinement time for Tokapole 11

operated as a tokamak is ‘about 189 to 389 ,usec,le

significantly longer than for the nopoloidal’ -ohmic

. discharges.

after the poloidal onnic heating is turned off,

the plasma density is peaked on the separatrix and

decays with a characteristic time of about 2 msec. A

typical density profile evolution late in time is shown
in Figure 3-3. This is easily compared with theory for

the case of Bohm diffusion: assuming a2 flat temperature

profile constant in time and assuming a density profile

m{Y -5

o S Sk

2 (Fepje - 5)
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Figure 5-3. pensity profiles on the midplane late

in time. The toroidal field is crowharred; the

' _poloidal current has decayed almost to zero at 3

mset. The _poloidal bank wvoltage idis- 2.8 xV,
_toroidal bank voltage 3.8 XV. The solid line shown

at t = 4 msec reépresents the function

'(ﬂILin:;Jﬂu_}

‘M= ng cos
Wit - 5)

[+

normalized to the measured peak density.

(lblz'cm's)
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wHicn’ reasonably aoproximates the  measured density

profile (Figure 5<3), the density profile decays
ex:cnentéally in time without ‘significantly changing
11

. Tne calculation of Meade yields a decay time
' of - 28 psec for this case, so that the observed
.se:sity decay after the hneating is turned off
”'ccr:ESPOEﬁﬁ to.D " B.l Dyoin-
..During the heaﬁiﬁg the diffusich constant cannot
'Iée found in this way since the density profi;e is not
. gﬁe: éép:oximately'”én “éigenmcde -of the diffusicen
-éq;a:ioﬁ, as the cosine functiOn above 'is:; also, there
% now 2 power source in the eguation. We used H.
“RzrnET's Cromputer progran :TEVOL13'14 te aet an
'a?;tbxifaté diffus&oﬁ coefficient from the measured
. TEVOL is a temperature ev;iution coda which

‘s4lves the slectron energy transport ecuation

s
0
w

~ cetuoole, . assuming toroidal syametry. The ohaic
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power input Q(¥), density profile n_ {¥), and initial
temperature profile T, (¥, t=6) are specified, along
with the diffusion constant and its scaling law. ‘fThe
program produces temperature profiles T, ('F, t) as its

output.

To  simulate the ohﬁic'heatinq case, TEVOL was run
with.an experimentally " measured -density profile and
with 1 MW of ‘ohmi¢ input’ power at a - location
corresponding "to the -poloidal -cutrent peak. The
diffusion was assumed to obey Behm scaling. The
magnitude of the diffusion constant was adjusted until
it produced a temperature profile ~ constant in time at
Tg 7 25 eV, corresponding to the measured temperature
(Figure 5-4}. The best «choice for the -diffusion
coefficient was found to be D “ 1.5 -~ 2.5 D

gonm* For D

2 Daohm' the program calculated an energy confinement
time Ty = 42 psec, in agreement with the observed T; -~
3B psec. Thus for Bohm diffusion scaling, the measured

Ter 'TE. and g profile indicate B T 2 Daonm during the

poloidal ohwmic neating.
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s
. . o %2
Figure 5-4. a&) Experimental density profile neH’} o
"~ used in TEVOL codz. Alsc shown (Pap) is locaticn : : e e
: . ) . o
ca . - > - . 1] -
of 1 MW input powet specified in code. The input — B -
| o g
= . . = s . ERR v B Erel e L
power 1s coristant in tiwme. The code is written for o i ;— . E
the Wisconsin Levitated Octupole, so that the flux = _ -
coordinates do tiot correspond exactly to those of ;: -
Tokapole 117 ¥, iy 7.5 compared to F., i 8.2 in -&.; Ty -
L o . : . . N 45
- Tgkdpole 1I. The density profile Has been adiusted - : o
to compensate for this. T g '
1 o —
L - : ) £ = e
b) -Initial temperature profile spacified in &~ ~—r -
Lo _ tul
TEVCOL code. b
]
5 . S - . oy
¢) Temperature evolution T, ¥,t) calcolated o
by .TE‘.VO’ using B = D The temperature rises in R4 -
Y L g BOhm' jrige =4 :> g m
‘time, indicating the @iffusion constant chosen is :; . .=
S ’ | o}
too small. -
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i S ©
A
vt . 3
: e

2% -1~



d}- Temperature’ Te: (¥,t) calculated by TEVCL

;; using'a = 2 Daoﬁm’ The..temperature remains

constaﬁt ip iime. Also'sﬁdwn are temperatures T,
iEd measured during a poloidal ohmic heating case
wiﬁﬁ Pip 1 KW, ‘adjusted to the Levitated Octupole
::qu coordinates used in TEVOL. The measurements

- were made with a small triple probe.

fé} Temperature evelutiocn Ty {F,t) calculated
. py TEVGL using D = 4 Dggpy- The temperature
decreases . in time, indicating the diffusion

...constant cheosen is too large.
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while D 7 2 Dgopy i a typical value obtained from
measurements during poloidal chmic heating, the
diffusion coefficient doss not appear to scale as
Pgshas TE measurements covering a Dbroad rangs of
plasmas produced by poloidal ohmic heating indicate
diffusion coefficients ranging from b 7 D /2 to D7
- pohm
6 Dsohm and do not show a simple dependence on plasma

or field parameters such as that predicted by Dggopy OF

chlass‘

¢. 'EFFECT OF FLUCTUATIONS ON IRANSPORT

Electric fields in 2 plasﬁa give rise to particle
Arifts with wvelocity v = E, /B, where Ej is the
electric £ield perpendicular to 3, This gives a

particle flux

137

JI1f n and B ‘are separated into DC parts Ngr EL o and

oscillating parts d&n, d&E; , then the flux is

where the cross terms have averaged sUt to zeto.. - In

the poloidal ohmic haating experiments tne first term-

is negligible compared to the second Yerm' and - 86 . we
ignore it. The second term gives 2n a#eragé”particle

velocity -

““due to the fluctuating electric fields. he aiffusion

constant D is thus
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‘Thus if the phase and atplitude of the density and
“electric field fluctuations are known one Gan calculate

a _particie diffusion rate. This method is often used

- }fo measure diffusion rates in the UW octupoles.Btlz

:'Ddrinq éoioidél.bhmic heating, fluctuation levels
'ére-.QerY: high in’ the region of current flow. The
 deﬁsity'£luctuation level .6n/n is approximately 188%

in _this'région {see Figufé Q—Q)Ias long as.significant
_npiaéma current is present, even at .verf.:low poléidal

‘loop voltages {Figure 5-5}.

:Iﬁ. ofdér. to :gsrfelate density fluctwations with
“electric field fluctuations, a small 3-tipped probe was
" used ' to make both seasurements simultaneously. Two of
" the tiés were alignad perpendicular to B and monitored

.hith a differential amplifier to give the local
ﬁeiectric field JEL : the third tip was biased to aive
'.ﬁhé. Jocal don  saturstion cufrent.  Tigure 5-6a shows
typicél' gsets of waveforms ootained .in:.this . way.
{Becavse -of field line tilt, ‘only the First ~1 msec of
" ipe electric ffeld sianal is significant). Note that
the &E; signal and the éjsat signal are 188° out of

_phasa. Tne orientation of the fields was such that

7139

-Fidure 5-5. IOn;satufation current {jsatj signal

and fluctuation lewvel { 6jsat/jsat) as functions of
poleidal loop voltage Vog- The poloigal field was
held constant at a bank voltage of 2.8 «V. The

data were taken with a Langmuir probe at BR=67 cm on

the midplane. Typical error bars are shown.
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Figure 5-6., é)'Locél electric field perpendicular

_to B and local j ap fluctuations measured  with ‘a

amall (.25 cm between tips) three~tipped Langmuir

'probe'loéated at R = 67 cm on the -midplana. The

jséi signal . has ~been  passed through a 1 kBz, 6

dB/octave . high-pass filter; the peak-to-peak
fluctuation amplitude -~on this signal ‘is = 188% of

the averaged jsat':fihe scalé on the electric field

yraces ‘is -8 v/cm per;'boi. whe electric field =

signal has not been filtered, since its DC valusg is
negiigible.  The horizontal scale is .2 msec/box.
Only the first =1 msec of the 4E, ‘trace lis
significant since after this the fieid lines are -
pitched so much that ‘the medsured E is no longer

perpendicular to 3.

b} ~Perpendicular electric field fluctustion

level {averaged over the duration of the3ﬁohmic
neating pulse) as a function .of polceidal bank
‘voltage V, and as a function of poléidal looo

7vditagé VTG‘
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these’ measucréements indicate an outward particle flux

e

f

‘an estimafe éf the particle diffusion can be madé
from data -such as those in Figure 5-6a. Assuming the
jsat-fluctuations represent dns/n of 1633 and that On
and dE, are 188° ocut of phase, averaging the
fluctuations over the auration of - the <current pulse

?ields a <v> ocf T .3 x 188 cm/sec. Taking 5 em as a

typical distance to the wail then gives as a crude

estimate of particle confinement time ij ~ 17 psec.

This is the sawe order of magnitude as the observed Tg

T 3@ Msec. Combinlng the observed density gradient at
~the time of peak ‘current with the < dn dE, >
" measurements yields a diffusion coefficient 6f D = 1.5

X 1@6 cmz/sec. As shown in Figure 5-5b, - the electric

field fluctuations { 55; > increase with  applied
eleétric field and have no ob&ioué' dependence on By
The values calculated frct these measurements are very
@pproximate due to shot?iowshot variations and due to
dveraging the guantities over the duration of the ohxic

heating: also, because this is a local measurement, it

is difficult to compare with the diffusion ceefficients
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calculated by bbse:ving the overall deﬁsity profile

decay after the heating is turned off. -

" The siffusion ‘cosfficient from 3ohm's formula at
4he temperature {~25 eV) and poloidal field ("1. kKG)
corresponding to Figure 5-5a is DBohg 2”x 16° cn?/sec,
while the classical vaiue is ~ Dgyass 69 &m?/sec.
" fne  fluctuation . data indicate a local diffusion
-céefficient more than lﬁé rimes c¢lassical énd about
'eiqht times greater -than Dpgpme This measutemént of

the local diffusion coefficient in the region of large

uations appears reasconably consistent with the

rr

fluc
overall coefficient D 7 2 Dgong calculated Dby TEVCL.
Finally, note that if 5n/n is constant and maintains
its phase relation with 55; , then 3Zohm's diffusion
formula predicts that < 5E1‘> will remain constant as
R is varied; this is consistent with Figure 5-5Sb,

altnouch the data are net conclusive.

The fluctuations produced by poleidal chmic
heating thus appear to increase the particle diffusion

to a value several times D qiving a particle

gohwn’
“eonfinement time which is on the order of the observed

‘eneray confinerent time. The laras . electric field

fluctuations indicate that the poloidal  ohmic heating

used . in thesé  exberiments is not a ¥genptls ?13553_

" production mechanism.”

DL ggpacf“gg LOCALIZED POWER DEPOSITICH -

pven if ‘polocidsl ohpic  heating - did not . cause

fluectuations thad enhance the 'diffusion, it would vield

a shorter energy and ~ particle confinement - time - than

that .of 2 octiipole with density and-temperature peaked

on the separatrix. This is - becazuse .poloidal - chric

‘heating couples -most of the power to the ouiside -edse

of the plasma, where it can aquickly -diffuse Yo  the

wall.

1f the diffision process obeys c¢lassical scelirg,

Giffusion timeg should scale as the magnetic Elux to be

diffused aCCOSS. Tnis follows ‘directly from the

random—walk natore of classical diffusion, whicih -gives

an average ~distance travelled proportional  t6 | the

“nmumber of steps - taken: Jand. froew. the ¢lassical

"assumption of step size Ax X 1/8;
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Tng poloidal ohmic neating. input power in Tokapole

11 pezks at " ¥ = T; if we assure the plasma is lost

it reschnes the critical flux surface “¥, = 8.2,
tné:néanfinement times sﬁould ne about 7 times sﬁorter
_E::it? soloidal ohmic heating than for similar octucecle
iz psaked on the 'sepétatrii 0¥ = 5). This
©askisate is confirmed by comparing results of the TEVCL
'zzﬁié'fcr plasmas with  the temperature and density
geaxed on the separatrix with ‘cases where n . and T, are
'f;ea<é5 st ~ ¥ =7; the locafion of the poloidal ohmic
nzating - po#ér gives confinement that is a factor of 5
to 12 worse than for s£andard'octupole orofiles peaked

‘on tne separatrix.

If the 'diffﬁsioﬁ srocess obeys Zohm scaling, the
fffect of peakina the powsr at ¥ = 7 should be less
cronounced,. since Dgann has a weaker B-dependznce than
Siasse Thié is .verified by -a TEVOL calculation
si-iiar .to--that - in section T, but with 1 MW of chmic
.;owe: put in at’ the séparatrix and _with a density
'f;:bfile' peaked on- .the _separatrix. To maintain a

cerature profilé-conétaﬁt in time for tnis case, it

was . necessary to increazse D to 7 8 Dagnanr 2 factor of
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four increase over the . @iffusion constant “caleulated

with the ohmic power peéaked &t =~ ¥ = 7.

Thueg it appears that the poor confinement during

poloidal ohmic heating is partially due’ to  the

gnfavorable location 'of the ohmic input powar ; -which

degrades the confinement by a factor of four .to ten.

‘Enhanced transport due to fluctuations in the region of

poioidal current flow reduces the confinement time by

an additional factor of - two to five.
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"CHAPTER $IX : EQUILIBRIUM AND.STABILITY

A. EQUILIBRIUX
A possible reason for the fluctuations which
reduce the confinement during poloidal ohwnic heating is

that the heating upsets the octuvcle eguilibrium. This

seems unlikely because the fluctuations persist at

levels of ~ 188% even when the plasma current and

electron dansity are reduced to very low levels (Figure

5-5); at these low levels the perturbations groduced by
the plasma curreat and plassa pressure must be very

small, while the poloidal field is not changed.

One could in orinciple detect the loss eof plaswa
eguilibriom experimentally by w@easuring the anale

between the plasma current ~ and the maznetic field.

‘Since plasma equilibrium reguires that the vplasra

pressure de balanced by the magnetic field force,

Np = 3 = B, an angle greater or less than the anile

reguired for pressure balance implies @ nét force on

the plasra, i.e. a less of eguilibrium. Rowever, for
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--thé pressufe grédienés it Tokavpole ‘11 éu%ing 'pcioidai
'.ohmic neating, . the maximum angle between 3 and B
_fequired for eguilibrium is only ~ 30, uysing a small
movable Rogowski c¢oll, this angle was found to be
Setween + 15°, but because of the poor accutacy of

these measurements they are jnadeguate to detect the

“absence of equilibrium.

in order to verify that fhe octupole equilibrium
is not destroyed Dby the éﬁffent densities and plasma
pressures produced by poleidal obhwic heating, we used
1 uritten by ¥. Piillivs.
2,3

" the eguilibrivm codé TCREC

‘Tne code solves the Grad-snafrancv eguation

A;WJ= “Bg R2 EE -1 EE

a% d¥

where 27 % is the poloidaI'fluk function ¥yn17 R 1S the
distance to the major axis: (Z‘W/po)I(%ﬂ is the
poloidal current between ¥ and the major axis; and A*

2
R 2 i EL + 2 , where y is the “yartical™ direction,
dK K ok dyz

i.e. paraliel to the . major axis. Tne eguation
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expresses the bressure balance eguation in termé of ¥,
assuning axisymmetry, with the . thres terms

corresponding to J4Bps Vp, and Jpbs respectivaly.

Ihe  measured . poloidal eurcent dénSitv. as a-
functicn of distance fromw the gajor axis and the ‘vacuum
toroidzl and poloidal field strenaths are specifieﬁ as
inputs to the code. Figure 6=1 a shows 2 typical
experimental' current - density  oprofile. starting with
tne vacuus flux surfaces, the preogran iterstes to find
the flux surfaces for which the Grad-5azfranov ecuation
is satisfied with the experimental curreat density; the
existence of such a soluticn confirms that the measured
current denslity profile is ¢consistent with ~ . MHED
eguilipriuve. Figure 6-~1 b shows the vacuur Flux olot”
for tne ring position assumed in the code. with the
exzerirental current oprofile, the proara” guickly
ccnvarges to an equilibriuan flux plot (Figure 5—1 c}
Jhich is wvery similar to the vacuuan flux plot.  Thus
the code demonstrates that the profiles vroduced .by
poloiceal ohmic heating are consistent with an
eguilibrive in which the flux surfaces are chancad vaEry
iittle by the plasmas the fluctuations seen

experizentally are not due to loss of eouilibrium.
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:  Figute §-1. a) Typical poloidal ‘current density
5_'prcfile'speci5ied as input to TOPEC code. . (Compare

.té'Figure 2-8}
- vacuum poloidal flux plot from TOPEC code.
_The' £ing positions are slightly different fro=

-ﬁﬁose'in Figure 2-3.

©_ e)-Equilibriur f£lux pist generated by TOPEC

R (cm)

co&é for . current density profile ina. The flux

- gurfaces shown correspond to those in b,

20+

© o o

O
OJ
% 1

;ES() o
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" B. . FLUCTUATION CHARACTERISTICS

‘As shown in Pigure 6- 2 (see also Flgure 2-57, 'thé
fdenszty perllE':i 1n1t1a11y veaked well.qutSLde the
_séparatfix'éhd graﬁualiy moves .in 'té §ea2 ‘on " the
'center. " fne condition for idsal MHD stab111ty aga1nst

xnterchange modes in a multlnole isd

vp-vfa—“ >0

where 5 is the piasma :p;eésuré and 'ﬁﬁé' intég:a1 is
taken on a .flﬁx surface.- This 'implieg that  for
'iﬁtéfchéﬁga SEability'inside kA the. presédré. préfile
_lﬁﬁst e peaaed on tﬁe Séoafétrix;fand thus one”miqht
exoect' a‘ pressure*drlvan'-instability in the ‘early
‘stages of  the “gpoloidal ohTic’ dischafée, :ﬁhen ‘the
denSiti.érofiIe {and presumably the . pressure profile)

- is inverted.

In fact, however, the Fluctuation level does not
- -depend on the direction of the dznsity aradient {Fiaure

6-2); ion saturation curtrert fluctuations are alwavys on
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Figure 6-2. TIon saturation current orbfiié {solid
C1rcles) and fluctuation level J3sat/3sat (boxes)i'
at two dxfferent times dutlng ‘a’ poleoidal ohmie
heating  shot. - The toroidal bank voltage is' 3 kv,

poloidal bank voltage 2 xV.
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the order of 108% in the iegidn where the piasma

current flows. -Thus it appears that the main source of

energy for driving the fluctuations .is ‘the 'plasma

current, rather than the plasma pressure.

Figure 6-3 a shows a typical trace of'fl&atiﬁq
potential versus time near the region of peék current
density.  Figure 6-3 b_showé the p&Qer spectrum of such
a signal, computed by a Fast Fourier Transform
5 Note that thete -is nao strongly dominant
freguency peak, -although é broad peak between f= 5 XHz
and f= 16 xHz is usually seen. When averaqed.ovér many
shots, the overall power spectrum has roughly a g
form, where .7 < a < 1l.5. There 1is. very little-

fiuctuation energy above about 18 xHz.

We made ' some ‘rouga wavelength wmeasurements -in
several cases where the 5 to LB XHz peak was strong.
Tne measurement is difficult because the field 1line

pitch changes significantly during a fluctiation

period. We used two Langmuir probes +to -“look  at  the

floating potential on the same flux surface, one on the
midplane and one 15 cm above the midplane. = The lower

probe could be swivelled approximately #* 318° about a



'Figure 6-3, ‘a) Typical floating potential ‘signal
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" “'as’a function of time at r=67 cm in the midplane.

' “b)  Typical power spectrum = of floating

'péteﬁtial'Signal.
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':vertieal axis €0 tﬁat"its tip moved -im a  toroidal

‘direction. ~‘The phase shift between the two signals as
" a ‘function éf'time'én& of tip location .was ' combined
4ith the known Field line pitch as’a function of time
:ﬁo'yiéié wavelengths parallel to @nd perpendicular to
the magnetic fileld. The approzimations -used in making
this -calculation and the difficulty of making phase
:ﬁeaéuremeﬁts on & . noisy  signal lead to large
incertainties iﬁ the'measufed'wéveiéngths, probably on

"the ordef of & 58%.

Calculztions FEor the case shown in Figure -4 and
ffbr“a few similar casee yield a ;™ 20 cm, 2> 122 cm,
witnh larger uncertainties in the parallel wavelength
due +& the small phase shift aleng a field line. Since
'ine' mode at .5 to 18 kHz is sometimes only weakly
present in the fluctuations, it  is mnot certain' that
‘tnese = measurements = Are repreésentative of  the

" fluctuations in-general.

The wave structure can alsc be specified in terms
of the poleidal and toroidal components. With two
floating potential probes spaced ~ 48 cm . apatrt

‘toroidally, we measuzed toroidal wavelengths ™ tor
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Figure 6-4. Phase shift betwean the ‘fiocating
potential signals +to two probes as a function of
time for three positions of the upper ‘probe .timb.

In A .the upper tip is swivelled left ~ 389; in 8

the upper ;ip'is radial: and in C the uppér tip is

swivelled - right = 38°,. The lower tip is at r = 66
em in - the ‘midplans, the upper'f tip' on - the’
corresponding _flé; surface ~ 15 em .above the
midplane.. fhé'gnowﬁ field iine.pitﬁh'as é fhnction

6f timé alloéws calculation of Ay -and M from

" these phase shifts.
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- 69-88 cm:'when'the probes Qere séaced T 118 cm 'apart

toroidally . {98° toroidal angle), we could see little

. cotrelation . between the - two signals. Poloidail

wavelength - - measurements generally showed poorer

correlation but were consistent with waveleéngths uo to

-a few times the toroidal wavelength.

Figure 6-5 .shows the ratios :of these wavelengths
Lpol Mor '

or Mpol . .
three toroididl bank voltages, along with the calculated

plotted as m/n = | as a function of time for

g's for the corresponding bank voltages. Here L and

pol
Lyor refer to the distance around the machine
poloidally and torcidally, respectively, on -the giveh
flux surface. The accuracy of these measuremenis was
poor, Since edch point represents the period of only

one cycle of the oscillation and since the signal

correlation was not very good; but ‘the data -appear

reasonably consistent with g = m/n. This is further

indication that the fluctuations have a long parallel

-

wavelength, since k "B =8 implies that

m n : = aim:
: P-'RBT ¢, i.e. g = m/n.
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.Piqure“ =5, Caléu}éted saféty factor - @ and
" measured mode number ratio m/n for three different
toroidal bank settinas as a function of time. 1In A
the toroidal’ bank'voltége iz 2 xv; in B 3 ¥V; and
in C & kV. The poloidal bank voltage is 2 kv in
eaen case. The lower case letters represent
measurements of the ratic of m/n {pdloidal mode
numoer 7/ toroidal mode nusbher) for the
_COrresponding cases. The use of the term “mode
number® may be somewhat misleading here, since the
signal correlation was wpoor for Etwe probes 9p°
toroidally around the machine; the ratio is

' inferred from wavelength measurements.

Cl Oﬁd: m/n'.:.
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: The fact that thé fiuétuatidhs aré very.léf§e even
 at 'véry low wvalues of plasma current seems somewhat
'”éurpfiSing'at first. However, as the plasma current is
_reduced ' by decreésiné " the poloidal.;oop voltags Vogr
* the density and temperatﬁré of the plasma are also
}::eddced, with the result that a larger fraction of the
? §1édtrpns‘ energy is in the form of streaming motion as
';;obp'vaitage is reduced. TFigure §-§ shows the ratio of
the elgctronsf streamiﬁg velocity vy = j/nefut to  the

'_-éleetroﬁ"'thermél  speed 'in the bridgé.regibn. In the
fﬁiépiﬁﬁe the'current'densify is lower and "the ratio
-:;#a/ve th.is thefefdre also lower, typically by a factor
:  6£ three. Even in the.midplane, however, this ratio is
;éuite larce. By compafiédn,_in a_tokémék this ratio is

':fiﬁsualiy very small®, on the or&er.éf B.Bl. The high

'Lratiof.of sttéamihq to ‘thermal speed is favoradble for

‘exciting current-driven instabilities,’»8

_ Another 'faétof whéch .méy coﬁt?ibute | to the

‘instabilities is the low shear in the region where the
"plasma current flows. This is  shown jn Figure 5-7,

‘which shows the safety factor a as a function of flux
" sutface W. The small slope in the region near ¥ = 7,

wneté the Gcurren:t peaks, corresponds to small shearc.
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Figure 6-6. Typical ratio of electron streaminq'
velocity vy to electrom thermal spéed.. The

streaming velocity is obtained from Vg o® j/riefut

~and 1is shown for the hridge tegion; vy is lower in

the midplane since j is smaller there.
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10071
d/feth ' © | Figure 6-7. Safety fadtor § as a function of . flux
(bridge) . . . . surface ¥ for  various 'vélugs of ='_3T/BP}M.§OW‘
) io - o . o ' The values shown are  calculated for  the  vacuum

fields: nhowever, the plasma current contribution is

o ) ~-negligible for the range of o¢'s shown.
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Since shear usually has a stabilizing effect,3'9'lﬂ'11

it ‘is unfortunate that the'current'peaks in the reégion

of minimum shear.

C. CURRENT-DRIVEN IKSTABILITIES

Current-driven instabilities may be grouped

according to the freguency ranges in which they "occur.. .

Most current-driven instabilities fall ‘into .one -of

three broad ranges.

The two-streanllrl2 instability occurs at'hiqh

freguencies near the alectron olasna freguency,

W Wpe- Since this instability may be excited for

large valuesl? of vd/ve tn o Suca .as are produced oy

poloidal ohmic naeating, we looked for radiation from
the plasma in this frecuency range using a microwava

horn ahd diode detéctor sensitive to radiation in the

.o range f= .7 GHz to f = 1@ GHz; the detection apparatus

is similar to that 'used by others to detect the’

14

two-stream instability. Firing the 18 kW 8.8 GHz

“preionization pulse gave a rouan sensitivity

-galibration whith indicated that we could detect
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“ragiated power lévels greater than a few hundfed watts.
‘We waried the plasma dsnsity from =181t ™3 ro - 1913

:cm'3, corresponding to f ~ 2.8 GHz to fpe - 28 GHz,

pe
but no microwave radiation was obssrved on the diode
. detector. Thus we have seen no evidence for gross
fluctuations in the frecuency rangs neat Wge-
Current-driven instabilities which fall into the
.intérméﬁiate .freéuenéy _range hnear the ion cyclotron
.frequency W =Wey- 'idclﬁ&e the .currth—driven
ion--cyclotron14 instability., FPor these exceriments the
jon cyeclotron freguency is typically a few Mz, If the
external circuit has good frequency response, probes
. biased to collect ion saturation curcent nave an  udper
freguency 1imit}3  of ‘qui = ‘1na2/eoﬁi, which is in
the range of tens of M#z to hundreds of MhHz for our
plasmas; nowever, no plasma activity in this freguency
range has been observed on Langruir probes during

poloidal ohmic heating.

Tnus there is ro .evidance that poloidal ohmic
heating excites instabilities except those in the
low-freguency range, near the Jrift freauency [A IR0

- Candidates in this range include both
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picroinstabilities {ioh-écohstic | iﬁéﬁabiiity.' ané

current-driven drift instability) and MHD instabilities
(rippling mode, tearing mode). ‘While the -authoc's bias
is towards.ﬁﬁe férmer,.tﬁe'evidence tb'suppoft this: is .

not conclusive.

ﬁrift :;a§é56'13'17‘29 acéuire. théif'eneféy from
plaéma particles which are drifting perpendicular to a
magnetic field . due .to gradients in temperaturé,-
density, or magnetic fielé: in addition, -drift waves

with Kk - B # © can tap energy from particles streaming

.along the field. The wave propagation velocit? across’

 the field 1is on the order of the electron drift

velocity, which is

for drifts induced by an electron density  aradient

an/dx.
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_'in :prdef ‘to 'COUPié snergy from the eléétrcn
._cﬁrfehé,.j.e.'.from'tﬁé électfoﬁs‘ streémiﬁg velogity
634 ';hé drift wave mist - have a component along the
;ﬁagﬁetic'_fiéia,' ? . §~¥ é: such Qa€e§ afe .called
'.leiqﬁe dfift waves §,18,17,22 KéﬂomtsevlT obtains from
o a fluid ‘equation analysis the'dispefsioﬁ relation. for

. the Iongitudinal part of such waves as

w*w +w? gy 2e =8

- T e e ___.’k'pe.. e ;
:ygere Ky f k- B, o, = T is the acoustic velocity
kTi'ié assumed = 8}, the pla;;a g is assumed < m /M.,
“and drifts due to VT,, field curvatife, eté. have been
fiqﬁoféd.' This ‘is sketched in Figure 6-8. There are
‘tws branches, both of which become ion-acoustic waves
at large ¥y . The aéceierated wave has é perpendicular
-cémponént which propagétes in the electron diaragnetic
arift direction: the retarded wave's perpendicular
. ﬁomponénﬁ propagatés in the opposite direction. For
o éméils'k“- ftﬁe.. perpendicular  compohent “of  the
accelerzted wave vropagates with a phase vélocity

o W/k, ™~ vy.. AN anaiysis based on the Vlasov equationlG
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Pigure 6-3. Dispersion celation for cuffent¥ériven

| drift waves {From Reference 17}.
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shows that the phase velocity of the component parallel

to B must exceed the ion thermal vElocdity in order to

avoid ion Landal dartping, and be léss than the electron

streaming velocity in order teo acquife'energy from the

electron current. If the plasma £ is small the grovth

‘rate of the instability!® increases -withn kof e A

calculation?? based on  the - Vliasov ‘eguation which

numerically =oélves the fadial-eigenvalue preblem for

current-driven drift waves ‘including a sheared naagnetic

field predicts that . the minimum electron streamning

velocity for instability is

v = 4 (Ln, ¥y
T Vi th &= e
ad X T ;S me
: T, S - S1dn L
whetre v. is the ion thermal speed, I/L = .., and
ith n o RE¥

Eg ié.the shear iength of the magnetic¢ field, althouah
in Some éxéetiments3g current-driven drift -wav2s -have
Been  seen - at lowei strearini speeds,  typically

vj" vy tﬁ;" Plasma ‘temperature  gradients ‘may  also

" drive grift -waves: the tewpersture aradients For the

poloidal ohric plas»as are not well kmown.
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':Typital' narameters dﬁring poloidal ohmic heating

:1nc1ude densxty scale lenqths an the otder bf ig cm,
:--electron temperatures _ié - 25 eV, and nacnetxc fields
 3 =1 xG. ais yiélas an’ electron. dlamagnetzc drift
:véiécﬁtf 'v* -~ 2.8 % 185 cm sec -1, cﬁ the same order as
Tthe observed oeroen&lcular nhase velocity of the 5 to
._lﬁ tz fluctuatlon peak Ve 5 x 183 8z x'28 cm = 18°
. om sec 1; If the ion temoerafure is = few eV, then the

wive's | parallel phase velocity must exceed a few times

! in order to be free from ion Landau

- 1e® em sec
..démpihg.: Tbé"péraliei“.pﬁasé'ﬁéioéity“bﬁ the wave is
: .not well ﬁstérmiﬁed but exceeds & x 1B° cm sec™ .  The
:diféction ‘of propagation © of ~ the observed wave

“perpendicular to B is in the electron diawagnetic drift

.'-_6iteétioh; tcorresponding  to the accelerated vranch of

thé currant—-sdriven ion-acoustic drift instability. The

'"shear length' calculated from the maximud dc/dr in the

'.current channel region in Fzgure 6 7 is around 15 cm,

: 50 that the tnreshold electron streaﬁxnc saeed for this
_1nstab111ty 5nould be at  most  ?& f 1B.x Vi tpe . This
-'conaltlon is' almost 'certalnlv satisfied for all the
f90101éal shiic discharaes ve have studied. - Thus the

. fluctuatlon ) “ea:ure*ents _are _éonsistent _with' the
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decelerated ion acoustic -branch of -a current-driven

drift wave.

Current-3riven  MHD instabilities could also

‘produce the observed low-freguency Fluctuations, - The

persistence :of the fluctuations at levels near 1070% as
the plasra current.is reduced to a very small value
suggests the instaSi}ity is ‘not an ideal kink-iike'’
mode. Tne  strong extefﬁally-applied magnetic Ffield
should stabilize curcrent-driven ideal MHD modes in the:
same way that a longitudinal magnetic field stabilizes
a vpinch: - for a small enough plésma current the energy
available from kinking thé_chfre%t chnannel is less thnah

the energy reguired to bend  the externally imposesd

field lines. In.an ohmicali?*heateﬁ stellearator, which-

..'is " similar . to the octupole _in  that it .has

. éxternally-applied peloidal - and toreidal fields

indevendent of the vlasma current, sech an ideal MHD

mode is not expected to be unstable?lr22 when the

rotational transform due to the plasra current is much

smaller than the vacuum rotational transform. It is

reasonable - to suppose that a similar eondition aoolies

. here. Resistive MHD instabilities, however, -generally’
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"have - lower tnreshnolads?2:23 ang thus appear more likely

to be responsible for the fluctuations.

Finite plasra resistivity becomes important in
regions  which -are perturdad S in such a’ way that
.Y -

"% *'B - 8. "Motion of the plasta across field lines is

- opptsed by a restoring force

For fluctuations with 1'-3 } £ the nuterator approacnes
zero and even.a small . resistivity allows the plasma
motion . to become découpled from .the field lines in
these regions. . The independent motion of field 'lines
-.and plasr-a in the narrow region where i 'E * g can
allow the plasta-field system to reach lower eneragy

‘states which would e inaccessible if the vlasna were a

conduction
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perfect conductor. - Cutside .this ‘region the plassa

motion is described by the ideal MHD eguations..

.~ The resistive MaD instaéilities are the resistive
interchange instability;._ihe .;eérihg ﬂmode, _aﬁd Vthé
rippling mode. The first of these is aiﬁressﬁre—
driven mode analbqoﬁs to the ideal interchance mode. -
The tearing mode _:gsuits from a Current-deﬁsity
gradient in the k * B - @ layer: the field 1im§§ can
break and -reconnect into magnetic islands iﬁdse width

can grow much larger than the . thickness of . the -

resistive layer. Toe’ competitioh-betweén the energy

obtained from this Tisld line vteconnsction and the

"eneragy vreguired to bend adjacent field lines requires ”

that the unstable modes have a leng \_.a'avel'ehgt'n,z4 ie.

the islands =are long compared " to their width. Thne

rippling instability 'is typically a short 'wavelehgth

mode and is driven by a local resistivity gradient;

convective motion of  the plasia creates a
lower-resistivity chann2l where the ‘current  flows

preferentially,'which in tdrn enhances the convectien.

This mode :éan be étabilized oy parallel electron heat

25 ana is believed to e stabilized for Ta >

25 to 58 eV. The rippling wode is believed resvonsible
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" 'for much of the turbulence and enhahcéd  transpbrt in

the ‘relatively cool edge region of tokamaks, while
_-téériné'mbdés'é:e probably responsible for much of the
.éawtbﬁth~1ike' MED activity in the main tokamak current
“channet.?%:27 Ripsling modes may also have been seen in

" onmically-heated stellarator experiments,28

'"ﬂsiﬁcé.”.reéistive"'ﬁﬂb ziAStabiiitieé involve a
'  éﬁdbling batween resistive diffusion of magheﬁic'fields
”and “ideal MHD activity, both Ty and L 'are important
Cin chatacterizing the plasma. Here th' is  the
“enaracteristic time for field lines to diffuze across a
" dimension on the.ordér of the ' cutfrent channkal width,
':énd" is < 182 psec for the plasmas produced oy poloidal
 §nﬁié'héatihq {Chaptet IV). The Alfvin time T, is the
Ctire in  which ideal MHD disturbamces prépagate across
: £né Gutrent channel, and is typically a fsw x 10”5 sec
B 56% '£hése' plasmas. - :The ratio of thess times is the
'zﬁaqnétic Reynolds number, § = To/ T,, and is thus on
 thé "order " of “183 re 10t The growth raté for the
'5ripplihg made frch'liﬁear'thEOry i "6n the order of
 'f§Lfika)2/5 52/5 / Tge while for “the tearing node
: 3§-‘ (ka)-zfs SZ/SI/TTR-Iwith ¥ the :tdtal"wavénu:ber

“and ‘a thHé width ‘of ‘the cucrent charasi.®? For our
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plasmas this gives a growth rate of = 3 x 18° sec”™! for

' both modes, - large enough' . to be consistent with the

observed fluctuations which have £ < 18 kHz.

Resistive ¥#D modes are predicted?8:2% o rotafe'
with the plaswma electroﬁs at the eslectron diamagnetic
drift frequency Ws- Thus our observed freguencies and
wavelengths are consistent with resistive MHD modes as

well as drift modes, and in general it is difficult to

distinguish the two. Since % « B must be “# for

resistive M3D modes, the fairly short correlation
lengths we observe are consistent with these modes only
if there are- a number of modes present which
individually have X - B - g but which sum togethér to
produce signals which appear unrelated at different
points in the machine. ‘While this is certainly

25

possible, it seems somewhat fortuitous. 1In the case

of drift waves, the  presence of driving terms other

"than the streaming electrons makés -the 'requirement

Sk

= : . . " Y L -
k B " @ seem less rigid than it is for resistive MHD

" modas.
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fIt_may bé possiblé to stabilize -either’ of “these
modes by géatihg 'ﬁhe.plasma'hofe.génfly. If a small
-amount of poleidal obmic heatiné were ‘applied 'to a
}preaexistinq'plasma of moderate density, vd/ve £h could

- be keét _'below:_ the - value . fequired - to  excite

. current-driven diift instabilities. Tne higher imitial
'-_éonductivity would also ' redice the. width . of - the

resistive layer and lowér'the'growth rate for resistive

" -MHD instabilities.
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" *What ‘is thé poloidal resistivity? Do the magretic

mirrors ‘enhance it ~ above  Spitzer  resistivity  as

- expected from mirror-enhanced resistivity theory?

: . .In'.16o1Iisioné1 " plasras . the = resistivity .is
MMy uiesers as the collisionality is redoced the
<1588 x W goippepe IhE

resistivity scales as W!Te/ne'as exéécfea from the

- resistivity incredses  up to

mirror-gnhanced fesistivity théory of ‘Lencioni -and
.@.dthers. As ~the Lplaéma collisionality :becbmes “very
“small, the resistivity continves to incresss; this is
'-_ 5€1iévé5 due ﬁo fluctuations ‘and agrees  with - the

" pbservations-of Lencioni and others.

gIgi the “input. power ‘converted to thérmal'éiasma

. energy?

... Measurements of T, from triple Langmuir probes and

- Erom  impurity_ line  ratios, combined  with microwave

‘interferometer density ‘measurements, show  that' the

glasma “energy content remains fairly low, with T, ¢ 38

eV and n, 1513'cmh3, tompafed with T, ™ 120 ev, n, ~

SULERNT .

“ptoducé& oy the lower ohmiec input power of
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tokamak operation. ‘Idpurity radiation does not ‘account -

for a-significant fraction of the power loss:

*§hat is the poloidal curreat limit? .

Mo cbvious current limit hazs besn sezn; the ‘plasma
is noisy and ‘has pobr confinexént throughout the range

of ¢currents studied.

. *pDoes poloidal ohmic heating alter the multigole's’

eguilibriun or stability?

An eguilibrive  cods ‘which ‘solves the

"Grad~3nafranov gguation - shows that the mTeasured

poloidal platzma current does not sicnificantly perturd -

the - octupole eguilibrium., - Tae fluctustions -cersist

even at ‘small plasma curreats where ideal MHD stability

is  .probably nbt.upseti M¥ost of thé'fltctuatioﬂ'ene:cy”..
is /in freaquencies below £ %.IB kHz; the £luctuations
have 4. .-long  waveéelength - parailel to 3 :and a
perpendicular wavélengﬁh of a few tens of cin. - Tnis —is’
‘consistent . with both drift inétabilitieszand resistive

MAD instabilities. Tne high ratio of vy/v, y 2nd the

.-short - cotrelation ~lenatn of the fluctuations mav be
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evidence in favor of = drift fnstabilities. .  The
- fluctuations enhanée transport 'by a factor of two to

five.

*Does poloidal ohmic heating prodoce - other loss

enhancement over a standard multipole configuration?

'Tne.one—diﬁeﬁéionai'ttanspoté code TEVOL indicates
that for diffusion which scales elassically, peaking
the iﬁ§u£ 'pdwer' ;t'§'=.7.1eadé'to energy confinement
;imes five to ten times worse than for a standard
qctupcle conEiguration with the energy peakec on the
gseparatrix. The effect is somewhat less Sronovnced if
_ ﬁhe diffusion cbeys Johm scaling, but in any case it is
‘unfortunate thét most of the power :is de?ééited near

tne wall of the vacuum tank.

5. FURTHER WORK

Tne poloidal ohmic héating sxperiments we have
done suggest several areas for Future effort. More
" work is needéd o understand the jpstabilities which

cause the fiGotuations. At pkéseht'this is difficult
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in part because the current which apparently drivas the

instability also produces and heats the plasma. If a
fairly dense plasma could be prodiced by sore other

means it  might be possible to ohserve 3 threshold for

the instability and .t deterwine the dependesncaof this

threshold on other parameters, which could be y$a¥ful ‘in

vnderstanding the instability.

A coaxiél'PlaSma"gun -sbu:cé will' be  aééed Tto

Tokapoié 11 in the near future and should provids the

fairly dense initial plasma neecded to investigate these

ideas.

If the £luctuations are causef by &urrent-driven

3rift waves, the gun plasma shsuld make it possible . to

observe'_an instapility threshnld oy varying thé chsic
heating current. ‘The instability shoulé turn 'on at an
electron"streaminq velocity |betiween va *'vi rh and

vy T 18 x vj . Reasonable parameters to exp&ct . fren

'a qun source are ng ~ 1813 en™3, 7,7 410 ev, so

1 e

fhat'vi th 3 X 1% em/sec and'§ ~ .8 A/¢n? to'3 aser?

at the instability threshold. At this current density

in the bridge region, the poloidal plasma current is

~188 a to T 1 XA {assuning the curfent.density profile
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has the.sane.snaée as in the oresent exObr1wnnt5 } The
ABT technigue can measure curreﬁts areater than  a few
;hundred _amperes' w1th :easonaale accuracy, s0  this
éhouié'féll in a coﬁvenxent ranae for measurerent. For
.tﬁesé  _pé;amétéfs ) Xéé'; Fm _ 50 :*1‘ 5 715p, “the
'::eéiétiﬁity Faiculations in Chaoter Four then 1wply a
'_ poioidé1 bank ~voltage of - 260 v ao'“lsea vV 2t the
{nstability threshold,  Thus ' the qun. should provlde
convenient - paraveters ‘for  observing the drift
'-”:ihstability'thfeShold. fhe preéictioh..of threshold
 paraﬂeters Eor. re51st1ve VHD instabilities is more

dlffxcult and remains an area for future —o*k.

The ability to produce the plasma 1n5 endently of
f;thé pbloidal ‘o4umic¢  nmeatins  mient olso lead to the
-aalllty to couvle SIGPlflcan amounts of power .fo the
. plasma" withqut ~enhancing the ‘t*ranscort due to
:fluctdatiéns: it might be pcséible_to heat the plasza
geﬁtly._éhough - 50 thaE £he diffusion coeffiﬁient would
not ‘be signifiéantly increaéed.' For ﬁhe.'éun?produced
;plasma .cdnsidéred ~apove, the éhmic “powér iﬁput at
, v& = lﬁ b4 vl tﬂ sbould be - 759 <N,. ;uffﬁeient to

maxntaln the 'alaaﬂa enerag 1f ”C 37 Psec.: In the

= abs;nce of fluctuat1cna 'ZE ﬂay se sor eaﬁat nlcnar than
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this, so it  is’  reasonable to ‘hope for significant

heating in --this case. Eeating - ‘efficiency  would

probably remain poor due to rhe location of thé §laSma

current.

At vgfy'high poloiaal ‘ohmic  input ‘powsrs, . the

energy confinement time ‘appears to be decreasing:

_further work is needed to understand this. A careful

study pf the MED stab111ty propertles of a multloole'

with poloidal currents might also be useful.

'C. IMPLICATIONS

while *he enhanced £luctuations and teduced
confinement observed in -these exner1rents zre
discouraging, peloidal obhric heatinq may - still be

useful for heating multipole plésmas. For present-3day

research multipoles, it may provide a simple way of

increasing the temperaturs and ééﬁsity of plasiés that
have been produced by other means. Experiments are
currently unae:wayl on tne nlsconsxn Lev1tated DCtuooie
in whlch an osc111at1nq tor01oa1 maznetic field is used

to  heat & aun-"rouuced vlaSTa, thh no obvious harmfal



'effecﬁs observed at low heating Yoltages;. " The
simplicity of the ‘method may make up for its
inefficiency due to the power location near the walls.

. For an -experimeﬁt such as the PCP 5esign2
" giscussed in Chapter I, it might be pessible to produce
"the background plasma for neutral beax heating by
.simply providing  enough pdloidal ohmic power to
‘overcome the fluctuation-enhanced Jlosses. It is
difficult to extrapclate the present experivents to
tnis situation, especially in view of the asgparently
worsening energy confinement we see at the highest
polecidal onzic input powers; in addition, it must be
shown that it is possible to transform the noisy.
‘short-lived plasma produced in this way into a plasma
with a lifetime long enocugh £o be of interest in 2 POP
'device. If the diffusion constant is on the order of
éaohm' then scaling from the present exgperiment implies
an energy confinement time for poloidal ohmie heating
:ih the proposed POP Jevice at ng T 5 x 1682 ™3, T, T
_ 180 eV of Ty 7 158 psec. This implies a reguired
power input of .Bi/ca’, a fairly large input for the

plasma obtained., =~  Furthermore, generating a
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poorly-confined plasma near the walls of the vacbum

vessel might lead to an enhanced impurity iﬁfiux.

It also be possible to start the POP device:with a

Pplasma produced by a gun or by other means and gently

heat it with poloidal currents to provide a  backsround

plasma suitabie £6r neutral beams heaﬁing. Tests of

poloidal ‘ohmic heating on  gun<produced  plasras . in

Tokapole II and in the Wisconsin Levitated Octupole

should indicate whether providing a fairly  dense

initial plasma makes poloidal ohzic heating a feasible

technicue. Tne further level of complication that this
implies and the inefficiency due to the input power..'

location rerain unattractive features of this neating

metnod.
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