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ABSTRACT

DIVERTOR EXPERIMENTS IN A TOROIDAL PLASMA, WITH

EXB DRIFT DUE TO AN APPLIED RADTAL ELECIRIC FIELD.

Edward Jonathan Strait

- Under the supervision of Professor J.C. Sprott.

It is proposed that the EXB drift arising from an externally
applied electric field could be used in a tokamak or other toroidal
magnetic plasma confinement device to remove plasma and impurities
from the region near the wall and reduce the amount of plasma striking
‘the wall. This could either augment or replace a conventional mag-
netic field divertor. Among the possible advantages of this scheme
are easy external contrel over the rate of removal of plasma, more
rapid removal than the naturally ocurring rate in a magnetic divertor,
énd simplification of construction if the magnetic divertor is elimi-
nated. Results of several related experiments performed in the Wis-
consin Levitated Octupole are presented.
| A model based on the plasma's perpendicular dielectric constant
and perpendicular conductivity suggests that such an electric fileld
épplied perpendicular to the magnetic field will be inversely pro-
portional to plasma density, allowing the electric field to penetrate
the plasma on the scale léngth of the density profile. Experimental

measurements agreed well in spatisl dependence with the model, assuming
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':that-collisiqns with neutral particles are=rasponsible forjthe_perpenm
 -di§ular_q0nductivity.__Thg.pumerical.yalge @f the.measgred cpndgptivity .
:ﬁas about_two.orders.of,magnitude_tﬁo_large,_hqwgvat,_implyiﬂg #he
~ existence qf:some-anomalous process; B - o o
.':'In the first_of two divertor_experiménts, EXB drifts wera-used
__alone, in the absence of any magnetic divertor, to.rémove the outer
1ayer.of pLasmaf The.existegce.gf a sepgxatrig dividing diverted and
uﬁdiverted EXB drift surfaces was ﬁémonstrated. Déspiﬁe_tﬁe l&calized
nature of this divertor, plasma flux to the wall was reduced by 30% to
'30% everywhere in the machine, with no deleterious effect on confine-
ment of the central plasma.

| For the second divertor experiment, a poloidal divertor (without
pumping chamber) was added to the octupole. To simulate a tokamak,
 the octupole was then operated with a relatively large ratio of tor-
 oidal to poloidal magnetic field (g = .7). When operated conven-
tionally, without applied EXB drift, the divertor reduced plasma
flux to the wall by an order of magnitude or more, consistent with
simple divertor theory. Central confinement time was also reduced
as expected, due to narrowing of the available volume. Plasma flow
to the_divertor was measured_at .6 of the ion acoustic speed.

| - Addition of an ExB drift by biasing a divertor ring improved the
‘divertor action, reducing the plasma flux to the wall by a further
factor of 5, and also reducing the density profile's scale length near
'#he wall, with little adverse effect on the confinement of the central

plasma. At low electric field this effect was in reasonable agreement
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'with a modification of simple divertor theory which takes Into account
ithe ExB drift At larger electric field the divertor effect saturated
which is predicted qualitatlvely by the model if the electric field is
inversely proportional to density _ Measured plasma flow velocity in
the scrape-off zonme far from the divertor was consistent with EXB
'drift up to et ieast ﬁaif the ion acoustic speed, cut near the divertor
.parallel flow was dominant, evidently due to parallel electric fields.
Application of the electric field did not give rise to any new

instabilities. .Q
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- INTRODUCTION -

1t is the ﬁurpﬁse éf.LhiS thesis to.discuss a proéosed new method
tfﬁr feducing 1mpur1ty concentrations 1n a tokamak (or other toroidal
 magnetic plasma confinement device), and to present results of
experiments performed in the Wisconsin Levitated Octupola to test
| thls 1dea. Briefly, the EXE/BZ drift due to an-externally applied
" electric fleld is used to remove a layer of plasma near the wall of
'.the conf inement chamber, thus isqiating the wall and the cenﬁrally
ébnfined plasma from each other.. This flow across magnetic fleld
: iines may either Be used by itself.or combinad with a conventional
.magnetic divertor, which performs the same function utilizing flow
éiong field lines. o o o |
..Chaptef 1 suppliles the context by describing the need for
diverto;s and rev1ew1ng experlmean and theorlus for magnetlc
divértors_ The EXB divertor is then introduced in Chapter 2, and
some theoretical asﬁects are discussed, including the modification
of thg siﬁﬁle diyertor theory of Chapter 1, which predicts the effect
on plasma density near fhe wall and plasma.flux striking thg wall,
Some possxble limitations of the scheme are also considered
R Chapter 3 descrlbes the hardware of the experlments, 1ncluding
'thé octupole and the dlagnostlcs used in it. Also included is a
descriptlon of the poloidal magnetic divertor 1nstalled in the
_octupole for thlS project. |

- Chapter 4 is a slight digression to examine the question of



whether -the electric field required for the EXB divertor can be

'applied in_the presence of a plasma, and just what the. resulting

o distribution of electric field is. A theoretical model based on .

'Eperpendlcular conductivity is developed, and compared to the results
| of an experiment in which the electric field is applied by biasing
_one of the octupole's internal rings. | -
| | Divertor action by ExB drift alone is the simplest case to
'.Jconsider, and two such experiments are discussed in Chapter 5
. The first consists 51mply of the obgervation of the electric field
:ieduced by the time-changing magnetic field im the octupole and its
' divertor*1ike effect on plasma loss to the wall. For the second
.experiment, the electric fields are applied externally by biasing
' cne of the octupole's internal rings and a retractable, limiter-like
metal plate installed for'this purpose. The divertor action of this
arrangement is shown in both local and distant measurements of plasma
flux to the wall, plasma density distrlbution and other quantities.
Chapter 6 concerns experiments with the poloidal magnetic divertor.
.This can be operated either as a purely magnetic divertor or with the
_aedition of an EXB drift due to the electric field produced by applying
a bias potential to one of the divertor rings. .The effects of these
“two modes of qperation on the plasma's confinement time, density
x profile, cistribution of wall losses, flow velocity, and other
quentities are compared with each other and with theory. ”
| Finally, Chapter 7 summarizes the results and the conclusions to

~be drawn, and indicates directions for possible further investigation.



" CHAPTER 1 .

' REVIEW OF DIVERTORS

1.A. Tokamaks and the Impurity Problem .

The harnessing of thermonuclear fusion for cheap, clean_electrical
power geng¥aﬁ£on has been é dream of physicisté élmost_éince the fusion
.  feactién ﬁﬁé first undefstéﬁd. .Although this goal has proved more
:éiusive than origiﬁally anticipated, it has become more desirable than
.eﬁer. Resources of fossil fuels and fissionable uranium are limited,
ahd the hazards 6f radiation and weapons proliferation asseciated with
'ihe breeder reactor make it essential to explore the alternative of
' éontroiled fusion. The fédiaﬁion hazards 6f the deuteriumvtritium fuel
cycle are sﬁallef, and it is.ﬁoped ﬁhat tﬁis ﬁill bé only a.sﬁeﬁping
 st6ne.on the way to the low-ﬁeutrcn "advanced" fuei éycles_sucﬁ.as
:D~3He, pw6Li, or pmllB,

The most promising scheme for the first demonstration of fusion
power production, if not for the long term, is the magnetic plasma
ccnfinemenﬁ device known as.the tokamak.l "This is a toroidal device
With a sﬁﬁong toroidal magneféc fieid; Bt’ pfovided by externai.coils,
~and a Qeéker poloiéal field, Bp’ proﬁided by a toroidal plasma current.
(See Eigﬁre 1.1.) The fuel is donized, the resulting plasma is confined
away from the walls by the magnetic field, and is heated to fusion

temperatures by the plasma current and various auxiliary heating



'-ﬁethods. Tokamak terminology which will occasionally be used in this
Jpaper inpludes the_inverse aspect ratio € = a/R, where a is the minor
 radius_apd R the majpr'radiug of_thg ﬁqroid,-and the "safety factor"-
q %_gBt/RBP’:WhiQh mqstﬂbe_greater.éhgn.uéity fq; grpss magﬁetghyd;o—
dynamic stability of the plasma. _._ . o o
 Control of impurities is likely to be of viﬁal imﬁorﬁénce for
: fusion reactors. Impurity iéns, particularly heavy ones, can greatly
;enhancg }osé_pf_plasma_gnergy_by.electron bremsstra@lung (pr0pqrtional
- to the square of_fhe.ién charge) and by atomic line rédia;ioﬁ.(if the
'ﬁnpu:ity's atomic number ié sufficiently_high that it is not_completely
 ionized). For example, a concentration of as little as .2% of tungsten

at the center of a DT fusion reactor would increase the Lawson n.T

- "breakeven" value by a factor of 2.5, raise the required ion temperature

 by a factor of 2, and make actual ignition impossible under any circum-
stances.? HThg ﬁroblem is reduced for light impurities,_which have
llﬁwer Zfand WilL.be_comp;etely iogized, but st;il only a few percent of
.carbon is tolerable.. . | - | R e |
Neutral impurity atoms entering the plasma are not affected by the
confining magnetic field and may travel partway to the center of the
 plasma before being ionized and confined._ Aftg: being_ionized, if their
concentration is small and their chargg state large, they will diffuse
in the direction of increasing plasma density, accumulating aﬁ.the
center, where they will do the most harm. This can be seen from the
expression3 for the flux of species i (e.g., an impurity) due to colli-

sions with species i (e.g., fuel ions), assuming Ti = Tj = T and VT = O:
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o 'where_the qlassica1 ;oefficient_is_ﬁ_

;2

: i%

with q and n the charge and density of each species, B the_magnetic
field, m the reduced mass, and £nd the Coulomb logarithm. In an

- axisymmetric toroidal system .. is multiplied by the usual neoclas-

ij
s_i_ca_l_factor.4

| Many schemes have been proposed to keep tokamak plasmas free of
impurities; one class of such schemes is that of the magnetic divertor,
. ip_yhich the outermost magnetic field lines are led out through an
opening in the wall of the main confinement chamber. TField lines are
divided intg_two classes: those that stay in the confinement region,
and those that leave it; the line or surface which divides them is
called the separatrix. The region filled by field lines which lead out
of the confinement chamber to the divertor is often referred to as the

"divertor zone" or "scrape-off zone."

Plasma near the wall flows along
thg_dive:ted field lines to a differentially pumped exﬁernal chamber,
.thus isolatingnthe plasma and the wall from each other. The diverted
field lines intersect a conducting plate which neutralizes the plasma
striking it; the plate may be gettered or cooled to cryogenic tempera-

tures to keep neutralized particles from re-entering the plasma.

Divertors are seen as having two functions, which may be difficult



.ﬁo-aeeqmplish simultaneously. _An_?unload” divertor is supposed to
:remeve plasma.diffgsing out of the conﬁinement ;egion,_ﬁhich would
.otherwise strike the wall, causing sputtering of 1mpurities and erosion
 of the wall. In thlS case rapid remcvel of plasma, and consequently a
'short e-folding length for plasma density in the scrape-off region, are
desired, A "screening" divertor is supposed te.remove impurities that
do leave the wall, before they can reach the center of the plasma. In
'_thls case a denser plasma in the scrape-off zone 1s desired to ensure
ionlzation of the entering impurities | |
Divertors rely on thermal flow along field lines to take plasma
- out of the main chamber, and this does not lend itself to easy external
eontrol. If an electric field were applied by external means in the

o
- X
divertor zone, such that the resulting EEQ drift of the plasma had a

B
component in the direction of the pumping chamber, then this would
provide external control over the rate of removal of plasma, and permit

fedjustment.of plasma density neaf the wall. This scheme, with its

'edvantages and limitations, will be discussed in Chapter 2.

1.E. Magnetic Divertors

Although not the main subject of this thesis, a brief summary of
conventional divertor experiments and theories is in order. A much

- ‘more comprehensive review can be found in the thesis of A.T. Mense.S



l.B.l,_.Expgriments

.The.first_divért0r was'pfopﬁsed.by Spitzerétfo; ﬁse.iﬁ_the B-65
sﬁéllérator;  This ﬁas a tofoidal field divertor, in-which'tha.téroidal
'7c6mponeﬁt of’magnétic field is perfurbed to accomplish the diversion
(see Figure 1.2). Use of this divertor reduced central impurity con~
'éentrations by an order of magnitude and raised the ion_temperatu:e by
502'7 _ _  o - _ : o

“The toroidal field divertor has the disadvantages of destroying
axisymmetry and producing a large perturbation of the magnetic field at
"the magnetic axis, both of which can enhance plasma loss. These prob-
lems do not arise in the poloidal field divertor (see Figure 1.2),
which has axisymmetry and a smaller perturbing field at the ;xis,
‘especially in the double-null type. Single-null poloidal divertor
experiments have been carried out in the FM-1 spherator8 and the JFT-2
tokamak (DIVA),9 and a double-null divertor experiment in the T-12
'tokamak.lo Large tokamaks with poloidal divertors just beginning

._operation or still under construction are PDX,ll ASDEX,12 and JTmé.l

3

The FM~1 divertor received about 80% of the particle loss from the
'plasmaF ‘In DIVA, the divertor receives 1/3 of the particle number loss
‘and 3/4 of the particle energy loss, and radiaﬁion loss frqm the plasma
is réduced by a factor of 2 or more.14 The divertor reduces the éentral
concentration of artificially injected impurities by a factor of 2 to
4.15 In T-12 the radiation loss was again reduced by a factor of 2.

A third type of divertor is the bundle divertor, in which a small

bundle of field lines is brought out of the confinement regioan’l7



.(gee Figure 1.2). This has the advantage of being more compact to
- construct than a pqloidal divertor, while causing little’perturbation
- r_°f.the'¢eﬂFr31 magnetic field. It dest:oys_the closed flux surface
:Itppolpgy, but in such a way_that_the_consequences for confinement may -
 n§t be too serious._.Since it does not divert all field lines, its
scrape~off layer is inherently thicker than that of a poloidal divertor,
 which may or may not be desirable, depending on the relative importance
of the screening and unload functions. In the DITE tokamak experi-
.mgnt,la a bundle divertor receives 60% of the energy loss, reduces
radiated power by a factor of 5 to 8, and appears to prevent artifi-
cially injected impurities from reaching the center of the plasma.
Due to its axisymmetry, the poloidal divertor is probably the best
~understood and most often proposed'type. The discussion below of
. theoretical models, and the rest of this chapter, will be restricted to
‘the poloidal divertor when a specific geometry is required, even though

the adjective '"poloidal" may not be mentioned, .
.1.8.2. Theoretical Models

The most fundamental quantities to ask from a theoretical model of
a divertor are the distributions of plasma density and plasma flux
found near the wall under the influence of the divertor. Even these are
‘not trivial to estimate, because a divertor is inherently two-dimen-
: |
sional, with very different processes dominating the transport in the

two directions. However, some insight can be gained from one-dimen-

sional models.



Fxrst con31der the flow along field llnes to. the dlvertor. _A_ 

' f;imodel based on flumd theory, though gros&ly 31mp11f1ed, prov1des some

'Justlflcatlcn for other assumptlons to be made later. Take the plasma .

:to be a 51ngle fluld 1n facL thls wlll be an almost purely hydrodym
.'namlc model The divertor's scrape—off region is to be thought of as a
:'channel extending for a distance L.in the yudirection, with a fixed
ﬁidth W in_the.xwdirection and.symmetrylin the.2mdire¢;ion-(see Figure
1.3). “ihe &—direction cofresponds ﬁn the direction of the magnetic
'_field, with y=0 representing a symmetry plane, such as the midplane of
”-é tokamak with double-null polecidal divertor, and-y%L.at the divertor

throat, in which case

qRk (1.3)

t_,
14
[NE

aE—N
B "
P

ST

with g the tokamak's safety factor. The x-direction corresponds to
-minor radius, with w being the distance from the separatrix to the wall.
The fluid is assumed to be uniform across this width. The equation of

‘motion for flow in the y~direction is -

o dv d - ' :
Ly _.1:.__vp = kT an : . E . . (104)

Ay dy ‘e dy
if Ti < Te and-dTe/dy = 0. "The éésumption of isothermal electrons is
"likely to be valid since the electron thermal speed is much larger than

'the lon acoustlc speed which will turn out to be the maximum flow

speed. 1f the dlvertor has to take whatever dlffuses out of the
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Econflnement region then there is a flux into the channel of T every-
.where on the side x=0 representlng the separatrlx By symmetry the
.'flux AcToSSs the other 31des is 0 except for the end y=L which is the
 exhaust to the pumping chamber and the side =W where 1t is assumed |
'also to be 0 since most plasma particles are expected to g0 ‘to the

divertor. Then continuity requires

Po d
O=V-I‘=-——t:1—~_f~d—y-(nV)
vt Tew B
Integrating Eq. (1.4),
1 2 2, n o a
ZVY "'."..'CS ﬂnn ) . . (1.6)

where ¢, = (kTe/mi)Z is the ion acoustic speed, and n is the density

‘at y=0. Substituting from Eq. (1.3),

y=w == nv24n Hg- o (1.7}

I
!

As v increases from O, n decreases from n s until dy/dn = 0. This

occurs when n = n e ¢, y =.wc_T "*n e 2, and v_=c_. This is analo-
. - o . s o 0 y s

gous to fluid flow in a converging channel or nozzle, except here the
addition of material takes the place of narrowing the channel. The

flow velocity is limited to the sound speed, and can exceed it only if
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the nozzle's cross-sectional area has a minimum Qhere fhe velocity

' reaghes the Soupd speedflg--Supersonic flow requires the nozzle to
jdivergé éfﬁer ﬁﬁis_boiﬁﬁ but the analogous removal of fluld does not
'oécﬁr in ﬁhe pfesenﬁ ﬁédel, S0 Vy S g throughout | But the Bohm sheath
criterionZO requires the fluid velocity at an absorbing obstacle such
as the divertor's neutralizer plate to be eﬁual to ¢, so the above

. solution just covers the length of the divertor. Setting

L = WCSFO n.e 2 gives a characteristic density in the scrape-off zone

of
P L . : L
0 c w :
o R
Another important conclusion is that the density varies by only a
. ¢ I _ .
factor of'e Z = 61 over the length of the scrape-off zome., If the

flow had been assumed adlabatic rather than isothermal a very 51m11ar
solutlon would result, with only small changes in den51ty and tempera~
ture along the length of the divertor. Therefore it may not be too
'Bad an apﬁfoximation, when examining variations across the.width of
the scrape~§ff zone, Co assume Ehat‘density and temperature are con-
"stant aiong any fiéld line.. o |

: Turning next to_éﬁch é ﬁodel, the same geometry (Figure 1.3) is
ﬁéed, with different assumptions. .Now the plasma is assumed uniform
in y and z and variable in x. Transport in the x-~direction is by

Fick's law diffusion:
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L ) : &n ! B | : e S |
T, ) DI (1.9)
.?lasma_is lost to the divertor at y=L, with a flux :d(x)f This process

can be characterized by a parallel confinement time Ty

1,_59 that
Crg @ e, o

_iwu:natural possibi}i;;es:fo; Tyq axe the_following; First, 1f the
velocity at y=L can be specified as c.» as discussed above, then

Fd(x) = n(x)cs, S0 Ty = L/cs. Second, a particle approaching the
divertor may encounter an increasing magnetic field, due either to the
.1/R dependence of the main field or to the perturbation required to
create the divertor, and thus be prevented from reaching the divertor
by mirror-trapping. If most particles are mirror-trapped then Ti1
'wi}l_be the time required for particles to scatter into the loss cone,
or_thg:;on gollisiqn time;rii{ However, it has been suggested_21 that
since the loss cone is not filled with untrapped particles (they are
‘{mmediately lost to the divertor) the scrape-off region would be sub-
_ ject to velocity-space instabilities, which can scatter particles into
the loss cone much faster than classical cellisions. 1In this case

Tag ==-L/_cs would still be valid. Experimental measurements from
' 23

-FM-lZ? and DIVA

‘tend to confirm this, showing the flow velocity into
the divertor to be .3 to .5 of c -
The continuity equation, in this case applied to slabs of infini-

tesimal thickness in the x-direction, gives
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ar I, (x)
L . Ty a
R
4 dn m C T e T
(D o) = e . . o . (1.1
e T B

1
~of the density. 1If DI and Ty

~diffusion with no temperature gradients) then the general solution is

Various forms for PL and"rl can be inserted to obtain the x-dependence

p are assumed constant (for instance, Bohm

a(x) = Ale"xfl + AzeX/A - @12

where A = vD T (1.13)
. 41l

Al.and A2 are determined by boundary conditions. .One reasonable condi-
. tiom is to assume the plasma flux crossing the separatrix is a constant
determined by processes in the confined plasma, rather than by what -

‘happens in the divertor:

T (o) =T P T (1.14)

" ... For the .second condition, we may~set-A2=0. This amounts to assuming

" n+0 as x7>», which-is a reasonable approximation everywhere except near

x = w as long as w is greater than several times A. This gives

-~ /A

_p(x)-=.n¢e (1.15)
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o o I!o)\ Tll : oo : g
where n = —— = [V =m0 R o ' - (1.16).
-W_M

'A;so__,_._ T () = Te 117

E _Note that the same n results if k is substituted for w 1n Eq (1.8).

A better boundary condition is n(w)=0 Then

‘sinh %X -
n(x) =n - (1.18)
-=C95h iy
1WO
and L) = —2 (1.19)
cosh‘x

~with n, as defined above. The two solutions for n(x) are nearly equal
up to a distance A from the wall at w, and the values for flux
reaching the wall, Fx(w), agree within a factor of 2, which is unimpor-

...w/)\

tant compared to e . A density source term due to ilonization of

“neutrals can be added, in which c35324

Gv >T -1

AL 11’ (1.20)

7\=/D"rl

where Nt is the neutral density and <Uve> the electron ionization
5

rate, ‘Mense  solves Egq. (1.11) for various forms of PL and Ty13 the

resulting density profiles, while not always expomential, have scale

lengths still roughly given by Eq. (1.20).

Some two-dimensional theories of divertors have been developed.
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“Hinton and Hazeltinezs-start.by assuming collisional electrons but

- collisionless jons in the scrape-—off region, and neoclassical diffu-
- silon. Then most ions are kept from reaching the divertor by mirror-

trapping, and T,, 11
into the loss cone and go to the divertor. . They find

‘becomes T the time required for ions to scatter -

A= 3.9 B s
o where_ppi is the don gyroradius evaluated with the poloidal magnetic

Zfield,”or the banana width., This can be approximately obtained from
Eq. (1.13), with the banana regime ion diffusion coefficient

However, as pointed out before, is not

_1 _
Vi 117V4 T117 T4

likely to be true. due to microinstabilities.

b ~pz Vv, and T
P

Bpozer26 points out that, although most theories such as the
preceding ones assume equal fluxes of ions and electrons everywhere,
electrons and ions may leave the divertor in different places while
- s8till maintaining charge neutrality, since the diverted field lines
_intarsect_a cqnducting obstacle. Allowing this, and using two~fluid
theory with collisional electrons and cold ions, he finds that ions
leave the divertor over a width
A, = . B (1.
...i_.-pi(Ie) ST o R T (1.2
the ion gyroradius evaluated at the electron temperature, and .this

defines the scrape-off distance. Due to their more rapid thermal
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-speed, most electrons leave the divertor over the much narrower width

' Whe;e.2e isthé.é;e;ﬁrdn.ﬁéén free patﬁQIIThére;is évidenéé.éor_this
behavior in'sevéréi exﬁefiménts,7’27'inclgding'ﬁhe pfesenﬁ dhé (see
Chapters 4.B and 6.B). However, in a tokamak, Boozer's assumption of
=;'c01d ions is not likely to be validi Ti > Té:is gkpegted ig thg diver-.
tor scrape-off. zone, | | o |
"Heﬁse'én& Emmerts’zs'have éarried out a nﬁmerical model ﬁhich,

while'dnly one~dimensioﬁal,“is much more detailed than any of the
above. The model includes particle and emergy transport in the core
of the tokamak as well as in the divertor region. Diffusion in the
central plasma is assumed due to trapped particle instabilities, while
_tha_diffusion coefficiént.in_the scrape-off region is taken as Bohm
_diffuéion mﬁltiplied_by é_numexical faqﬁor t# .i)nﬁo match the twc
“diffusion coefficients at the seﬁaratrix. Parallel transﬁért to the
:divertor is by'thermal flow at Cgo wi;h electron and ion fluxes equal
 everywhere. The model is épplied to the operating parameters of the
conceptual reactors UWMAK~IIzg'and UWMAK«III;BQ' H

.While a complete description of ﬁhe résults.is neither possible nor
appropriate here, some of the more important conclusions are these:
"-n, Te’ and Ti all drop rapidly in the scrape~off region, with scale

lengths of about 5 cm for n and Te, and 10 cm for Ti (to be compared to

the distance of 50 cm from separatrix to wall). The more rapid caoling
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of electroas is.due ts tte.electrsstatic.sheath.required to.eauallze

t fluxes of ioms and electrons at the neutralizer plate which allows o
'only the most energetic. electrons to reach 1t. -This rapld removal of
particles and energy by the divertor causes n to decrease by a factor.
of 100, and T and T by 10, from the center of the plasma to the
separatrix | | h | |

The plasma flux reaching the wall is 10- of that 1eaving the
'ﬁlasma core, and consequently the greatest source of 1mpur1t1es is
sPuttering from the wall by fast chargewexchange neutrals, orlglnatlng
near the separatrix The slow neutrals responsible for this .are those
returning from the divertor, due to an assumptlon of only 90/ efficient
.capture of the diverted plasma. Impurlty effects on the plasma are not
included in the model based on the profiles calculated without impur-
ities it is estimated that 90% of carbon atoms released from the wall
would be ionized before reaching the separatrix, aad most of these
would go to the dlvertor before diffu51ng across the separatrlx.

The question of 1mpurity transport is an lmportant one, however,
since the diffusion up the denslty gradlent mentioned earller can lead
to.a large steadynstate concentratlon at the center of the plasma, even
for a small flux of impurities entering across. the separatrix In
steady state, with 1mpurity diffusion given by Eq (1.1}, the den51ty
profile of 1mpurity lons of charge Ze is proportional to the density
profile of hydrogen iong raised to the power Z, so that the impurity
prefile is sharply.seaked.at tae center of tte plasma.3l .ﬁsiag this

result, and a divertor model like that of Egs. (1.11) to (1.17),
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:steady-state impurlty concentratlon averaged over the den51ty profile -~

'inside the separatrlx is estlmated as3?

ﬁere Y.is.the.eumter.ef:impetity atoms teiessed.into tﬁe scraeewoff
layer from the wall or divertor for each hydrogen ion leav1ng the
eentral plasma, so that Y depends on sputtering processes at the wall
.;:and in the divertor and on how much plasma reaches each. eté and Ty
:.ere the parallel confinement times for impurity and hydrogen ions,
respectlvely in the dlvertor, and N /nH is the ratic .of central plasma
.density to density at the separatrix. For Mense's demnsity profiles,
even esseming.Tz=TH, wﬁen.the impurity is carbon, N

2y 2l
zT 1

'1_5 (1.25)
':Requirieé I.< 3%.fot catboe gises % ? 6*10'6 tor C+3, snd Y % inO“ll
ffor fully stripped carbon. Even the first value of_Y.is quite
stringest,_aed the second is probably impossible. Mense's values of
.iOfB of_outgeing plasma reaching.the wsll, and a.sputtering coeffi-
cient of-iduz,_slreaey giﬁe ¥ NIlO‘5 without even considering other
.sosttes ef impteities...ﬁowever, if éiftusion is due to.turbulence
rather than classical collisions.between particles, the impurities

~and hydrogen ions may have the same diffusion coefficient, in which

case the problem is much less severe.
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 Al1 of the_models &esé:iﬁed ébd;é.§£dvide ugseful iInsights, but all
contain assumptions and simplificatlons whlch prevent thelr being :
.con31dered as accurate predictions of the behavior of an actual
fdivertor in a reactor. There is much work Stlll to be done, both
_ ﬁheoretical and experimental, toward the understanding of transport

and other processes in a divertor.
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Fig. 1.1 - Tokamak pTasma (schematic) showing plasma current I,

| 'tofoidal_and:pb1oidaiﬂmagnetic_fiélds B, and B,
- total magnetic field B, and major and minor radii

R and a.
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( ‘CROSS-SECTION OF TORUS )
Fig. 1.2 - Divertors for toroidal devices. Magnetic field lines are
shown projected into.a toroidal plane (toroidal divertor) or
poloidal plane (poloidal divertors). (from ref. 29)
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Fig. 1.3 - Slab model of divertor scrape-off region. T is plasma
flux leaving confinement region, T, is plasma flux to

* pumping chamber, r, is plasma flux reaching wall.
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.. CHAPTER 2
" THEORY OF EXB. DRIFT DIVERTOR

2.A. TIntroduction

In rhe precedlng chapter it was seee that the behavior of a
_divertor in a tokamak reactor cannot yet be predicted theoretlcally
with great confldence. Present divertor experiments show both
reduction of wall 1oading and screenlng of 1ncoming 1mpur1ties, but
orobably not to the extent required to meet the stringent requirements
.for a steady-state or long—pulse reactor. We turn now ro the subject
.of the present work the suggestion that the EXB drift due to an
externally applled electric fleld could be used either alone or in
congunctlon w1th the thermal flow of a conventlonal divertor to take
plasma from the scrapewoff_layer to a remote pumping chamber for
| disposal . _ : . N L
Figure 2 1 shows,.schematically, the physical layout envisioned
ffor an EXB divertor in a tokamak. The figure shows the minor cross—
.section of a tokamak, such as UWMAK III with a doublewnull poloidel
.divertor Added to the picture are radial electrlc fields in the
3'region between the separatrlx and the wall with the proper sign so
.that EXB is toward the divertor.. The EXBp component of the drift is
in the symmetry (tor01dal) dlrectlon and can be ignored in a typical

_ tokamak B >> Bp, so the EXB drift is malnly in the poloidal dlrectlon.
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'.1"One way to apply such an electric f181d might be ‘to divide the wall

. 'iinto four segments electrically insulated from each other as shown,

._and to give them alternately positive and negative bc bias potentials
:with respect to the central plasma.. The diverted field lines lead to.
.':an external pumping chamber and terminate on a plate where the plasma -

is neutralized; the neutralizer plate is in good electrical contact
with the plasma, and may be used to provide a reference potential for
-biasing the segmented walls. Alternatively, the neutralizer plate may

be divided into strips extending in the toroidal direction, which
: could be held at graded potentials. Due to the good conduction along
magnetic field lines, the desired electric field could be applied in
this mer. S R T _ : -
| One could also imagine omitting the magnetic field divertor,

while retaining the slots in the wall and using only EXB drifts to
.remove the outer part of the plasma through the slots. In this case
the slots would probably have to spiral with the field lines in order
‘to avoid shortwcircuiting parallel to field lines acress the slots
-(Figure 2.2). The coils required to shape the poloidal magnetic field
.for a poloidal divertor increase the cost and complicate the mainm
._tainance of a tokamak reactor._ If it were possible to perform the
functions of a divertor with EXB drifts alone this might simplify the
construction of a reactor. | . |

| If the unload" function of the divertor, that is, reductlon of
plasma flux to the wall is most important then the ExB drift can be

made large enough to remove plasma more rapidly than thermal flow, and



....27

.Fhug_ppqve_adyantageéus-

Onathe_othe; hand,“if,_as_Mgnse_sqggegts,_the_majgr cppt:ibution
tp;impuxity quttering:is Que_to_éeutra;s_rather_than plasma particles
'tbomharding the wall, then the emphasis will likely be qn_thé_'.
..ﬁscreening" function, lonizing and removing impurities before they can

reaqh the plasma core. It has even been suggested that in a poloidal
 :magget;c”qivertor.i; may_be_ngqesgary to inject g#ld_plasma onto the

 d;vert¢d field lines if the naturally occurring density is noﬁ high
enough.?_ If ExB drifts alone were used to remove the outer layer of
plasma, as in Fiéure 2.2, then the speed of removal could be adjusted
through the magnitude of the electric field to maintain thg desired
density for lonization of impurities.

The ratio of the thermal speed of impurity ions (2) to that of
hydrogen ions (H) is (TZ/TH)%-(mH/mZ)%' The mass ratio is always less
fhan unity, and Mense's model suggests that the temperature ratio is
likely to be .1 or less, so impurity ions will go to the divertor
‘considerably slower than fuel ions. The EXB drift speed, however, is
the same to fi;st order for all charged species? so 1t is proportion-
ate;y more effective at removing impurities, as is_desirable_for a
#Qraeniﬁg_divertor. o | R | o
.....if“the_plasma.goes tq-the divertor by thermal flow, eaqh ion lost
#Q_the inertof carrieé an average energy of 2 kTi. If an electro-
static sheath retards the e1e¢trons to make the fluxes of electrons
and_igqs;equgl, thgn each eleétron lost to the divertor carries an

2 . .
average energy of (%ln(Temi/Time)+2)kTe, or about 6 kTe if_Te = Ti.



: - This causes the rapld cooling.ln the scrape~off region seen in Mense s
':z.mcdel Partlcles of all energies have the same EXB drift speed (to

: flrst order) and thus particles taken tc the divertor by EXB drift
:Ju'wculd each carry an average energy of only 1 5 kT If the particle "

cfluxes are the same for the magnetic field divertor and EXB dlvertor

:icases; the EXB divertor cauges less surface cooling of the plasma.

Fluid theory predicts the rather surpr151ng result that all

plasma diffusing across a separatrix such as. the divertor separatrix

_”in Figure 2 1 is channeled through the polo:t.dal field nulls, or

- "X-points,T seen near the entrances to the pumping chambers & " This

'raises the speculatlon that the dens1ty in the scrapenoff zone could
be ccntrolled by more localized EXB drifts applied at the X-points.
However, surfaces of constant solcidal.magnetic fFlux ¥ (see.Appendix)
“tend to be equipctentials, and if.this property is maintained near the
'.X~point then the electric field is | o | |

- T - _Hﬁ% e
This goes to zero at the X-point which would indicate that it is not
'possible to apply a perpendicular electric field at the prolnt How-
ever, the poloidal connection length along field llnes becomes infi-
' nlte at the separatrix, s0 near the separatrlx magnetlc flux surfaces
.need not be equipotentials. The DC electrlc fleld distrlbutlon is
determined by V . J s 0 (see Chapter 4), aud in some ueighborhood of

'the X-point the poloidal component of magnetic field becomes small
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enough. that the poloidal cgmﬁdﬁeﬁilof.éiécﬁrié fiél&:i$ aetefﬁined by__
 perpendicu1ar rather than parallel conductlon ‘In such a region
_equipotential surfaces deviate from magnetlc flux surfaces, allowing a
perpendicular electric field at the X—p01nt The 31ze of the nelgh—
':borhood, and of the electric field dePend on the ratio of perpendi-
_cularhto parallel conductivities, as well as on_the_details of the
_geometry. | | -
| These are soﬁe of the possible advantages of an EXB.diQertor
_Thére may, howeve;, be_limits on the drift veloc1ty and electrlc
_field whiqh can he suétained. These will be discussed léﬁer.

| The magnitude of electric fiéid pequired for this scheme can be
estimated as follows: if the speed of parallel flow in a poloidal
.d#vgrtor.is vy (wbgre propably vo.s cs), then the poloidal component
& of thisﬁflow is.von/B' The poloidal component.of EXB drifﬁ is
EBt/Bz{ 50 the condition fqr the.EXB drift to make an appreciable

contribution to the flow toward the divertor is

.
>
2~ % 3B (2.2)
or, since.Bt >>-Bp, approximately
£ v | R .. REE 2.3)

For Bp = 5 kG and deuterium at 1 keV this gives E > 103 V/em, but for

carbon at 100 eV it gives E > 140 V/cm, a not unreasonable magnitude.
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' 2.B,_:Comparison to Similar Proposals

Somewhat similar ideas have been proposed by others._ Braginskiis
gsuggests using a segmented 1ﬁmiter blased at graded potentials,
shmilar to the segmented neutralizer plate mentioned above, to apply
'an EXB drift, which could cause the outer edge of the plasma to rotate
fast enough to expel 1mpurit1es by centrifugal force, reversing their
tendency to diffuse toward larger plasma density. 'Expulsion Of
.impurities by centrifugal force is also suggested by Lehnert6 and
| Consoli.7 The latter paper also suggests using EXB drifts to guide
the outer layer of plasma away from the conflnement region, somewhat
in the manner of Figure 2.2. | | |

A brief digression seems worthwhile to discuss the expulsion of
| impurities by centrifugal force. Qualitatively, if the plasma rotates
due to an EXB drift (in the present case, in the poloidal direction)
then the centrifugal force causes an apparent additional radial force
outward on the ions, proportional to their mass. This in turn modi~
fies their poloidal drift speed, so that species of different mass
drift at different speeds. In the fluid picture, a frictional force
between species results, with the proper sign, when crossed with B,
-to give the heavier species an ocutward drift. Kinetic tneory gives

the modification of Eq. (1.1):6

Vn Vo, m, m,
romey (- - G- 2% (2.4)
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where'r'ié the radius of rotation, thefmiﬁof iadiﬁsrin this case, - The
centrifugal force terﬁ.makesxé significant c6ntributidﬁ-toward

expelling impurities if

<]

g

2 n,
T ® W2
~ . o

where vy is the thermal gpeed of the impurity. This is greater than
the condition of Eq. (2.3) by a factor of Z%B/Bp ~ IOZ% for typical
tokamak parameters. Hence the expulsion of impurities requires
electric fields at least an order of magnitude larger than the EXB
divertor, a possible disadvantage. Also, therefore, centrifugal force

will not play an important part in the EXB divertor schemes.

2.C. Single particle Orbits

We now examine in a little more detail the motion of a single
'particle under the influence of such a radial electric field. The
'écﬁbinéd'cﬁrvaturé and VB drifts due to the'lfR'dependence of the .
magnetic'field ére, for an average particle,

2. BxVB /2T

> _mo, 2
Vg 1 (YL.+QV11 ) B3 ~ ™

(2.6

v
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'fwhgre_p isnthe_gy:oradius,{ Using EQ{_(2-3) above, the ratio of EXB
drift speed to curvature and VB drift speed is

v, v B /B

v .:VOQER p B ;  q_p . - : R o

.ﬁhere, in this equation only, gq denoﬁes tﬁe tokamak safety factor.
The ratio of minor radius to ion gyroradius for a tokamak reactor is
_ in the range 102 to 103, so the applied ExB drift will be much larger
'than the drift due to inhomogeneity of_the_magqetic field, which can

‘consequently be ignored hereafter. |
If a particle moves from a region of no electric field (such as
the midplane in Figure 2.1) to a region of electric field, it will

undergo a polarization drift given by

=i

1 o
L e

<+

-
ala
'-n’ia'

' 1f E is given by Eq. (2.3), then the radial displacment of the

particle's guiding center is

mE B o
=fvde="~pF @
The radial displacement is smaller then a gyroradius and much smaller
than a banana width, and consequently can be_neg;gcted,

The EXB drift will have the effect of taking some particles to

the divertor which would otheﬁwise be prevented from reaching it by
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-”mirror.trapping.: If a partlcle starts out (say, near the mldplane)
110 and perpendlcular VEIOCity_?lP at a

.  magnetic field B , then its (adiabatically invariant) magnet:l.c moment -

_w1th parallel veloc1ty v

_ is Ho= mvl?/ZB. The equations of motion parallel and perpendlcular to

'_ field‘lines are

dv
T T ”vn ' (2.193)
©oand
Vit TE (2.10b)

A tokamak can be roughly approx1mated by assuming that V8 is constant
.opt makes an ang;e Ewma with ths field 1ines. This corresponds to VB
bb;ntiog in the poloidal_direction, vith_tana = Bp/Bt. Curvature of
- field lines is igno;ed. .Integrst;ng Eqgs. (2.10),.tﬁe néﬁ poloidal
drift velooity is found to be | | o -

1
2

v = %[ (v_cosatv (2.11)

, 2 21 | 2
p * HLvgeosainypatae)” - 08 atne)

- . If M is the mirror ratio, or maximum value of B/Bo, then the particle

is not trapped if

(vEcota+vllo)2 > sipz(Mwl) (2.12)
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 ”gThe loss cone has been shlfted by an amount vEcota = E/BP, and if E/Bp.
.:is an appreciable fraction of the thermal speed as suggested by

. (2 3), then a 1arge fractlon of the partxcles that prev1ously fell

'_eoutside the loss cone now fall xnside and can reach the divertor |
e;(Figure 2 3) | The EXB drift may in additlon shift the center of the.

distribution function in the #L direction by VE’ but this is less

_ ﬁmportant than the shift of the loss cone by the factor coto.

'Ignoring this small correction, the ffaetien of.ﬁraﬁped particles for

: 1
a Maxwellian distribution is reduced from £ = ((M-1)/M)2 to

1 o szcotzm ;
£, = (———)2 exp(- T v ) | | (2.13)
1 L .
z then £, = ((M-—l)/M)z e 1/M.

If vEcotu = E/BP (2kT/m)
At first glance thlS conc1u51on may appear to v1olate conserva-

| fien of energy. The kinetlc energy of the partlcle is uB + lmvllz,

_and now the partlcle is. found at larger values of uB than at its
._.ternlng point (v11~0) in the absence of EXB drlft. ‘Yet B can do no
‘work on the particle, and E is perpendicular to both the parallel
motion and the EXB drift motion, and thus apparently can do no work
‘on the particle {averaged ovef e eyclotron beriod). However, note
that the magnetie field gradieet_also-induces a drift |

e o

Vg T

e
BxVB

BZ

H
1 (2.14)

. . _ :
This has a component parallel to E, so the electric field does work on



the particle at a rate

_ . ey SRS
. qE .3 =_..;,1¢};‘: . _B__X_?S_m UVB E'-;B- . S H(2.3)

BRI SRS s

which is just the rate at“which the particle gains extra UB kinetic
energy due to the component of EXB drift parallel to VB. Therefore

" .energy is conserved.

2.D. Density Profiles

Next, we conslder the effect of thé;EXdefiftgon the density
profile. The model of Eq. (1.11) must be modified by the addition of

the poloidal component of the ExB drift:

d dn n e '
- (D) = — + — _ . (2.16)
dx de Tll '{'E o = oo
where T = L /v _ = }ﬂaB/E and T,, = L . /v, . = 1'-TraE»/v B_. Assuming
E E 2 ’ I A O R 11'p

D and Tll to be constant, there are two cases which are natural to
examine:; E coqstant_and E invg;sely proportional to n. The second
.form for E is expected to be moré ;eélistié; béihgiéerivable from
either the low-frequency dielectric constant or perpendicular con-
dgétivity, as will ‘be discussed in Chaﬁtef.é;' |
1) E constant |
' The solution is exactly the same as that givén'by Egs. (1.12) to

(1.19), making everywhere the substitution
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The fraction of plasma flux reaching the wall is
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- which can be controlled through Tg by altering E.

~44) E=En /n
o0

Letting
T = maB _ _maB =0
E- 28 2En_"  n_ Fo
_ oo o
Eq. (1.11) becomes
dzn n %y

D - +
La® M1 TBo

which has the general sclution

s S A

with A the same as before.. A, and A

1 2

Eo. -
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(2.1

- (2.18)

(2.19)

(2.20)

(2.21)

‘are again determined from the

boundary conditions. TFor the first boundary condition we can again

use Egq. {(1.14). The second boundary”gondition_is_much more important

than before, and less straightforward. n{w) = 0 will no longer do,
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.since this leads to an infinite.electric field ;t_the hﬁll,.andzan.'
:infinite-pofential drop”betwegn the_wall_qu;aﬁy;pqintnin;;he.plasma._
 Ihe.density-could be held ;ﬁnstani_at sﬁme.sm311 bﬁt_non—zero.value.:
;ét_the wall, but since this is where the electric:field is largest
the solution will depend strongly on the particuléf value chosen, A
 better.answer'may be to assume tﬁét the plasma strikes the;wall.at a

fixed velocity vw,-giving the boundary condition

n(w) =_£(w) ' 7'. _. if S (2.22)
W .
The solution will still depend strongly on the value of V. but there
may be better physical reasons for picking a particular value. For

instance, ions whose guiding centers diffuse to within a gyroradius of
the wall may then strike the wall at the thermal speed, rather than at
~a speed determined by diffusiun,_ The resulting solution is complex

enough to make it worthwhile to introduce the following scaling:

E=%

=

n= A.

11
€ = (?Eu as defined in Eq. (2.19)
. TO :
W= (nO as defined in Eq. (1.186))
oW . _ o
() =28
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v ~ r(x)
B = &

' Then Eq.72.29:becqme5':‘

f'-azv - T o
SEspEvEE e (2.28)

with boundary cbﬁditions'Y(O)'¥'1'and v(n) = y(Mw. The selution for

" the density profile is

: wcosh(nmi) + sinh(n-£) + ecoshi : o
V) = msinhn + coshﬂ = = _ ' (2'25)
" and.the values at the boundaries are
:v(o) - {(w-g)coshn + (l-cw)sinhn + €
- wsiohn + coshn
o . (2.25)

~u(n) . 1 - esinbn
w - - wsinhn + coshn

Sy =

When =0 (no ExB drift) the earlier solutions given in Eqs. (1.15) and
(1.18) for n(x > o) = 0 and n(w)=0 are re¢overgd for w=1 and w=0,
fespectively.

The relation of the elecpric field to € and_TEo is not as simple
as Eq.(2.19)might make it appear. If.the electfic field is applied by
biasing wall segments or othgr‘electrodes, then the externally con-

trollable quantity will be f, the potential difference between the

W
separatrix and the wall. But for a given € or E , § = - I B dx also
' o
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 depeuds on. the shape of the density profile.. Thefefoce.the procedure .
"to be followed must be to pick a value of e, calculate the density

profile and any other quantities of 1nterest, and then perform the -
1ntegration to find the corresponding value of ﬁ 1Io-do_this in. terms

: of the scaled variables, define

o .11 | |
Ltut o @
L STy § : o _

where ?ﬁ is the constant value TE would have for a uniform electric

field with the same potential difference. Then ¥ is calculated by

n .
€ dg e -
= | =SEc : (2,27

X nj v (2.27)
The integral can be performed numerically.

It now remains only to choose some values for n, w, and £, and

‘calculate some representative results. In the UWMAK studies n is
typically 5 to 10; we will wusen =5, TIf T,, = L/cS, then

11
= (l/L)(cS/vW). If V.= Cgs then ‘for UWMAK-III values @ ~ 10_3.
However, g ropresents the sound speed near the separatrix where most
particlesrreaching the divertor by thermal flow originate, but v is
at most the thermal speed at the wall, which oay be lower by an order
of magnitude or more, giving w 2> 10“2.

~Figure 2.4 shows y(n), the fraction of flux reaching the wall, as

- a_function of ¥, the normalized potential difference between the



'rseparatrix and . the wall for various values of w. -For comparison, two -
f'tases with uniform electric field are also plotted The'enlead per-

formance is worse for the cases where E * n Ty and among these is .

.'_ worse for decreasing m which corresponds to decreasing density at the -

:wall because the EXB drift is more 1ocalized at the wall where there
'is less plasma for it to remove;. | R - |

| As the electric field is increased, the depsity is lowered
_propqrtionarely_more_near the wall rhaerneer:the seperatrix, which
in turn causes the electric field to be even more concentrated near
-.the wall; the electric field "digs a hole™ for itself at the wall.
: gihis_is=the reason the curves in Figure 2.4 become flatter at large X,
and can be seen explicitly . in Figure 2.5, where density profiles are
plotted for several values of X. The case of w = 1 was chosen for
ease of viewing; for smaller @ the effect is similar but more local-
ized at the well. A unifqrm_electrie-field_case isﬁagain_plottednfor
- comparison, . - o . o ”

The solution above cannot be taken to the Limit Ty > ® (divertor
.action by EXB drift only) since the differential equation changes form
-and the scaling by A can no longer be defined. The solution for a(x)
:becomes-a parabola, and the integration to find .§ can be performed
enalytically.~ The solutions are easy to obtain but will not be given
here; -the behavior with respect to theeeleerrie_field,is qualitatively
the same as described above. | |

The extreme concentration of the electric field near the wall is

‘a drawback in that it requires much larger potential differences than
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.'._:che uaiform electric field case. for tﬁe same redectioc.of wallzflux,

'It also means that impurity atoms sputtered from the wall are more . .
'1ike1y to pass the region of greatest EXB drlft before they are
' ionlzed However, for a comparable reduction of wall flux the EXB
.drlft makes a much smaller change in the total number of particles
.between the separatrix and the wall than does the uniform electric

'”field case (or any other method of reducing A uniformly) TFor example,

'”':even in the W = 1 case, a factor of 10 decrease in the wall flux is

accompanied by a SA decrease in 1ntegrated density from separatrix to
wall for the E = n -1 case, and a decrease of over 50% for the uniform
'electric fleld case. Thus the EXB drift in the more realistic case,
.'has the advantage of reducing the wall loading with little degradation
'.of the screening action of the divertor. |
.xfﬁoﬁever, the extreme concentration of the.electric field at the
wall if:E « 1:1."l may limit the effectiveness of the EiB dlvertor for
other reasons. It results in very'higﬁ electric fields and drift
speeds near the wall, and also large shears in.the drlft speed. The
'reasons for expecting this deoendence of the electric field, and a
-poss1ble upper llmit on the magnltude of the electrlc fleld will be
.discussed in Chapter 4, The lhmitations on the drift Speed and its

Shear Will be dlscussed next.

'2.E. Shock Limitation of Drift Speed

It was mentioned earlier,'when considering single—particle orbits,
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_that if the magnetic field increases along the path to the divertor
'some particles w111 be mirror confined and prevented from reachlng the .
'divertor, e situation which could be helped by the application of an
EXB drift. However when the collective effects of a plasma are .
Q-con51dered the situation is quite different -as shown in a paper by
HHazeltine?_Lee,_and_Rosenbluth.g Applying singleufluid equations to a
tokemakepleema with poloidal totation, they show that as the plasma
eoves:towete emaller oajot:redies, aod_encooetets a lerger eagoetic
zfield_not_eccompanied by e.ptoportiooel increase in radial electric
”field,_lts_poloidel velocity actually increases aod density decreases,
:due“to pressure effects. This dieturbence can propagate along field
lines at the sound speed, but due to axisymmetry only_the_oololdal
component is important; the dieturbance can propagate in the poloidal
‘di??9t103 at a_epeed csBp/B. They f£ind thet when the:le:gest fluid
velocity in the plasme_;eaches_thls_"effective_sound speed” a weak
shock_fotms, and diesipative processes in the_shock_tend_to.keep the
(fluid velocity_from increasing futther. | R
A similar effect may occur in a divertor. If the exits to the

divertor are located toward_the major axis of the_toroid fot the sake
_of.toe favorable "D" shape, as in Figure 2,1, then plasma_oeaded for
_the divertor from much of the scrapeoff_reglon Will enoounter-inn
creasing magnetic field, and the poloidal component of the flow may
.be limited to ¢ B /B Thie is, in fact the velocity already predicted
for thermal flow limited by am electrostatic sheeth at the neutralizer

plate. If the actual velocity of thermal flow is some fraction of -
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.. zﬁhis, as indicated -in the FM~-1 an&:ﬁIVA.éxﬁériménté, theﬁ.an éﬁplied
EXB drift may provide some 1mprovement whlle still being limited to
}the effective sound speed. Possibly this problem could be minlmized
' by careful Shaplng of the divertor 5 magnetlc field to reduce the

slzenof :he magnetic hill.

2.F. Instabilities

A questlon which must be askéd is whether the addition of an
externally applled ExB drift gives rise to any new 1n5tabilities in
the plasma, which might enhance the radial transport in the divertor
.regién, thus defeating the purpose. A plasma with a uniform EXB drift
i$.clear1y.not subject to any new instability? since in.the.fiame of
reference moviﬁg with the plésma ;he electric field ﬁanishes and
eﬁerythiﬁg looks the same as wiﬁh no EXB drift.. Nevertheless, there
are at least two ways for the drift to cause instabilitiés..

The first is known as the "meutral drag" instabiliry. Any
neutrals which are present do not move with the EXB drift. Ig the
typ@cal high magnetiq_field limit where

w¢9T3>>_QCi?i §> 1 .; | o S (2f28)

with To. i being the neutral collision tﬁmes and @ co.i the cyclotron

’ ?

frequencies, the ions will drift sllghtly slower than the electrons

due to the drag force of neutral c011131ons, the net drlft sPeed in
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. the EXB direction being given by?

rIn.the urescnce of a density gradient when the equilibrium density is
perturbed this differential drift 1eads to a scparatlon of charge, if
the charge separation has the proper sign the resultlng perturbed EXB
drift will increase the perturbation, leadlng to an instabillty To

| obtain the proper sign for instability,_E . Vn must be positive. This
'1s very similar to the flute modes caused by charge separatlon due to
: curvature drift in a magnetic f:t.cld with "bad curvature," in fact, the
most unstable modes of the neutral drag instability are flute modes

~ with kll = 0, where k., is the component of the wave vector parallel

1l
to B.10 If the electric field has the right sign for instabllity, and
if k., = 0, then a mode with wave number #L in the EXB dlrectlon is

11
unstablc iflO

9 E'M'k.Ti +kTe mciTi

Vn e W
LT e AT,

(2.30)

The least stable modes are those with small.EL. Even if Vn/n is taken
as a lower limit to FL’ the electric field which can produce an
‘instablllty may be guite small due to assumptlon Eq. (2.28). This
process could be important in a divertor if there are large numbers of
neutrals enterlng the plasma from the wall or backstreamlng from the

pumping chamber. It is interesting to note that if the cross~field
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dlffuglon 1é.due té ﬁeutral colllélons as weil .the ambipolar electrlc
field peoints in the stable dlrectlon, 1nstab111ty can only result from
an externally applied electric field. | | |

_The second type of instability which can be caused by an EXB
d:ift occurs when the drift is not:uniﬁprm but has a shear, due to a
non-uniform electric field, for exaﬁple. This is célled the "Kelvin-
Helmholtz™ instability, by analogy with the well-known hydrodynamic
.zlnstability in a fluid with velocity shear and a density gradient The
usual example of this is a £luid stabilized by grav1ty,'such as the

| ocean. An energy crlterion often quoted for stabllity of such fluid
11 12

serm@n e

where g is the gravitational acceleration, p is the mass density, U is

‘the horizontal velocity, z is the vertical co-ordinate, and J is known
as thé.Richérdson number. In a plasma, however, gravitation is usually
negligible compared with other forces, and velocities are so large that
~J x= 0 in any event, so the behavior of the instability must be examined
ig more detail. h |
;The density gradient in Eq. (2.31) was to pfovide a restoring

force through'gravity;*in the absence of gravity the density gradient
can be 6mitted'from the discussion, and the unperturbed plasma will be
assumed uﬁiform except for the drift velocity.

First, consider the case where the fluid velocity jumps from O to
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_ vO across a sharp boundary. In the absence of a magnetlc field all =
'"modes are unstable for -any non-zero value of v .12' If the plasma is.
“in. a magnetic field B, then stretching of field lines furnishes a ”f

ﬁrestoring force, and the mode is stable if 13

Ii: _'-._30[_ < 2[_'1’2 . ;AI B o (2.32)

1
o3P0 2.

g is the Alfvén velocity. Stability depends only
on the direction qf_k, and not on its magnitude, though in the unstable

where v, = (u
S VA
¢qse the growth rate is pro_por_t__io_nal_tq_k.l4 ﬁhen i is perpendicular
to %, all wavelengths are unstable unless ;0 is parallel-to-ﬁ; this is
just an interchange mode, with thg same properties as if there were no
.. B. 1In fact, if ¢0 is perpendicular to E, it is identical to the hydro~
dynamic mode.

.. . Next, conside: the more:;ealistic case where_the:fluid velocity
éhanges linearly from —;o to +30 through a layér,éf:thickness:2d, and

-~ is constant outside the layer. For the least stable modes where i and

.
v, are both perpendicular_to_g,_the_dispexsiqn_relatiqn21513

e iozwtoSM

o
.where'wo.= vold. ~Although the dispersion relation above was derived
using ExB drifts, since it is an interchange mode the identical dis-
persion relation is found in the hydrodynamic case.l? Modes with

kd > .64 are stable; the most unstable mode occurs at kd = 40 with a
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..giééth ¥é§e 9f;;éQ Qé;_ if£;§_is.aii9w§d to ﬁ#vé:é_;qmpgpeﬁt:éarallal.:
fﬁo_ﬁ,lthe minimum k_for:sﬁébiiity iﬁﬁréaéesnbut_tﬁe.gfoﬁtﬁ ?ates_of”__
‘the unstable modes decr_e_ase.l4 | ” B |

ﬂ: Sq_far,-only.the-césé of incompressible plasma has been consid-
ered. If the plasma is allowed to be compressible, in the absence of
B both the minimum k for stability and the growth rates of the unstable
modes are reduced. But now the cése with a perpendicular B is dif-
-ferent from the hydrodynamic case; and tends to return to the incom-
pressible case, since EXB flow is incompressible.l4

The Kelvin-Helmholtz instability is probably not a serious problem

for an ExB divertor. The drift velocities involved are so much less
than the Alfvén velocity that any mode with a component of % in the
direction of B will be stable. The modes with k perpendicular to B
are unstable only for wavelengths of the order of the thickness of the
shear layer or greater, and long wavelengths are more easily stabi-
lized by other effects such as magnetic field shear, line-tying at the
divertor's neutralizer plate, or the presence of a nearby vacuum tank
wall. In fact, if the derivation of Eq. (2.33) given in reference
(13) is modified to include a conducting boundary parallel to the
-shear layer and a distance b outside :he surface of the layer, the

dispersion relation becomes

-4kd, -kb
e

ey 28a - e
&) 0

(2.34)

4 - -
kd _ (1 - 4kd - e 4kd e 2kb

=@ - - e )
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e If the discriminant is evaluated numerically, it is found that all k
‘are stable for b < 2d, which could easily hold in a divertor scrape-

: fo layer;_' |
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'Fig;.2;2 ;1EXB diveftbr wfthout'magnetic'divertbr: Shown‘is sectfon
of tokamak with wall segments spiraling to follow § field
: jines. Radial electric field (arrows) applied by biased
.. wall segments. results in Eth_drift.(double arrows)' '

‘toward pumping chambers.
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| Fig. 2.3 - Loss cone shifted by ExB drift: M is mirror ratio,

- :VE is ExB drift speed, and tano = Bp/Bt'
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Fig. 2.4 - Normalized plasma flux to wall (y = P(w)/ro) VS .
normalized electric field (x) for various boundary
conditions at wall (characterized:by W) Uniform

F-field case is also shown for comparison.
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Fig. 2.5 - Spatial profiles of novmslized plasma density (v) for
various values of normalized electric field (x). Only
o= 1 case is shown. Uniform E-Tield case 1s also

- shown for comparison,
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‘CHAPTER 3 o

EXPERIMENTAL APPARATUS

B,A..”Octupole -

Mult1poles¥_prov1de stable plasma conflnement in a closed axi-
ISymmetrlc geometry, without Lhe need for a. blacma cufrent and eha
lnstabllltles which may accompany 1t; They have a large region of
low magnetic field, which can greatly reduce the energy loss due to
synchrotron radiation from the plasma, as emphasized by J. Tuck in the
ea:ly days of cusps.2 This makes them attractive for reactors using
~ the high-temperature "advanced" fuel cycles.3f6 These advantages are
offset by the drawback of hav1ng conductors embedded in the plasma,
_w1th the attendant problems of lev1tat10n and cooling, and the neutron
_ damage problem 1s severe enough that multipoles are probably fea31ble
:as reactors only for neutron-iree advanced fuel cycles. Nevertheless,
due to thelr good cpnfinement.properties, multipoles have been valu-
able fer a wide raage of piasma experiments. | | o

2>

- The Wxacon51n Lev1tated TGrOLdal Octupole7 8 ae& its eenfinement
prppertie59 have been dlscuSSEd elsewhere 10 ana only a brlef descr1p~
..tioa of ehe maehine_will be given he;e. The machlne 1tself is shown
in Figure:B.l, end iable 33l_gives some of its.importaat.parameters.

The polcidal magnetlc fleld is produced by four 1nternal rlngs which

are inductively drlven, and the toroidal fleld is due to a polo;da]
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'__current in the vacuum tank wall The two fieid strengths are indepenw. o
?_dently variable. When the machine is pulsed they rise sxnusoidally to
”peak value in about 21 msee, and are then crowbarred with a decey time
' of about 70 msec. = The hoop supports, which act as obstacles for the -
plasma, can be withdrawn pneumatically during the machine pulse,
" momentarily levitating the hoops.ll The supports take eBeut 20 msec
to withdraw, remain out for 20 msec and take another 20 msec to return.
:.Titanium gettering and a liquid helium cryepanel maintain the base _.'
.pressure at 2x10 -8 Torr or better._. | B
Figure 3.2 is a minor cross-section of the toroid, shewing
eomputer-caleulated poloidal magnetic field lines,l2 plotted for 23
.msec after the beginning of the pulse, These lines are contours of .
eonstant magnetic flux Y, labeled in units of Dories (see Appeedix).
The dashed 1ines_(w = 5,62 and 5.66) aee the seearatrices, diﬁiding
field lines into three classes: private field lines which link a
.single hoop, a small class of semiwprivate fleld lines which link two
' hoops, and common field lines which link all four hoops. (Since the
.separatriees are so close together they are often spoken of in the
singular, as if there were a completely degenerate oetupole field null .
at the.mieer:exis and hence a single separatrix.) § B dl has a
'ea#imum at e eeparaﬁrix (in.fact, ie_Eeeoeee infmnlte), so density pro-
files peaked at the eeparat:ix are eteble against interchange insta-
bilities.13 Under the definitien of Y ie the Appendix; it ean be
eﬁown that § B—ldl = V'(y), where V'()dy 1is the volume enclosed be-

tween surfaces Y and ¥ + dy. Therefore the great majority of the



.'partiéles in the méchlné are.conflned neér thé separatrix, 'Thé détu__
”:dash llne (¢ i— 7 80). is a mlnimum of §B di, known as the critlcal
 £1&1& line outsldn of whlch the plasma 1s unstable._ﬁ':'“ |

| Figure 3 3 shows the correspondlng countéurs of magnetlc fleld

"The units are kliogauss at the design value of 63

St
”Webers in the transfoxrmer core at peak fleld '(It should be noted

that the measured value for maximum_coxe_flux is .72 Webersp;a)'

3.8, Poloidal Divertor

Tn November, 1977, three small hoops were added to the octupole,
to give the capabilities of creating a divertor~iike magnetdc field
.'é0nfiguration near the wall (although without an external chamber and
”differential pumping), and of applying radial electric fields near the
' divertdr. 'They_are driven directly by their own éapaéitof bank, and
'sdma of the important parameters of the heops ar-d bank are shown in
Table 3.2. In order to restrict to manageable levels the mechanical
aﬁd thermal stresses oﬁ the hoops, and the size of the capaciltor bank,
the divertor was designed to.operate only at poloidal fields Cmrzes~
- pondlng to 1 kV or less on the main capacitor banko :

o Ihe location and dimensions of the hoops are shown in Figure 3.4,
" They are located almost exactly midway between the radii of the inner
- main hoops and the midecylinder, in order to be as close as possible to
‘the mideylinder, where the main field is low and ¥ . is far from the

crift

wall, but without interfering with the microwave interferometer
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.miyrprs'qr.gthar features on the_midqylindexb When not epe:g@zgd,
- they.a;g_dgsigngd_tq just-toupﬁ.wcritf. Algotﬁhown_a:e gha,patﬁ taken
by a pﬁobe_igsexﬁed.ig a ppxt.dfiliad_fpx thg divertg#%.aﬁd_a_simpliw.
_fieq-oqtling of a support sﬁrucgurQ; pf_wﬁich.thgxe_aﬁe_twélvg,_évenly
Spagedn . R SR S : . | : .

| .Each hoop conmsists of type.Blﬁ ghainless Stael.tubing,_7/8" 0.D.
and 1/16" wall, containing seven tuins of #6_copgar”wireo ”Eachnhoop
has two sidearms projecting through the vacuvum wall: ome to admit
cooling air, and one for current leads and ailxr exhgust. The exhaust
temperature is monitored with a thermocouple to avoid melting of the
insulation inside.

Due to their small wminor diameters, the L/R time of the hoops is
short and they act mainly as a resistive load on the capacitor bank.
The three hoops can be comnected in a number of ways, the most inter-
esting of which consist of simply driviung a current in the middle
hoop in the same direction as that of_tbe main hoops, (referred to
_hereafter as the l-hoop or single hoop configuration), or also allow-
ing half the current to return in the opposite direction in each of the
other two hoops (3-hoop or triplet honfiguratian)q The 3-~hoop con-
figuratiou can.egsily”ba aqhieved ﬁy a_sarieSMQarallel_connectiqn of

“the windings:

« 1/2 VﬁVAVA

e P 2 A
2 AN

e e
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“For the flux plots. (discussed later) "-_..:a_n.d.__in_dL}Ctanc_e ca‘lcqla—-
:tions,]séveral apprgximatiqng.we;e:made. Sincg ﬁhe_Cu:rent.ig.diSM
3_tributed_;hrpugh seveq_;u;ns_ofnwiré, %tzﬁgg_gssumed ﬁhat_thg.current
dengity was uniform throughout_;bg_inperior Qf-thg_hpgp, giving_the
same field outside the conductor as a filament current at thé hoop's

" minor axis. The stainless shells do link the_transfqrmer core, but

- their small cross-section and large resistivity combine to give them

- large resistances and L/R times of less than 1 msec, so currents in
them can be ignored. On the other hand, for the riset;me of the
‘divertor current, the skin depth in the nearby aluminum lid is on the
. order of 1 cm or less, so the l1id has been assumed to be supercon-
aucting, which permits the magnetic fields to be easily calculated
using .image currents in the 1lid. Toroidal effects were iggored and
‘the fields were calculated as if for straight rods. Two factqrs con-
:tribute to the validity of this: First, toroidal effects in the field
.of a single hoop are of order r/R; where R is the major radius of the
hopp and r is the distance from its minor axis, and r/R £ .l for the
.flux plpts_tpube_shown below. Second, note that the far field from a
?pd with an image in a_sqpergopdu;ting wall_f;lls_off_inversely as the
square, rathg;_than.the_first pqwer,_of_the distancg._.Thgrefpre the
ipc:emental contribq;iop_to.the_fiald at a distance r from a circular
.hoop separated. by a distance d from a superconducting wall, due to a
_Point far. away on the hoop where the curvature begins to begome
_noticeable, will be rgduqed_in a similar_wgy_as_long as r §< R and

d << R, making toroidal effects even less important. (In the triplet
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"configuration, the far fleld falls aff even faster ) - Image currents

in other wall surfaces and in the octupole heops have been neglected :

::since thelr far fleld will be small for. the same ‘reason. These approx- o

1mations result in a very simple expression for the poloidal flux due

'to one of the hoops (with 1ts imege)
w (ZwR) —~w‘£n6——9 ' ' : (3.1

where R is the ﬁajor ra&ius of the hoop, and r and r' are the distances
ef the poinﬁ under eonsidefation frem'the minor exee of the hoop and
its image. Calculated under these assumptions, the theoretical elec~
.iricel characterietics of the.hoops are shown in Table 3.2, and the
measured values agree quite closely,

Eq. (3.1) wae also used to calculate flux plots for the immediate
vicinity of the divertor hoops (the area indicated in Figure 3.4).
.These were multiplled by appropriate numerical factors and superposed
on the unperturbed octupole flux plot (Figure 3,2) to give the net
fieldn Figures 3.5 and 3;6 ghow w‘and [B] plots for two particular
eeaees, and Figeres 3.7 end 3.8 gshow two series of flux plots for
varying divertor currents. 'For com?arable Y values of ﬁhe divertor
separatrix the . trlplet case glves é'"barder" field null, with a
emaller region of low field than the single hoop case. The triplet
-case tends to force dlverted field lines to pass between the hoops
rather than through them. Due tc.the perfiel caﬁcellation of the

fields from the three hoops, the triplet case requires larger hoop
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 cur:ents_and creates a 1arger_magnetic_“hill."_i.
| ' Magnetlc probes (see section 3.C.6), inserted along the path_shpwn
.3?in Flgure 3.4 were used to wverify the LheoLetlcal flux plots. Figurg_-
_:3 9 shcws measuxed unlt vectors in the dlrectlon of B superposed oﬁ
 the approprxate flux plot° (Tha vectors are not plotted with length
"proportional to.]B| due to the large vaxiation_frqm near the hoops to
.near the field null ) Tﬁé égreement is quite good, with only -some
':dlsagreement neax the 11d due to neg1ect of fleld soak-in. .Perhaps
mére s;gnlflcant are the dlrect_measuremunts of Y shown in Figure 3.10.
fﬁe probe was fifst calibrated against the standard flux plet with no
divertor current, also shown in Pigure 3,10, Again the agreément is
ﬁuite good, including the { value of the divertor senarnirix (seen as
a local minimum of ¥), There are some small deviations near the 1lid,
éﬁe to neglect of soak-in, and at the left~hand edge of the plot,
pfobably dug ﬁo.imége currents in the upper inner octupole hoop, which
ihavé_been_neglected. These results give credence to the theoretical

flux plots.
3.C. Diagnostics

LThe diagnostic methods used in these experiments have.been dig-
éussed_elséwhere, and will not be dealt with in great detail here.
Brief descriptions of each will be given, with an indication bf their
use in this particular experiment. The actual location in the machine

of the various devices will be shown when the experimental -
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measurements are discussed.
. 3.C.1.  Langmuir Probes

i_:bne of the oldgst_anﬁ simplest,-yet_mqst versafile,nbiaﬁma diag—
ﬂgostic methods is the Langmuir probe;ls several review papefé éfe
- available on the subject.lﬁ_lg_ A Langmu;: probe consists gimply of a
.small electrode immersed in the plasma, which can be biased to difw
ferent potentials and the current which it draws.from thé plasma
measured, and which can be moved through the plasma to determine the
spatial variation of the measured quantities.

Figure 3.1l shows schematically a simple circuit for making such
measurements, and an idealized current vs. voltage characteristic..
When the bias potential is much more positive than the plasma space
potential (V >> Vp) ions are repelled from the probe. The resulting
.- electron sheath around the probe shields its potential from the rest

of the plasma, and the current to the probe saturates at a value de-

termined by the random flux of electrons entering the sheath:

I = lena - .2
oe h y Tm o _ : _

. . a

if the electron velocity distribution is Maxwellian, where n is the
Plasma density and A is the probe's surface area. When V << Vp,
electrons are repelled and ioms are collected. However, in order for

the potential to decrease monotonically through the sheath, the ions
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must enter with a velocity of at least the ilon aaoustic aspeed 9’21-

(ps = /(kTe'+-kTi)/mij; ﬁhis_?eq#ipéﬁemt_isﬁkﬁéﬁﬁ_as_pﬁe_Bohm sheath_ i-
: c:ite;i0n,  If Ti.?;fe-thgn-the.e%p?és$ion.for_ién.saturaﬁion current
.is_anélégous_tb tﬁa£ for.électrons, But if T, < T, then there must_V
“exist outside the sheath.a "prew$heath"_with a potential drop compar-
;Sle to kTe/e, accelerating tvhe ioﬁs_té.the ien écouétic sPeéd. There-

fore the ion saturation current is

(3.3)

If no temperature gradients exist in the plasma, profiles of Ioi at a
-given time are proportional to density profiles, and if the tempera-
Furg.is;known, density can be calculated. For V < Vp, but not so far
 negative that the electron current is negligiblg} the probe current is
given by
o 'e(VwV ) S . .
IV = I, exp m»»ﬁ,—l?m O PRI (3.4)
. e : : :

if the electrons are Maxwellian.:_ihis portion of the curve can be
used_to find Teﬁ |

At the floating potential (V =-Vf) the probe current is zero, so

~the floating potential is given by
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v ooy o= e [ Ton) 4l e (21 sl e e 57
'_Vf.;_vp e -.?_ I é ' _zgn T ._.3'6 e ;'(Ii _Te}.
P "'-kTe S
Comaet ey

‘If no temperature gradients exist in the plasma, Vf

space potential only by a constant, and gives a measure of electric

differs from the

.fields in the plasma. Floating potential can be measured directly 1f
the input impedance of the amplifier connected to the probe is much
larger than the sheath impedance (e.g., by using a Tektronix 10 M, 10x
attenuating probe).

A variation on the Langmuir probe is the floating double probe,22
in which the bilas potential is applied between two nearby probe tips,
-and the entire biasing circult Is allowed to float. The current can
‘be measured either with a differential amplifier connected across a
resistor in the biasing circuit, or with an optically isolated ammeter
: circuit.23 If one tip is biased to collect ion saturation current, the
other remains within - kTe/e of the floating potential, guaranteeing
‘that Ioi is always measured at the same point on the I-V curve, even
if there are large variations in plasma potential.

More realistic theories take into account particle orbits within
a finite thickness sheath,z4 and the presence of z magnetic field.25
In the latter case, which is iImportant for the octupole, it appears

that under most circumstances the probe acts the same as in the

field-free case, but with an effective area for electron collection
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 lbm1ted to ltS projectlon nofmal to B o
Surface conLamlnants can alter ﬁhg response of a.probe 2§~28 S0
'probes weﬁe degreased wiLh acetone and alcohol, and then abraded to.
"expose an ox1de~frea surface, 1mmedlately befofe 1nsert1§n..

. In practice, the ion saturation branch of the ;HV characteristic
is not horizontal. When analyzing probe curves by hand, the usual
.p:OCEdure is to estimate a line through the ion saturation branch, and
 $ﬁbtré¢t:£his line from the entire curve. q.”\‘m.electr;:nn repulsion part

of the curve, near V iz then plotted on semi-~log pmier and a line

¢
.éstimated through the points to obtain Te" VP is estimated as the
point where the data begin to deviat- from the line at large V. If the
estimated line for iom saturati m current is noc corve o, the resulting
error can be large in the regilon where the electron current is small

(Vv < Vf)a Fof this reason, and because of_the tedium of the aBove
@foceduré when mauy 'l‘e measurements are desired, a computgr program was

“written to analyze probe characteristies.

' The probe characteristic for ¥ < VP is modeled by

fﬁV).m al +-azy + a, éﬁp(aAV) R : _ (3.6)

' -1 L e
where a, = kTe/e. If theory or empirical evidence dictates, a dif--
ferent form for the fon saturation current could easily be substituted.

‘The values of aj are desired which minimize the variance Q:

g = E(f(vi) - I, ' ' o (3.7)
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1

L where I, is the meaSured current at a bias of Vi. Since f is mot lin-

- ear in all the aj, a version of Newton 8 methodzg.is used. Vp and

initlal estimates aJ are obtalned by metheds 51milar to the hand anal~

lysis described above, giving the flrst estimate for the fltted curve:

P - smed) N B

' The problem is linearized by letting the next estimates be small cor-

rections to the ag(a; = ag + Sj) and expanding £ to the first order in

S,
J

df

1 _ 1 _ 0 of
£ (V) = f(V,aj) F{V) + § 6j 8 (3.9)

(Va)

Then fl(V) 1s substituted in Eq. (3.7) and the variance is minimized

with respect to the 6j by setting BQ/BGj = 0; this gives a set of
linear equations in the Gj which can be solved by the usual means. The
§j corrections are applied to the ag, gilving a?; these then become the
new estimates ag, and the procedure is repeated until it converges to
the desired accuracy. This method has the great advantage of opti-

mizing the fit to the entire curve at once, rather than the piecewise

~fit of the hand analysis.

3.8.2, .Paddle Probe

Another variation on the Langmuir probe is the paddle probe, a
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two-sided probe consisting_of two plane para%lel_glectrpdgg.with an
_1nsulatlng 1ayer sandw;ched between them. If the plasma is.not iso-
ftroplc but has a drift veloc1ty w1th & component normal to Lhe plane
of ;he_electrodas?.more:particles_will stx;ke:one.sgde than_the_othgr,
so this can be used to measure plasma cufrent or flow velocity.

If the probe is biased into saturation so that all particles of
one species entering the probe sheath are collected and none of the
other species, and if the collected species enters the sheath with a
~velocity distribution given by a Maxwellian shifted by the drift

i
~velocity vy (electrons, or ions with Ti > Te):

S 2
o n 3/2 m(v~vo)

f(v) = n<2WkT) SXP LT TTORT (3.10)

then the net particle flux reaching one electrode is
frz : .
T(u ) = wnve 5 4 %nuo(1.+ erf{g)) ' o {3010
- L 2 L -

where v = (8kT/mm)2, = (muO /2kT)2, and u igs rhe component of Ve

normal to the electode. The second term of Eg. (3.11) is odd in s
‘while the first and third are even, so the difference between the . .
- fluxes to the two sides of the probe i

T(uo) - F(wuo) = nﬁo (3.12)

~which is just the net flux in the plasma of the species being
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collected. If the velocity is desired, however, further calculation

. ig necessary,':The sum of the fluxes to fhe;twq gides of the probe is

SN ' . ~g2 ' : L 3
| _'JF(90) *_r(*Eo)_g Fhve : f_nuoerf(g).- o 3 '.".(3'13?.'

1 - .
F0v if g << 1 -

; >>
nu_ if g 1

v

If g << 1, then te first order in g the ratio of drift speed to
1

thermal speed ¢ = (kT/m)? (which is also the ion acoustic speed if

ions are being collected and T, 2 Te) can be found simply from

i

o

V2
(3.14)
5 T(uo) - T(wuo)
where M =J% P(uo) s F(wuo)
For larger values of g < 1, a third order expansion gives
Ta) + T(=u ) = bn¥(l + g2y - ©(3.15)
"o R R ' ' )

This can be used to solve for the vatio of drift speed to thermal speed:

_ . _
g=}~c—°:}~{m/1mmz} (3.186)



-'This_expression_has.a solution only for M <1, but the-eiror in the -
wvalue it gives for g is less than 10%Z for M_S_,96.or.g 5-17, making it

- a reasonable approximation under most circumstances., e
3.C.3, Skimmer Probe

.'_fH Al;hpdgh_some methods have been suggested{BO_ion.fempe;ature is
: ﬁéf& diffiéult to.dhtain fﬁom a Langmusir pfobe.chéracteristic;n&ue to
the ovérwhelﬁingly.iarge eiectron_current in the ioﬁ repulsi&ﬁ tegime.
-Ti measurements can be made with a skimmer.probe,Bl which has.its
'electrode recessed inside a shield. The opening of the shield is
.orientea parallel to B, and due to their small gyroradius electrons
cannot entey aﬁd reach the collecting electrode. The céllector bias

can then be varied to repel ions, while measuring only ion current.
3.C.4, TFabry-Perot Interferometer

A ﬁeasurement of plasma density indepandéﬁt of témperature 1s
giyen by fhé microwéve_fabryuPerot-intefferometgr.sz: Two éoﬁfoéal
.::miﬁrors ﬁrovidg a resonant éaﬁity_for_BS Gﬂz_migrowaves,”m53t.df_whigh .
is_filled ﬁy fhehlow field region at the.minor.é#is éf tﬁe ﬁachine, .
néar wsep' .The frequency is swept fepetetively éver a small fange, and
the xesbnant frequency, which depends on the_dénsity of ﬁlasma in the

cavity, is measured.



376,5.. Str;ped Collectors '

Plasma flux to the wall of the machine is measured with striped -

'gqllgptors.Béwss

_Tﬁgse ¢§nsis;_of_two_sets_of iqte:digiﬁatga.qpn-
&ucting stripes, Eiased alternatively positivg and negative. - (See
Figure 3.12.) The width and spacing of the stripes ére less than the
_ Debye_ghieldiqg_lengtp of the plagma, so that thenplasma does not
électxically ghield the stripes from_each other, and due_to ;he large
number of“st;ipes the electric field falls off rapidly away from the
__gollector. They are then expected to collect, as measured saturation
_ current, a large fraction of the plasma particles striking them, with-
out perturbing the transport processes in the nearby plasma.36

A case can be made that the measurement is less perturbing when
'_the”average potential of the two sets of stripes is held at the
potential of the surface they are mounted on.37 However, in most of
the present experiments the circuit was allowed.to.float, similar to a
floating double probe, and in some instances this has been seen to be
the less perturbing mode,38 In particular, when the stripes are
biased positive_and_negative by_the same amount with respect to
grqgnd, and_the_magqitude of ihe bias_vol;age is varigd,:it is gener-
 ai1y observed that the ion current saturates while the electron |
current does not, showing_that the electric field of the collector is
not completely non-perturbing. Consequently, the only way to make a
truly non-perturbing measurement would be to first make a low-

. impedance measurement of the net current to the collector with both
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gsets of stripes at ground poten:ial, this presumably being the current

' drawn from the plasma to the same patch of wall dn the absence of the

'collector. Then when the collector is blased to obtaln charge separ~ '
 ation of the plasma strlkmng 1t the biaé must be carefully chosen to
make the net current drawn from the plasma.the same as before..'An
‘arbitrary bias voltage with the center of the circuit grounded might
well be at least as perturblng as letting the clrcuit float. Im
practice, very llttle difference is uvaually seen h@tween the.lon

currents measured in the two cases, floating or center-grounded.
3.C.6. Magnetic Probes

H'The magnetic field of the divertor was verified using magnetic
probe5,39_gonsisﬁing of smail colls of ﬁire inside stainless steel
 tubing ﬁuéh thinner than a skin depth, Such a coil measures the
'cﬁange of magnetic flux through it té = Aé) which can be integrated
eleétronically to obtain B. One such probe had two small coils at
rlght ang]es in order to measure locally both radlal and vertical
compqnents of the p0101dal magnetlc field (see Tigure 3. 13(a})).
_Another probe had a long, narrow COll cJosed outside the magnetlc
Zfie;d région, in order to perform the spatial 1ﬁtegratlon necéssary

to obtain the poloidal flux ¥ (see Figure 3.13(b)).
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3.D. ‘Plasma Sources o

A variety of methods for producing and heating a plasma are avail-
able on the octupole, of which three were used for the data to be
' presented here. These sources and the plasmas they produce will be _'

_ b:iefly cha:acterized below:
3.D.1. Electron Cyclotron Resonant Heating (ECRH) Plasma

The field strengths in the octupole are such that microwave fre-
quencies can be conveniently chosen to resonate with the cyclotron
frequency of the electrons, thus heating them. A fast valve is used
to puff neutral hydrogen gas into the toroid about 100 msec before the
start 0£ the magnetic field pulse, filling it typically to 5 X 10“6
Torr. A 50 W, 2.45 GHz magnetron is run CW to pre~ionize the gas,
_producing a plasma with a density of about 108cm"3. Near peak_field,
a1l kW, 2.86 CGHz magnetron is pulsed for several milliseconds, ionizing
:a_significant fraction of the f£illing gas, and heating the electrons.
Figure 3.14 shows typical values for demnsity and elect;on.temperature
at the separgt;ix, pbtained:from agalysis of Langmuir probe I-V char«

. ééteristics._ Despite the fact that electron heating qccurs_only at
localized resonance zones (defined by B = 1020 Gauss at 2.86 GHz), Te
is uniform throughout the machine within a few milliseconds after the

end of the heating pulse.ao The ions are heated only by collisions

with electrons, and at these parameters the temperature equilibration
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time between electrons and ions is -z 10 msec, 1 while charge exchange -

and elastlc colllsions wiLh neutral gas cool the ionsﬁa27§3_'The_comf

puter model SJ:I*IUT..’I'["LZ"r predlcts T < 1 eV
3.0.2,  Small Gun Plasma

A small coaxial MafshallmﬁypeAS'piasma gun (labeled "injéctor" in
Figure 3.1) is located at the top of o ! m lonp drift tank. A fast
valve admits gas to the region between ﬁhe jnner and outer alectrodes,
after the gas has filled thl& segion a voltage is applied between the
electrodes, breaklng down the gas and acceleratlng the plasma out the
end of the gun. The cloud of plasma passes rapidly into the toroid,
whlle the large volumL and small aperture of the drift tank keep most
unionized, thermal atoms from reaching the toroid for at least 10 msec.
The energy demsity of the plasma is too small to allow it to push
magnetic field lines aside by diamagﬁétié cufréﬁfég.rafher, it is able
to enter the magnetlc field reglon by becom1n& LLcctrlcally polar-
ized 46 47 Thls causes an LXB drjft whlch carries it 1nt0 the toroid,

where it is captured becomlng 321muthally symmetrlc in a few tenths

of a milllsecand 48

This plasma has been extenslvely studled under ‘a w1de range of
: . 10 . .
operating conditions. Figure 3.15 shows measurements of density
at the separatrix from the Fabry-Perot microwave interferometer,
electron temperature from Langmuir probe characteristics, and ion

temperature from skimmer probe measurements, for the conditions of -
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.the present experiment. ~The ions and electrons enter the. toroid with
.comparable velocities, hence the ions have 1arger kinetic energy. The
' low neutral . background pressure made possible by use of the drlft tank

“results dn a relatively Jlong 1ifet1me for the ion temperature, and both

ions and electronms are collisionless in the sense that their collision

times are longer than their transit times along a magnetic field line,

‘as is expected to be the case in fusion-regime tokamaks.

3.D.3. Large Gun Plasma

A larger Marshall gun is mounted on the lower 1id, opening

_directly into the toroid.49 It produces a cold, collisional plasma

with a density of about 1012.cmf3, about an equal number of neutrals,

T, ~ 1 eV, and Te < 1 eV,

-

3.E. Experimental Sequence

Figure 3.16 shows typical timing sequences for a machine pulse,

including the events discussed in the preceding three sections. Data

‘acquisition equipment may be triggered at any time during the pulse,

but for these experiments was usually triggered_simultaneously with -

~‘the plasma source.
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.. .Table 3.1 - LEVITATED OCTUPOLE PARAMETERS

thsical

Major Radius -
" Vacuum Tank: ~139.5
Toner Hoop: 99.5
Quter Hoop: 1179.2

Minor Radius of Hoops:

Surface Area :
Wall: 4

2.2
Inner Hoop: 3.5
-Outer Hoop: 6.3
Hoop Support: 42
Volume
Vacuum Tank: 8.6
7.7

Within wcrit:

cm
cm
cm

8.9 cm

m2

m? (x2)
m® (x2)
em? (X16)

3

m
m3

Electrical (Maximum Fileld)

Ep
Capacitor Bank
'~ Capacitance: .048 F
Voltage: 5 kV
Energy: 00 MJ

Maximum B at Surface®
Wall: 6 kG
Tnner Hoop: 12 kG
"Quter Hoop: 5.5 kG

Current®

- Wall: 1.42 Ma
Inner Hoop: 46 MA
Outexy Hoop: .25 MA

*Approximate Values

B
£

Capacitor Bank
‘Capacitance: .37 F
Voltage: 450V
Energy: 37 kJ

B (midcylinder)*: 400 G

78



- Table 3.2 - POLOIDAL DIVERTOR PARAMETERS

~Physical _;:
- Major Radius _ o
. Inner Hoop  115.4 cm

. ~Middle Hoop: 119.4 em
- Outer Hoop: ~~123.0 ¢cm

‘Minor Radius of Hoops: 1.1 em

 Electrical

Capacitor Bank
Capacitance: .47 F
Voltage: 450V
Energy: 48 kJ

Hoops
Resistance
Inductance
Peak current (Amp-turns,
Middle Hoop) '
Time to peak current
-Current decay time

"Single

L068 &

1220 pH RS

39 kA

3.6 ms

32 ms .

- Tripiet
L1040
160 uH

28 kA

5.6 ms

49 ms.
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-R = 1194 cm ———b]

A | 3

<4 Ud 9P

“

0.D

2.2 cm

Fig. 3.4 - Location and dimensions of divertor hoop assembly,

with simplified outline of support structure.
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Fig. 3.7 - Single hoop configuration: poloidal flux plots for varying

current {shown as ratio of divertor current to outer main

hoop current). Dotted line is divertor separatrix.
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Fig. 3.8 - Triplet configuration: poloidal flux plots for varying

750

28

current .{shown as ratio of middle divertor hoop current to -

“outer main hoop current). Dotted line is divertor separatrix.
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~ OSCILLOSCOPE »

®

Fig. 3.11 - Langmuir probe (a) biasing circuit, (b) idealized

1 vs. V characteristic.
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Fi )~ Stri 16
ig. 3.12 _Strjpgd_ co"l]_ec_tor_'_:_ 16 1ines/cm, 6 cm x 6 cm {typically)
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Fig. 3.14 - ECRH plasma: time evolution of nand T, (from

Langmuir probe).



96

“r=7.9 msec | (o

®r=5.6 msec |

e | L | g
0 5 10 5 0 107
TIME AFTER INJECTION (MSEC) o

Fig. 3.15 - Sma11 gun p]asma t1me evo]ution of n (from m1crowave

| - _Fabry-Perot 1nterferometer) T (from sk1mmer probe)
and Te (from Langmuir prdbe). Bp bank = 700 volts,
By bank = 400 volts.
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- CHAPTER &
' APPLIED RADIAL ELECTRIC FIELD
o An important question related to the ExB dlvertor is.whether the

‘desired radial electric field can actually be applied in the plasma,

given the plasma s well—known shielding properties 'The*question was

' a'studied in the absence of any divertor, by simply biasing one of the

. octupole's internal ;ings relative to the vacuum tank wall, in order to
create a radial eieetric field. &his ring then bears some resemblance
'3to:a.giant_Langmuir probe, but with some important differences: the
ﬁprobe" is no longer small enough not to perturb the plasma, and in
this case particles must move'acress_the magnetic field while most
. proBe fheories-a$sume freely_accelerating particles, either parallel
© to ﬁhe magnetic field er ﬁith no magnetic field. These facts mean
tﬁat some electric field must penetrate iqte the plasmal, and the usual
Debye shielding ‘length may not apply. | |

The distribution of an applied electric field will be discussed
.;first.in a aiab geometry fer.eﬁe sake ef eimﬁlicieﬁ,.and.the modifica-
tions required for tokamak and octupole geometries will be described.

"Then experimental results Will be presented and compared to the models.



._4.A. :Theoretical Models
4.A.1. Slab Geometry

.:; Cousider.a plasma which varies only in the x-direction . (analogous

. to the minor radius of a toroid), confined by a uniform magnetic field

._;_upgrpendigu;a: to x. In oxder to apply a low-frequency ox de electric.

:gigld pa;a;lel to;g_thg:e_are_cqnducting.boundaries at x=0 anéik?L,
.1. which can be given an_;rbitrary_po;ential dif£erancef In ﬁﬁe guiding

.center_approximation such an glect;ic field causes plasma_pérficles to
have two types of,motiqn”parallel to the electric_figld._ (We are not
cqncerned With,thgrt;aqsverse ExB_drift for the time being since, due to
symmetry, it does not alter the spatial distribqtiog of ﬁgrticles.)

First, there is the polarization drift due to @ time-varying electric

field. This causes the plasma to act as a“dielectric,_with dielectric

constant at low frequency given by;

.I.l(m “+m ) . . _ o
e= (L+—t—7s9e - | D
. . .'EOB T o . - o

- Assuming for the moment that this is the plasma's only response to the .
electric field, that is, it behaves as an ideal dielectric, then the

resulting distribution of the electric field can be found simply from
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VD=V (D) =0

const . o - _ o f.:'-l'- :
ey C4.2)
1 + ——y—)E
g BT

R The constant can be found by integrating B between the Boundaries and
equating the result to the applied potential difference. “If & . >> € o’
'which is usually the case for plasmas of interest then E is inversely
_ proportional ton, so E will be largest near the boundarles, where the
density is lowest but depending on the shape of the density profile_
there may be an appreciable electric field inside ‘the plasma.
If the plesma particles make collisions, with neutral particles

for example, at frequency vo, then their guiding centers will have a

resulting conduction drift

If vy << ®,s then the (EXB)/B_2 drift is unchanged to first order, and

o mvo-—)- o . o - ..
V, ox —5 E - S e LT ' (4.4)
o qB - } } . . .

- which gives rise to a net enrrent density in the plasma of>

F = n¢ + Vi E i
FEamVog T BVee’ 20 T qL

(4.5)
B :



o1

fWhgre_Gi-is the cohdubtivity. fiﬁ_sﬁea&y_étéqe, o

<
-u+-'-f
“ :

o ;.11 +1 BT
Ve (0 E)y=0_-
AR
.  J = comst.  ”“'.___ L T T

g . . 2
Lonmvoy Fmv /B

if ;ﬁe:hollision.ffqugnéigs_vo., are ;onstants thén_?his is éésenu

.tially tﬁé ééme electfic field disttibﬁtion as iﬁ Eq. (4;2);.hpwever,

" this néed.not be true iﬁ geﬁeral::'lf hot, and if a potential.difference

is applied rapidly.(in a time iess than vo‘l)'the electric field will
first take the form of Eq. (4.2), then relax to that of Eq. (4.6). If
the raﬁio of ¢ and € is not spatilally constanﬁ within the plasma, the

relaxation will be more complicated than a simple exponential decay,

but a characteristic local "RC" time for the relaxation is

4.7

“The physical jugtification for this is that in the dielectric quel, in
an eleétric_field E, the ions have_beeﬁ.displgced_a distance |
ﬁ/@ciB = miE[QBzzfrom_thei: init;a; posipioﬁ#,'_A single collision by
.an.idﬁ will EAuse é_diéﬁl&cemﬁnt_éf thé_éame.Sizé; ?0 the:ipn.¢ollision_
fime_prﬁyides a timé écale-fof the.decay due:té ion ﬁﬁllisions.of the
dnitial diélectrig model field. Howevef, if the decay is.due to elec~
tron collisions, because of their smaller gyroradius they must undergo

-_mi/me collisions for the same displacement.
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o Both the dlelectric model and the perpendlcular conductlon model-
-(assumlng colllslon frequencies do . not depend on n) suggest that the -
scale length for the perpendicular electrlc field is that of the density
-proflle s . scale length rather than the Debye length o
A true steady state is not possible in the conduction model, in the
.egbsence of particle sources, since the current of Eq. (4.5) drawe par-
ticles out of thesplasma, and if there_e;e_density grad;ents the same
:collisions which are repsqnsible_fprnﬁhe_curxeqt will_a;eo give rise to
xdiffusion,_-A somewhat more general solution can be obteined by.writing

down transport equations_fox_the_elect;ons and fons: .
? = DV : ” - (4.8
e _-__—_e..n_—w}_ien: B T . - ' ....‘.a)

N R e
) Ei = »DiVn_+ uinE e | _ R :(4.8b)
_ where ?u is the flux of species , and D, and_uu are diffusion and

: mobility coefficients of unspecified form, with Mo taken to be posi-
‘tive. .The usual quasineutrality assumption is made in order to avoid
unrealistieally_large charge densities and electric fields:

:ne x ni_;:n,__Ambipolar diffusion is discuseed in mese plasma texts,
and has been tho:ougﬁly'discussed_by_Axmeutrout,? but these all even- .
ﬁually make the assumption,_in.qrder to preserve quasiueutra}ity, that
>

-
Pi = Fe' This is reasonable in many cases, but actually a weaker con-

dition is sufficient to maintain quasineutrality:



e T =V Ty m T =0

‘In the present SIab_gepmetry,-tben

. o I
'ri.f-re.f'a -

103 -

Lo :;(4?9).;

%10

. where q.is_qonstant_in_space.as:before,_ Subtracting Eq. {(4.8a) from

Eq. (4.8b),

J
e

H]

-(ﬂi - De) n + (ui + pe)g}: |

(4.11)

The net electric field is a superposition of Eamb’ the usual ambipolar

electric field for the case of zero current, and a contribution pro-

~portional to the current due to the applied potential. The second

'_term'is_essentially_the same as the electric field of Eq. (4.6), where

diffusion was omitted.

 _._TQ_find the net fluxes of the two species, Hq. (4.11) is sub-

'_stituted“into the tramsport equations (4.8) to obtain

HyDy + U Dy My

T, = =-- Vo +
i i n ._u_i-i-‘ue ) ]l_i.-l-ue

H.D_ + U D
P =--te edp e Jo_ p m

T A

m;m.

e

N (4.12a)

(4.12b)
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_'The particle fluxes reSpond to - the density gradient with the usual
ambipolar diffusxon coefficient D ob? and have an additional term due
'to the externally applied electric field. Note that due to the
‘assumption V ¢ J = 0, - .
'-§5=-v-r v - (@ vn)_iﬁ(;f}._.,m) 61
9t _ " amb e T u, +. i o ' o
. The time evolutlon of the densxty is affected by the externally applied

U
i
ST )y if ue/ui iz spatially

1 (=]
constant (as in Egqs. (4.3) to (4.5) above) then there is no effect at

electric field only through the term V({

all on the density evolution.

The net electric field given in Eq. (4.11) is a superposition of
the ambipolar field and the field due to the external source. Im all
the discussion following, E will be teken to mean only the external
contribution. S F |

. The contribution from the external source is the same as for the
eimpllfied derivation resulting in Eq. (4.6), varying inversely with
Eensity if the mobilitiee are spatially constant. The magnitude of
electric freld appearing in the plasma for a glven potential differ-
ence between the boundaries, then, depends on the shape of the density
profile. In fact, it depends strongly on the density profile close to
the boundaries, where the density is most difficult to measure experi-
mentally and where the'essumptions nade ebote.are noet likely to be
invalid. | | |

One of the most obvious ways in which the assumptions may fail is
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#he foliowing: if.the applied boﬁeﬁtial aifference is large enough, the
flux of one species predicted by Eéé. (4.12) may go to zero at the
:boundary from which the appiied_éotential repeis it. That is, the flux
;f this Speéies due fo the electric field becomes equai'and opposite to
fhe flux.due.to the density gradient. Since under ofdinary circumw
stances the boundary cannot act as a source of particles, the net flux
ét the 5oundary cannot change sign. Therefore the electric field can-
ﬁbﬁ.increase béyond this.point, nor can the current, ﬁithout violating
the assumptions made earlier. The upper limit on the current density

obtained by applying this condition to the ions is

i J
= <
Wy R, e 2 Dapp'®
: o+ : o+
- (4.14a)
ue
J < e(D + —D )n
e U, i
o+
and the corresponding condition for electrons is
< iy
JZe (Di + m e)Vn. (4.14Db)

e
Cpros

where the right—hand sides are evaluated at the boundary which repels
the species in question. The smaller of the two limits on J then
applies. TIf the potential difference between the boundaries is in-
creased further, in the present idealized model, the species which is

limiting the current must become depleted at the boundary, thus forming
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a non-quasineutral sheath, the details_of which will not be discussed
here. Presumably, any additipnal applied potential difference will
.appear in the sheatb and the current will saturate ae.the smeller of
the limits. This saturation current is equal to AeDamen evaluated at
the boundary where the sheath forms, with A>1a numerical factor de-
.pending on U /u . In fact, if either ui >> u, or u << My then A=
and the saturation current is equal to the unperturbed plasma flux to
the boundary (multiplied by e}. Then if the applied potential is re-
versed a similar sheath will form at the other boundary, and the
saturation current will equal the_unperturbed flux to that boundary.
For example, if My >> U, s then a large enough potential difference will
prevent any ilons from reaching the more positive boundary, while having
very little effect on electron transport to that boundary. Therefore
 the saturation current will equal the unperturbed electron flux to the
positive boundary.

The cofre5ponding limits on E in the neutral plasma at the edge of

the sheath are

D
B = §-< _%Ek.gﬁ _ _ {4 .15a)
ot 1 ot '
E < ;‘“b z“ (4.15b)
e
o~ o=

If ¢ increases with n, and the density is lowest at the boundaries, as

is usually the case, then the more stringent of these conditions
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'provides an uﬁper limit for the.electfic field éverywhere.outside the
- sheath.
If the assumptions are made that Da = %Eua (the-EinStein.felation)

and T,= T , then
1.
E < (~*--~E~9 : | : . (4.16)

where D_ is the smaller of D and D> and D, is the larger. This 1is

i
a rather pessimistic result, since the limit on the external contribu-

tion to E is less than Eam by the factor 2D_/D,. However, the latest

b
assumptions may not be true.
.In particular, the Einstein relation may not hold in the simple
form given above. Nonequilibrium thermodynamics predicts a relation-
ship between the coefficients of diffusion and mobility, but the
details of the relationship are not clear for a magnetized plasma.6
In fact, iIn the fluid picture used above, different mechanisms may be
~ responsible for diffusion and mobility. For instance, to first order,
classical collisions between unlike charged particles can cause dif-
fusion but not mobility. This is easily seen by arguing from the
effect to the cause: If, due to perpendicular mobility, there is a
current density 3 parallel to E in the plasma, then there is a
~resulting 3?3 force density in the plasma in the Exﬁ direction. The
plasma is not accelerating, but has a constant ﬁkg/Bz drift, so there
must be some drag force balancing the 3*%; this drag is the mechanism

repsonsible for the mobility. To first order, all charged particles
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in a small volume of plasma drift at the same speed and thus camnot
ﬁroduce the drag force.7 On the other hand, collisions with stationary
neutral particles can cause drag. _Ihg ngt_forcg_iSIQhep

F=3d - nmpy, +my V=0 | (4.17)
'--which gives Eq. (4.3) again. Charged particle collisions can result in
a drag force through viscosity effects if the drift is not spatially
#niform, but then the drag depends on the second spatial derivative of
- the drift speed and hence of the electric field; therefore the simple
linear relation of Eq. (4.8) no longer holds,

It has also been found in a numerical simulation of a two-dimen-—
_sipnal guiding center plasma that perpendicular conductivity can arise
from fluctuating electric filelds in the plasma.8 The corresponding
mobility satisfies the Einstein relation with the Bobm-like diffusion
coefficient of Taylor and McNamara.9 This calculation was done in a
finite-size box, and the fluctuations were assumed isotropic with
respect to the box, which makes them anigotropic in the EXB drift
frame, playing a role somewhat analogous to neutral particle colli~-
Vsions. However, one might expect that in a plasma with a uniform EXB
drift, unless the fluctuations are caused by some stationary feature
on the wall, they might as likely be isotropic in the rest frame of the

plasma (the EXB drift frame), resulting in no conductivity. .
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4,A.2. “Tokamak Geometry

. The preceding arguments illustrate some of the basic principles
. involved in perpendicular electric fields, and may be useful (with
‘modifications to account for geometry) in other situations where the
EXB drift is in a symmetry direction, such as in the octupole with
- poloidal field only.  In a tokamak, however, the results are more com—
" plicated. A number of theoretical papers have been written concerning
‘the damping of an initial rotation and its accompanying electric field,
and they are directly applicable to the case where the rotation is
maintained in steady state by an external voitage source.

As an element of plasma moves with the EXB drift in a tokamak, the
poloidal component of its motion carries it toward smaller major
radius. This tends to compress it in the toroidal direction, and to
maintain divergenceless flow (a valid assumption if the drift speed
does not approach the sound speed) it will expand parallel to B. This
additional, non-uniform flow leads to 'neo-classical” corrections to
the perpendicular conductivity.

Tging fluid theory, Boozerlo has identified three regimes

‘according to the relative importance of viscosity:

-9-2—-%--(1+2q2) , G << 1

B t
g = .9__}....(1.,.2(12) ] 1 << g << = (4.18)
L 2T 2

B p €

2_3.%m , 33-<< o

B t £
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Te 1s the damping time for toroidal angular momentum, which like the
‘damping of linear momentum in the slab model, must be due to collisions
" 'with neutral particles or other stationary structures. Tp is the
damping time for poloidal angular momentum due to ion viscosity, and
o= (2 + q_z)rt/Tp. p is the plasma mass density, q is the tokamak
"safety factor,” and € is the inverse aspect ratio.

Similar considerations apply to the polarization current, and

Boozer obtains for the low-frequency perpendicular dielectric con-

stantll
1+ 5 cu>>%—
B 5
c= 4 1+ Q+2gd)  cwcc (4.19)
T T
B P s
L 2
1+~9‘--— m<<w<<'§"—“
B 2 t p
P

The clasgssical value of 1 + p/32 applies only for times shorter than
Ts = qRO/cS, the sound transit time, when there is not enough time for
the pressure to equalize on a flux surface. When w < prl the dielec-
tric constant also has a large imaginary part corresponding to the
conductivity given above: Im(k) = G/weo

Boozer's resultswere obtained for the colliéional (Ti <« ?S)

regiﬁe, and this is reflected in his expression for the poloidal

damping time:

--(1 +2¢0 By (4.20)
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where R is the major radius and T, the classical ion~ion collision time,

i
This appears directly only in the parameter o and innthe_conductivitj
-expression for intermediate visco$ity, so in other collisionality
.-regimgs.it_should-be valid_tg use the ponductivity e#prassiqns at
least for high and lowzviscosities,.aﬁd.all ﬁhe_dielectric constant
e#prgssions, using the new value of_Tp to choose the appropriate one.
Stixlz uses the drift.kinetic equation to obtain poloidal damping
times for the collisionless (bagana) and_plateau_regimeg Qf_neqclas—_i

sical_theory:.__3

1
€2 ~3/2
5 Ti s € TS << Tl 5
! S
T = ' s (b,
P ) S
1 -3/2 '
? TS . TS << Ti << £ TS

; 13 , , . . , ;
Hirshman takes viscosities obtained from the drift kinetic equation

and uses fluid theory to obtain

1.2063%0 72 <o g
i > 8 i
T = (2 + ii) w -—g‘T , T << 7, << e~3/2T (4.22)
p q Jr 8 o1 8 _
Ty
"'E'-;TS 3 R Ce '"Ci <<._ TS

which agree with those of Stix and Boozer except for pumerical factors
and a factor of € in the collisionless regime. All of the above

derivations of Tp use only parallel viscosity (transport parallel to E



of perpendicular momentum ¢x perpendicular transport of payallel

- . : " 6 ‘
momentum) is smaller by-(mﬁin} -'wh&f@:meg-is the jon cyeloizon

: 14
frequency. -

lar momen

. As mentioned ‘before, due ta.conservatiﬁmnwﬁ &1

toroidal damping expressed by_Tf must -be caused by wvesival collisd

toroidal field ripple, or some other intevsction with a granionsry

structure, rather than charged-particle collisions. Howaver

toroidal rotation has shear, perpendicular viscosity can

relax toward rotatiom as a solid body, in a timals

tsy o2

where Py is the iom gyrovadius.

4.A3. Octupole Geometry

In an octupole with purely poleoidal field, the BB dyiic

radial electric field is in the toroidal divection only, and Lha o

plications seen in the tokamak case due to magnetic punpiog

arise. However, the peculiarities of its magnetic fileld shape do

affect the distribution of the electric field. The following

s

sion will be in terms of the magnebic co-ordinates @, ¥, and

Appendix) and much of it will wot be unique to the octupule.

First, it is interesting to note that if wagoetic field 1
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equipotentials and azimuthal symmetry holds, so that the electrostatic
potential depends only on Y, then the frequency of toroidal EXB

“rotation is given by
R (37

which depends only on Y. Surfaces of constant Y rotate as rigid
bodies, and any viscous effects must occur between surfaces, not
~within them. |

| As in the slab geometry, the contribution to the steady-state
| electric field due to an applied potential difference is determined
from the continuity equation for electric charge. The following is a
physical argument, but a rigorous traunsformation of V - (GE) = ( into
magnetic co-ordinates gives the same result., Assume plasma potential

$ and density n are constant along field lines, while other gquantities

, J,
@9

crossing flux surface Y per unit time is

and charge density 0) may vary along field lines. The charge
_ 2w (L T
TGP = J J J.RdLd0 = 2ﬂ§J RaL - ' (4.25)

where R is major radius. If no charge is to accumulate at any

surface then d1/dy = 0 everywhere, that is, I is a constant. Then
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I = 2weJ Rdl
1= 2ngy vl
= 2mdo ERAL
__“ﬁiL_ _

°_"2W§QL.E$V¢Rd£
S, 2dbe 2 o : . .
= Em§glg gdﬂ o - (4.263

a :

SR S | .27

9 széqlgzﬁdﬂ

As an example, suppose 0 1is due to neutral collisions, as in

1

Eq. (4.5) and assume the coliision freguency v does not vary along =
field line. Then

do I 0

T (4.28;

2 2=l
4rv(mov, o+ meve)nﬁR 3 L

i

‘fhe electric field is inversely proportional to n, and now alse Lo the
geometrical factor éRzB*ldK. Thig function beha;es gimilarly to
RQ§B"1d£, which it approaches in the large aspect ratic limit. It
becomes infinite at the separatrix, and thus ephances the exclusics of
electric field from the center «f the plasms.

| In the absence of cross-field wmobility, or on very short itims
scales, the plasma behaves as a dielectric, and the electric fieid is
determined by Egs. (4.1) and (4.2), with a similar modification Tox

geometrical effects:
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4 A A'

- - _ (4.29)
cody. ., 2 2 B : ~ -
o 4ﬁ;§?R-Bdﬂ E9§R23d£+ a7 Hae |

il

where A &ﬁzmiA'_is a constant determined by the boundary conditions.
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If e/e (w_./w .)2 >> 1, as is often the case, then
.9 PAoel o L .

¢ | 4’

. R M (4.30)

The electric field is essentially the same as in the neutral collision

case.
4,A.4, Summary

To summarize the preceding discussion, 1if a potential difference
is applied across a magnetized plasma, perpendicular to che magnetic
field, the plasma will first respond as a dielectric., The electric

field distribution will be determined by

V eD=V e (gE) =0 (4.31)
where € is given by Eq.(4.1),or in the case of a tokamak, by Eg. (4.19).
Bue to perpendicular conductivity, this will relax to an electric field

determined by

—- -3
T eJ =7 (¢E) = 0 (4.32)
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where ¢ is given by Egqs, (4.7) or (4.11), or in the.case of a tokamak
by Egs. (4.18). <Corrections for a non-uniform magnetic field geometry,
as in the octupole, are given by Egs. (4.29) and (4.27). The relaza~
“tion time is E/c,.corresponding ;q T, in the tqkamak discussion. The
conductivity o is determined by the damping of the momentum of the EXB
drift, which must be due to interaction with some stationary structure,
such as neutral particles or magnetic field variatiqns.

Since € and ¢ are both proportional to n,.the electric fileld will
be concentrated at the edges of the plasma where the density is low,
but if collision frequencies are spatially constant the scale length of
the electric field will be that of the density profile, rather than
the Debye length, up to some maximum electric field, If 0 is due to
neutral collisions and the neutral density is low in the center, this
will help the electric field penetrate into the plasma. Perpendicular
viscosity can also make a contribution to 0, and will tend to transport
pgrpendicular momentum, and thus elgctric field, tgward the_cgnter of

_-ﬁhe plasma. |

The magnitude of the current, and thus of the electric field,
existing in the plasma, is limited by Egs. (4.14) to (4.16), at least
if there is to be no serious perturbation of the plasma.

These relationships, then, give the distribution and maximum

magnitude of the velocity field available for an EXB divertor.

4,8, Experiment

In order to test some of the ideas of the preceding section, an
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_experiment was performed in the octupole in which one of the_hoops was -

_{given an_electrostatic_pptential relative ;q_the_wall, creating a
 .};adial.glegtric field. . This was dope in the aﬁsenqe of any divertor,
'_:aéd the resulp;ng_flpating_pq;gntia; profile_aqrpgs_the_plasma was -

_ mgaaured,_ In the absence_of.temperaturg gradients the_f}ogping poten-~
'_ tial measuped_by_é_probg differs from the plasma potential only by an

‘additive constant, and thus can be compared directly to theoretical

.predic;ions-for the electric field,
4.B.1. Observations

Figure 4.1 shows such floating potential profiles for three dif-
ferent plasmas, all with poloidal field only and_2f5.kv on the capaci-
tor bank, for both_polarities of hoop potential. For these profiles
the DC potential was applied to the upper outer hoop by means of a wire
leading from a_hoop_suppqrt through the vacuum tank wali. The profiles
are qualitatively quite similar, and only the case of the ECRH plasma
~was studied in detail.

in order to remove extraneous effect, two things were done for the
measurements to be discussed below. First, instead_of_a truly DC
potgntial,_the 5oop bias was switched on wi;h_ap SCR-~controlled relay
circuit following the ECRH microwave pulse, precluding any effect of the
électric field on the formation of the plasma. When this is done, the
current drawn to the hoop starts out large and decays to its steady-

state value in a time on the order of 10 usec (see Figure 4.2). Since
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'the dielectric response of the plasma occurs on the time scale of the
Jon cyclotron period (< 1 usec), this must represent the relaxation
time 8/0 dlSCuSSed in section Aj its relatlon to the ion collismon time
:will be discussed 1ater. However, small adjustments of the floatlng
potential profile are seen to continue for a millisecond or more, so
“data to be shown below are typically for 5 msec after the_potential was
: sﬁitehed on, to allew transient effects to die euf.

Second, data were taken with the hoops levitated, the bias then
being applied by means of a springy, insulated wire inserted through a
probe port to touch the hoops. When the hoops are supported, charge
can easily flow along magnetic field lines to the conducting supports
' end short out, or at least alter, the electric field. This is parti-
eularly important for the biased hoop, where the supports, which are
insulated from the wall but in electrical contact with the hoop, can
draw a net current from the plasma. This is illustrated in Figure 4.3,
_which shows oscilloscope traces of floating potential at ﬁhe éeparatrix
witﬁ the hoops levitated one at a time. The mest significant differ—
ence is seen when the biased hoop is levitated. Not surprisingly, for
both polarities the presence of biased supports extending through the
ﬁlasma brings the center of the.plasma cloeer to the bias potential.

Figure 4.4 shows the separatrix floating potential, and Figure 4.5
the current drawn by the biased hoop, as a function of hoop potential,
for the cases of hoops supported and of three hoops levitated (the
lower inner hoop could not be levitated at the time). Evidently, in

the levitated case the plasma potential tends to stay near that of the
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‘more positive of the two boundaries. When the hoop is positive the
plasma is already near the bias potential, but when the hoop is . nega-~
.ftive,_énserting the supports brings the-plasma:closer_to.the.bias
'ﬁotential, drawing a }arge current:in thg_prqcess, ;It,was.predicted__
: ig-Eqs. (4.14}-énd_(4.15) that ‘as the electric field is increased, at.
some point the perpendicular current will saturate, and this is seen to
_ocecur at about % 10 V on the hoop. The apparent symmetry of. the cur-
rent characteristic in the levitated case may be accidental, Since the
-sheath forms at the hoop for one polarity and at the wall for the
'-other}:and the two need not be the same.
For reference, Figures 4.6 and 4.7 show lon saturation current and
floating potential profiles for the case where all hoops are electri-
cally floating, and three hoops are levitated. The flat spot in the

V_ profile near wc

¢ is due to the presence of the divertor hoops

rit

which, while carrying no current and electrically floating for this
. experiment, hold the plasma potential of field lines intersecting them
ét a gonstant value. (These small hoops had not yvet been installed at
the time of the data shown in Figure 4.1,) It is interesting to note
.that the profiles of Figures 4.6 amd 4.7 obey the expected ambipolar

diffusion relationé’s £n IO o Vf, as shown in Figure 4.8. The semilog

i
plot isg linear over the ranges from the octupole hoop to wsep’ and
wsep to the divertor hoops, with a change in slope indicating a possi-

- ble change iIn diffusion coefficient across the separatrix. The nega-
tive slope near the octupole heoop and the vertical slope at the

divertor hoops occur where field lines intersect conducting obstacles,
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:in which case the diffusion no longer need be ambipolar“l6 g
‘profile is very simila: £o observations which have been made in Uhe
- émallxgun plasma. | |

-+ Floating potentjal profiles were measured for a range of hooy
_ﬁotentials of both polarities (three hoops levitated), and those ane

“plotted in Figure 4.9. As stated in the first section, thers are o

. possible contributions to the net electyic field: the naturaliv

occurring ambipolar field, the field which drives a current =
magnetic field lines, and a possible contribution from a shaati weos

one of the boundaries. First, the ambipolar potential was wawoven Ly

subtracting the profile of Figure 4.7, which represents the ambip

potential alone, from all those of Figure 4.9. This assuinas &
diffusive transport and density profile are not altered by tha elsctiic

. field, as is implicit in the model of Eq. (4.8), and explicit

Eq. (4.13). It has been observed with a fleating double puuba that

saturation current profiles are not noticeably affected by the appliad

.. potential except at the edges, which will be omitted from lstan sad e

‘1lations for other reasons, so this seems to be a good assuwwpiica.

‘Furthermore, it is interesting to note that this subtracticn o

any contribution to the floating potential which may be due tno fe

ature gradients in the plasma, as long as the temperature g

not change with application of the hoop bias. To facilita
a constant was also subtracted from each profile to make Che valne atf

the separatrix equal to zero, which does not alter the electvic Tiald.

What remains is due to the "conductien" electric field of Hy. (4.27:

i
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'(plus a possible sheath). To {llustrate this, each profile was then
divided by the current drawn to the hoop at that bias, leaving a pro-
file_which, outside the sheath, should be dependent only on intrinsie -
”prqpepties_of the plasma and independent of the bias pbtential.
"'*IThe and résults are shown in Figures 4.10 and 4.11. Within each
polarity, the profiles are indeed nearly independent of bias voltage.

~ ‘As predicted from the current characteristic of Figure 4.5, for biases
. of absolute value larger than 1C V any additional potential drop
appears in a narrow layer near one boundary, extending about 2.5 cm
from the wall when the hoop is positive and abourt .5 em from the hoop
when the hoop is negative. This may not be : trus sheath, however; as
seén in Figure 4.8, these are regions in which ambipolar diffusion does
not hold, because these field lines intersect conducting obstacles.
ﬁlectrons can then flow freely along field lines to the ohstacles,
éllowiag the field lines to take on whatever potential is necessary to
preserve the limiting potential drop across the rest of the plasma,

without vieolating quasineutyality.
'A.BOZ. - Comparison to models

‘It is natural to inquire as to the mechanism responsible for the
?erpendicular conductivity. The electric field associated with the
radial current has been isolated above; various functional forms for
the conductivity can now be tested against the measured profiles, in

the same spirit as the diffusion coefficient studies which have been
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17-19

~done eon the octupole, In addition to the conduectivity due to

neutral collisions discussed in section A, the Einstein relation

(D = pkT/e) suggests candidates for the form of the mobility from the

various diffusion coefficilents of interest. On this hypothesis,

consider diffusion and mobility coefficients proportional to_na/B s

B

where some possibilities are:

(a) «a
- (b) o
(e} w
(@)«
(e) o
Rather

= 1, B =2 Fully~-ionized classical
= {, B =2 Ieon-neutral classical

= 0, R=1 Brli

a u%, B =10 Okuda~Dawson

=1, B =0 Kamimura-Dawson

than differentiate the data, exaggerating its noise content,

Eq. (4.27) is integrated, giving

b4
d(x) = AlJ i
nog

dy/dx '
dx + A (4.33)
RZBlMBdﬂ 2 :

where A, and A, are comstants. A, incorporates the constant factors in

1

2 1

the mobility expression and a proporticnality factor for the size of

the applied potential difference, and A2 is a constant of integration.

First, the integral is calculated for the various cases, obtaining n

from Figure 4.6 and using tabulated values of the field line inte-

grals.zo

The results are plotted in Figure 4.12 with Al and A2

arbitrarily selected to give all the curves the same values at the hoop

and the separatrix. The shapes are distinctive, and inspection of

Figures 4,10 and 4.1l seems to eliminate cases (d) and (e}.
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The data for 10 V were chosen as representative. The floating
potential profile for ~10 V on the hoop was subtracted from that for
“%10 V,_éliminating.fhe contribution from.the_ambipqlap-electric_field. _

Dividing the_result-by_z_then gives.énwaverage value.ofjﬁhe;ﬁq;ential
_profile.agéqciéﬁed with.the_perpendicular Currentff_A.leastesquares-fit
fﬁas used to .determine tﬁe best values of Al and-A2 for each_fﬁrm of the
conductivity. The fit was made from O to 9 cm from the hoop, since the
_ZLO-V'profilgs show no sheath but the presence of the divertor hoops
makes the theory invalid beyond 9 cm. Case (b), neutral collisions,
- provides the best fit, with an r.m.s,error of .32 V. The r.m.s. errors
of the other four cases are at least twice as large, and are too close
to each other to produce a clear candidate for a second choice. The
data and fitted curve are plotted in Figure 4.13.

The perpendicular conductivity evidently scales as if due to
neutral collisions. However, if Eq. (4.26) is evaluated, using the

‘fitted curve for E, 5 X.lOlD'cm-3rfor the plasma density peak, a neutral

~_density of 1011 cmf3, a neutral collision cross—sgection of 5 X 10“3'S
cmz, and the very optimistic estimate that Ti = Te = 4 eV, then the

predicted value of the current in the plasma is ~ 1 mA. There is at
least a factor of 50 discrepancy, and worse if the ions are colder,

However, if the inverse of the 10 usec relaxation time found in

Figure 4.2 is used in place of the neutral collision frequency, the

- predicted value of the current is 70 mA, which is quite consistent.
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+4.B.3. ‘Discussion

' ZAl:hough not analyzed in detail, the density profile (Figure 4,6)
appears to show the concave slopes characteristic of diffusion coeffi-
cients with o < 0, rather than the straight_slopes-of o =-O.or'c0nvex

21,22 ‘This suggests that different mechanisms are

slopes of o > 0,
‘responsible for diffusion and mobility. Also, for both polarities of

. bias, the net electric field is observed ‘in Figure 4.9 to go to zero
near the more positive boundary at about the same hoop potentials

{(£10 V) where the current saturates. Given the mechanism for satur-
ation discussed in section A, this is consistent with the ions having
larger mobility than the electrons (as they would for neutral colli-
sions), despite their smaller diffusion coefficient (evidenced by the
positive ambipolar potential of the center of the plasma in Figure 4.7).
In this case the ion transport is governed almost entirely by the
electric field, and the perpendicular current is carried by the ions.

Similar behavior has been observed by Armentrout23 for the small
“'gun plasma where Ti > Te’ in which he finds Di < De, but ui > Mo <0,
despite the Einstein relation. He concludes that the iom mobility is
due to collisions with turbulence cells formed by electrons, with sizes
of the order of the ion gyroradius. With such a large cross—-section,
~the spatial density of such objects need not be large to provide a
greater collision frequency than that due to neutral atoms, and they
could play a similar role in the experiment.
The present observations are also consistent with those of

24
Cavallo, given a slightly different interpretation. He used biased,
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levitated, hoops as giant Langmuir probes, to.compare wiih-measuremgnts

of plasma loss made with striped collectors on the hoop, and found that

- ign satgration current to the hoop was not always consistent with the

: hoqp_éollector flux measurements...However, if M, >>_ue.then:the-appli~

éation of a large bilas prevents. ions from reaching the more positive |

boundary, while not.much altering electron transport. In this case, as

“indicated by Eq. (4.14), the electron saturation current to & posi-

- tively blased hoop measures plasma loss to the hoop, while ion satur-
ation current to a negatively biased hor; messures plasma loss to the
wall. Cavailo measured decreased electron saturation current and
increased jon saturation current when the toroidal magnetic field was
added, which now appears consistent with his collector observations
that toroidal field inhibits transport to the hoop and enhances trans-
port to the wall.

A direct measurement of ?L has also been made on the FM-1 spher-
ator, in a plasma with parameters quite similar to those of the present

: experiment.25 The perpendicular conductivity was found to have not
only the proper scaling for classical ion-neutral collisions, but also
the proper numerical coefficient. However, there were no anomalous
diffusion effects such as the turbulence cells seen in the octupole, as
shown by the fact that FM-l's plasma confinement time approached that

due to classical charged-particle collisions.

In conclusion, the spatial distribution of electric field in this
experiment is most consistent with a perpendicular onductivity that

scales as if due to neutral particle collisions. However, the numeri-

cal coefficient is at least a factor of 50 too large, indicating that
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| some other mechanism with similar scaling may be responsible, one

- possibility being collisions with turbulence cells. The densgity

':profile shape seems to indicate a different scaling for the diffusion

cOefficient than for the mobility coefficient, suggesting that differ-

'leﬁt-mechanisms ﬁay[dominate the two processes. As.predicted in

. section A, some electric field does penetrate into the plasma, on the
:scale length of the demnsity profile (> 1 cm), rather than on a scale of

* the Debye length (< .1 cm). This greater penetration would be desir-

~able for an ExB divertor.
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t (MICROSEC)

:Fig. 4,2 - Relaxation of current drawn to biased hoop following

switching on of bias. Plotted quantity is Ihoop - .20 A.

(Hoops levitated).
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microwaves bias | t (msec)
off on
Fig. 4.3 - Oscilloscope traces of floating potent1aT at v

upper outer hoop (UOH), lower outer hoop (LOH), and

upper inner hoop (UIH) individually levitated (LEV),
and all hoops supported (SsuP).
UoH is b1ased relative to tank wall (a) + 20 v, {b) -

sep’

- 20 V.
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Fig. 4.5 ~ Current drawn to hoop vs. hoop bias potentiai‘
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Fig. 4.9 - Floating potential profiles for various values of
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Fig. 4.10 - Floating potential profiles:
ambipolar potential subtracted,
normalized by hoop current.

Vhoop >0,
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0 Fig. 4.11. - Floating potential profiles:
| ~ ambipolar potential subtracted,
- normalized by hoop current..
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_Fig.34.12 - Predicted electrostatic potential profiles. Letters
: correspond to cases discussed in the text for functional

form of the mobility coefficient.
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B .. .. 7.5 J.-

(voLTs)

CM FROM HOOP

Flg 4, 13 - E1ectrostat1c potent1a} profw!es “Experimental points are
'the comb1nat10n of + 10 V bias float1ng potent1a}
| prof11es (see text).' Fitted theoretical curve is

for case (b), ion-neutral collisions.:
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CHAPTER 5

EXB DIVERTOR EXPERIMENTS IN THE

ABSENCE OF A MAGNETIC DIVERTOR

'.It was pointed out in Chapter 2 that the outer edge of the plasma
‘could be removed by EXB drift alone, without use of a magnetic field
'divertor. Tn such a case, the motion of plasma to the divertor is
éntirely by perpendicular drift, rather than parallel thermal flow.
‘This simplifies the problem in some respects, and two such experiments
were done on the octupole before adding the poloidal magnetic divertor.
Both of the following experiments were done with poloidal field only,
at 2.5 kV on the capacitor bank, co;responding.to.about 2 kG at the

surface of the outer rings.

5.A. Poloidal Gap

5.,A.1. Introduction

- An idea long familiar to experimenters using pulsed_machines with
conducting walls is that magnetic field lines can be thought of as
entering.the.méchine through the insulated gap in the wall on the
rising half of the pulse, and departing the same way on the falling
half. Plasma tends to be "frozen" to field lines, and thus as the

field falls it is carried along and deposited at the wall near the gap.
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_Another way of saying the same thing is that the electric field associ-
_ ated with the time-changing magnetic field creates an EXB drift which
ftakes'plasma to. the gap,-and'would, if'possib1e, take it -out of the
-maching-through.the gap as in a divertor. This.provided_;haforiginal_
;mqtivation for the EXB d_ivertor-concept.l . | |
fhe-question of such inductive electric fields in the presence of
a plasma was studied by Evans.z' He has shown that; in spite of the
-

-
assumption that B and consequently the magnetic vector potential A are

axisymmetric, there is a non-axisymmetric scalar potential @, which is

4
e

‘required to keep the tangential component of E = ~J8 - K equal to zero
_at the conducting wall. The net electric field is such as to bring
- magnetic field lines into the machine through the gap and spread them
- out around the toroid.. Treated as a dielectric. surrounding the hoop,
but not extending all the way to the wall, the plasma tends to shield
out the V@ part of the electric field, but not the axisymmetric i con-
- tribution. Comsequently, in the presence of plasma, fieild lines enter
through the gap, are distributed azimuthally in the vacuum region
between the plasma and the wall, and then move radially inte the plasma.
The process is reversed on the falling half of the pulse, so that most
of the azimuthal motion toward the gap occurs in the lOW"dQnSity plasma
near the wall, as desired for a divertor. |

Other experimenters have noted these electric fields near the gap3

A
and their effects on plasma flux to the wall, but it was decided to

repeat the observation with an emphasis on the divertor aspect,
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-5,A.2  Probe Cart and A_corrections-

‘Measurements were taken using a movable cart. on the floor of the
. octupole, constructed by Drake and described-in.detail by A. Butcher
.Ehrhardt.s Its location is éhown in Figure 5.1, élong with items
-associated with the second experiment which should be ignored for the
. present. The cart carried a probe wiﬁh several tips, which could be
pivoted in the poloidal plane, so that every ¥ surface could be reached
by at least one probe tip, and also carried a striped collector on its
body. Tﬁe cart coﬁld be moved azimuthally through almost the full 360°
- 'of the toroid, permitting azimuthal scans of plasma flux to the wall,
and probe measurements covering the entire (¢, ©) space. Density and
" potential have been shown to be constant along field lines,6’57so a
‘complete map of the plasma is obtainable by this means.

A major use of the cart, in this experiment as well as others, has
_been to measure the electric potential structure, which determines the
EXB drift in the plasma. If E can be expressed as -V@, since EXE is

‘always normal to VP then EXB drift surfaces must be the same as sur-

- faces of constant #. In fact, it can be shown that

t;g%»
wH

30 | -
5 ”5_%3_ U)] _ - - (5.1)
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so in (P, B) space 27@ is a stream function for the EXB drift. In the
absence of temperature gradients, when the floating potential differs
from the plasma potential only by an additive constant, these state-

ments also apply to the floating potential as measured by the cart
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"'A certain amount of confusion has at times sﬁrroundgd.the'question
_'of A corrections to cért érobe poténtial meaéurémeﬁts i£ ié-£0 be.
 hoped that the following comments will not 1ncrease it. .Egéﬁs7 has -

: shown that a voltmeter connected between a point P (e g., a probe tlp)
and a point O (e g.; the grounding point at the tank wall for the
measuring circuit) should measure a voltage given by

R A o
_V%d)P "-% fFJCA“@ : - ._(5'2)

where C 1s a path of integration from P to ¢ through the measuring cir-

cuit (see Figure 5.2). (The presence of the probe locally alters the

potential from the plasma potential to the floating potential; QP then

denotes the floating potential.) If the circuit 1is grounded to the

tank at a fixed point while the cart and probe are moved, then in

order to obtain a measurement of the electrostatic potential QP the

.integral along C of K must be subtracted from V:
G~ .=V - A - b : S (5.3
R0 e o o :

.Tﬁe contribution to the integral due to wires running from thé cart to
ﬁhe probe tip 1# zero, since A has only a toroldal component (and
.would otherwise be just an additive constant, assuming ax1symmetry of B)
Since the wires to the cart run azimuthally along the 1lid, where & is

well known from flux plot calculations and measurements, and depends
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: only on time, the integral is easily calculated.

.A different method which has also been used is to ground the
ﬁeasurlng circuit at the location of the cart (point P') rather than at
.'aﬁfixed point.g..ﬁq. (5 2) still applles, w1th P' substltuted for 0,
-and now. the integral vanishes. To be meanlngful however, the measure-

: ments must be referred to the potantial at a fixed point O

I S A 1 S E R
If this correctiom (@P, - ﬂo) is calculated by assuming V@ at the tank
_wall is azimuthally symmetric except in the gap, as required to keep
E.=_O in the wall 1if K is azimuthally symmetric,2 theﬁ Eq. (5.4) is
equivalent to Eq. (5.3), as expected. (QP, - ﬂo) takes a jump across
the gap, compensating for the disappearance of the jump_rn_v_due to
moving the ground across the gap.
- . What resulrs from both of these methods is a measurement of the
elecrrostatic potential QP. The non-conservative part of V 5;5 been
removed, allowing countours of § measured around the full.360° of the
toroid to close on themselves, What remains includes plasma effects
and also a non-axisymmetric contribution due to the changing magnetic
field? so this effect has not been entirely eliminated from the data.
On tﬁe other hand, the EngBz drift of the plasma.depends on the
rqtal %, rather than V@, If it is desired to show the total plasma EXB
motion, a corrected form U (not necessarily conservative) is needed
such that VU = QE = V@ + i. Due to X only héving a toroidal component,

it is easy to show that
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' for the flxed ground case, where C' is a contour whlch goes from point
0 flrst in a poloidal plane to the ¢ p051t10n of P, then a21muthally to
P (see Flgure 3. 2) Usmng Ag w/ZWR

U=V, o+ (- 22

PP P_"_‘ ‘P_w_) 2m. (5.6)

.Whgre AD is the.azimuthal angle between ¢! and P, ¢? is the ¢ Yélue at
_éoint P, and ww is‘the @.vglua at the wall where.thg wires run, with ¢
in_Webers, and_w = 0 at a perfectly qonducting hoop where K.must
Vénish. : R T o ER : Ny

It_Sh°“1d_b¢,emPh€SiZEd that the app;oximaﬁign that K is axisym-
‘metric is a good_dne. Care ﬁas taken to minimize_magnetic field errors
in the constructlon of the machlne and the fleld errors assoc1ated
w1th the pololdal gap have been measured as Jess Lhan lé.lQ 1hlb
approximatlon is sometlmes ccnfubad w1th the hlghly roz»ax1symmeLr1c
electrlc fleld at the 8ap, but there is no contradlctlon. An analogy
is the case of a gas belng slowly hled into a contalner. “although_the
flow velocity (EXB/B of field lines) is hlghly non»unlform, the nass
Iden31ty (field 1ine den51ty B) remains uniform to a good approxlmation
as long as the speed at the 1nlet is much 1ess than the sound speed

. (speed of light, or Alfvén speed if a plasma is present).
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5.A4.3. Observations

Measurements were made u81ng the pclomdal fleld with & sinusoxdal
' naveform rather than crowbarred, in order to obtaln large electric
fields at the gap. . The ECRH microwave pulse was turned off at 18 msec
.after the start of the magnetic field pulse, shortly before peak field.
Flgure 5.3 shows contours of constant floatlng potentlal with the

~correction of Eq. (5.6) applled, vs. Y and 0 in the vic;nlty of the
gap, and.plasma flux to the wall for the same range of £. At 20 msec
"~ (just before peak field) the dominant feature of the potential con-
tours 1s an island of -30 V near the gap, which is not well understood.
This is only 2 msec after the ECRH heating pulse, so it could be caused
by hot electrons leaving the confinement region along field lines, due
.no.the field erroﬁ associated with the gap; however, no negative
island is_eeen at other possible field errors such as the 6" bung
iocated_at -30°,  It may also be due to hnt electrens hirting the
' ieflon insuiator nrojecting from the gap and charging it negative,
"The plasma flux to the wall, also shown in Figure 5.3, is lower at the
lgap than eisewhe;e, since field lines are still entering through the
gap at about 0;1 of the initial rate (gap voltage = 3.1 V), earrying
nlasma away from the gap, for example along equipotentials of -2 and
.;4 V.. This effect 15 also enhanced by the c1rculat10n around the
negative island | |

| By 30 msec the negative island has disappeared and the field is

well into the falling half of the pulse (gap voltage = -8.8 V). The



147

_éoﬁéntiél:coﬁtours'Sﬁoﬁ.ExB dfifting”field'lines-éxitingfthrough the
ééﬁ- As prédicted,imﬁSF’of=fhe gzimgthal'mption-occurs}near ﬁhe wall -
'.Iané thQZElectric'field i$:mdr¢ nearly7a£i§ymmetric:and"ééimuthal

{(rédié;:poﬁential'couﬁfours)ﬁﬁeaf éhe'sepaiatrik;:_Ihe:j-coﬁtribution
- fd?the_ﬁoltgge Aiffereqee aﬁ%ossLthe Smrapge.of the plot“é#.ws;é is
 ca1¢u1ated-£0.be about lIV,'while_the measured difference is gbout
Z.S'V,“SD_the shielding of the V@ contribution is not complete. Evans'
single rod, sharp-boundary plasma model is different enough from a real
octupole plasma to make direct comparison difficult, but this measure-
ment seems to correspond most closely to the degree of shielding in
his case with a dielectric constant of 10. An average value for the
dielectric constant between wsep and the wall in this syxperiment is
more on the order of 100, but, as pointed out in Chapter 4, the
‘dielectric model may not be a good one when -the time scale is longer
~than an ion collision time, as it is here, The plasma flux:to the

" wall ﬁow'has a definite péak at. the gap, showing that plasma'ié indeed
" icarried aiong and deposited there by the EXB drift. |
‘At 40 msec, almost the end of the pulse (gap voltage = -13.4 V)
-_ﬁha plecture is similar, except for the larger electric field and the
' ;ather puzzling lack of symmetry across the plane of the gap.. The
: félasma flux to the wall now has a sharp peak about 4° wide at the gap.
If the plasma flux to the wall toward the left— and right-hand ends of
the plot is representative of the other 300° of the toroid, then the
flux integrated from -4° to +4°%-accounts for over half of the total

" plasma leaving the machine.
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These observations demonstrate the EXB divertor-like action of the
 ~po1oida1.gap,at:late_times in the magnetic field pulse. _The_Vﬂ_part_of
.;hg elect:ig fiel§~1553¥*133?t partially?ghieldeﬁ_byﬁthe_plasma, as 1is
Jdesired.tq kegp.the_azimuthal drift to a_diver;q;:f;om pengtrating into
the_céntral plasma.. As the electric field increases with time, the
;ﬁﬁjority of the plasma loss is shifted from the wall at large to a very
localized region, which could be imagined as the entrance to a

‘divertor's pumping. chamber. -

'5,B. . Biased Fin

o —————— A ——

"5.B.1.  Introduction

In order to perform an experiment in which the electric fields
responsible for the divertor action were independent of other para-
meters and easily variable by the experimenter, a retractable fin was

11,12,13 Made of 0.010"

installed on the upper 1lid of the toroid.
‘stainless steel sheet, in its extended position it lay in a poloidal
plane, with its outer edge at wcrit' A worm gear mechanism allowed it
to be folded flat against the lid when not in use. Figures 5.l and 5.4
“show the position of the fin and of the diagnostics used“iq the exper-
dment .

| This fin differs from a conventional limiter, which it super-

ficically resembles, in that it lies parallel to magnetic field lines.

Therefore no great amount of plasma can be lost to it by thermal flow
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"along field lines. However, 1f one of .the octupole rings is given a =

- positive DC bias potential, there results a radial electric field,

causing an_EXBngrift_iq_the 0 direction, sweeping piasma';oward_the
"Isﬁrfage of tﬁe finf'JIn ﬁa;;,“as-was seen-iﬁ.Chaptgr;4,[the electric
-field_iSznot-éhielded.out_iﬁ-a Debye length, but most of it appears in
a iayer:near the wall, conveniently where it is needed to take.the
outer edge:of.the plasma toward the fin.

| Furthermore, the f£in itself can be given a DC bias., . This creates
an ExB drift which circulates around the fin, in the nature of an arti-
ficially induced convective cell similar to, but stronger than, those
“which occur naturally in the octupole. .This is now combined with the
azimuthal ExB drift due to the biased ring. If the bias of the fin has
the same sign as that of the ring, the circulation will be toward the
wall on the side of the fin which is upstream relative to the main
azimuthal-EXB drift. Then when the azimuthally drifting plasma reaches
the fin it will turn and drift toward the wall, as shown.in Figure 5.5,
In a true divertor there would be at the base of the fin an entrance to
an external pumping chamber where the diverted plasma would be disposed
of; in this experiment it simply strikes the wall and is neutralized.

As shown in Figure 5.5, there are at least two classes of ExB

d:iftzsurfaces-(equivalent_to surfaces of constant electrostatic
potential). When V <V , surfaces of potential V <V

fin ring fin

between the fin and the wall, and plasma drifting along them will be

pass

diverted, while surfaces of potential V >'Vfin pass the fin on the

plasma side unaffected. The surface V = V,

. then forms a separatrix
Cfin _ .
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- dividing these two classes, analogous to the magnetic separatrix in a
convegtiqnal.magnetic field divertor.  When Vfin begomes larger than.
| Fbe pofential_anywhere in the plaSma,(Vfin > Vring approximately)
"closed potential éurfaces bggin_to appear around the fin, introducing
 a:ﬁhird.c1ass of drift surfaces, any particles on which will also be

- taken to the wall. Presumably as the fin's potential is raised

.further, the drift surface separatrix remains near the ring potential,
“oand ﬁore closed surfaces appear about the fin, with little additional
—effect on the rest of the plasma. | |

The experiment was carried out with the poloidal field now crow-

‘barred in order to reduce the inductive electric field. Observations
were typically made 7 msec after the end of the microwave pulse, to
allow any large density or temperature gradients in the plasma to
smooth out. As indicated in Figure 5.4, the fin was mounted at an
~azimuthal position 315° from the poloidal gap. The outer ring supports
at 318°, which could have been an extranecus perturbation on the be-
:havior of the plasma near the fin, were withdrawn manually when data
were taken with the rings supported. As will be seen, most of the
measurements were localized near the fin and thus were made without
levitating the rings.

"Figure 5.6 shows, for reference, profiles of floating potential
and ion saturation current, for a typical DC bias of 40 V on the upper
inner ring and the fin retracted, measured with the floating double
probe indicated in Figures 5.1 and 5.4, Assuming Te = 4 eV, the

_density at wsep is calculated to be about 2 X 10;0 cm"3. The floating
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potential profile is similar to those discussed in Chapter. 4; the

6

‘resulting EXB drift speed between wcti' and the wall is. about 2 x 10

t
3¢m/s,3much'larger-than the combiqu:VIBIrand:curvature_drifts of about

3 x 10€-cm/s, ;
©5.B.2,. Variation of Bias Potentials = -

The diverted potential contours (EXB flow streamlines) all pass
~through the narrow gap between the fin and the wall. Due to the

- narrowness of the gap and to the potential difference across dit, the

- plasma there will tend to be charge separated, so the current drawn by
the fin provides a crude estimate of the total Tlux ~f diverted plasma.
Figure 5.7(a) shows fin current vs. fin bias for a fixed value of ring
bias. As Vfin is raised and the drif; separatyix moves deeper into
-ﬁhe plasma, the gmount .of diverted plasma iIncreases, as seen by the
dnecreased. £in current. . The increase 1s not linear since layexs.of

progressively larger plasma density are being diverted.  As .expected,

At saturates when V

exceeds V_. . The curve bears: a strong resem-
fin ring

‘blance to a Langmuir probe characteristic, but this illusion is dis-
‘pelled by Figure 5.7(b). The fin current at a fixed fin bias is seen
to rise lineariy with Vring’ consistent with the fin collecting all
the plasma carried to it by the azimuthal ExB drift, which is propor-
tional to Vr. -+ - {The location of the-drift separatrix does not

ing

.ch h i i . > ' . L
change much over this plot, sgince Vfin Vring always.) TIf the posi

‘tively biased fin were acting as a simple Langmuir probe drawing
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electron saturation current, the current would decrease rather than
increase as the plasma potential approaches. the bias potential.
Next, the fin and ring biases were varied toether, with

t

Vv = 1.3 VE , in order to vary the EXB drift speed while keeping

fin ing
the shape of the drift surfaces constant at all bias values. As shown
in Figure 5.8, the current to the fin again rises approximately lin-
early with the drift speed. The flux to a collector mounted on the
1id, just on the upstream side of the fin (collector #1) also in-
creases linearly, showing that the plasma flow is indeed diverted
 toward the wall. The flux to a collector on the 1lid just on the
- dowmstream side (#4) decreases rapidly, as expected. Sharp deﬁsity
gradients leading to rapid filling-in behind the fin presumbably
account for the non-zero value for collector #4 at large drift speeds.
A striped collector was also mounted on each face of the fin.

Due to the large electric fields and non-ambipolar flux to the biased
fin they did not give reliable measurements when used in the usual way,
'. and showed a hysteresis effect with varying fin potential due to
gharging of their insulating substrates.la' Therefore they were gener-
‘ally not used, and to avoid perturbing the electric field, both sets of
stripes on each collector were held at the fins' potential. When the
net current drawn by the collectors in this mode was measured separ-—
atély, it was found to be oaly 1.5% of that of the entire fin, al-
though they made up about 8% of the surface area. Since they were
mounted at the edge away from the wall, this is further evidence that

most of the plasma is diverted toward the wall and lost at the base
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:Of the fin, ;ethe; than_striking_the_fin uniformly es_if ipjwere just .:
':actlng as an obstacle. B | | o
Recall¢ug that ¢ surfaces rotate as rlng bodles w1th EXB drlft
ethe average rotatlon frequency between w rit and the wall can be
ring® . The average density
between wcrit end the Wa;l can be estlmated from_F}ggre”5.6(b)‘as
2 X.log —3. Multlplylng these by the elrcumference of Lhe m1d~
'_cylinder, 880 cm, and the area of the fin, 460 cm2 (one s;de_only),
glvee an estimate for the total plesma Tlur reachiog “he fin by Ex3
drift of (4.5 mA/V) V. .,
measuted slopes of Figures 5.7(b) and 5.3(k) of about.(B.O mA/VY V

which is in reasonacle agreement with the

ring’

Both the fin current and the flux to collector 1 are seen to

saturate for Vring above about 40 V. This corresponds to an azimuthal

rotation period of about .7 msec. From estimates for average plasma

density of 2 X 1010 cmﬁB, plasma density lifetime of 30 msec, confine-

ment volume of 7 % }06 cm3?_everage.density between wcrit aﬁq the wall
.ef 2% lOgﬁem*B,.wall area of 4.2 XIIOS cmz, and average distance from
.wc%it to the wall of 3 cm, and assuming half the pl.sma goes.tp the

:ﬁal} and the other half to the rings, a very ropgh estimate can be made
_for_the time ﬁaken by plasma to cross from wcrit to the_wall ef .8 msec.
Thus the saturation is probably due to the shadow of the fln wrapplng

all the way around the tor01d
5.B.3. Density Profiles

Ion saturation current profiles were measured with the floating
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“double pfobe at 330°, 15° or about 50 cm downstream fréﬁ the fin.
.:vring was fixed at 40 V, evidently the minimum necessary to make a
.modlficatlon of the den51ty profile extending around the toroid and
fi# was varied. It should be noted that the floatlng potential pro-
file at the position of the probe was not noticeably altered by the
presence or biasing of the fin, Due to the 1arge range of density
.from wse to the Wall it proved most convenient to plot the ion
.éaturétion current in terms of the change from the profile measured
with the fin retracted (but the ring still biased). As shown in
Figure 5.9(b), although the physical edge of the fin is fixed, the
point at which plasma density drops off moves deeper into the plasma as
.Vfin is raised, until Vfin reaches Vﬁing’ which is consis;ent with
'Figure 5.5 and the earlier discussion of it. |

B The relationship can be made more quantitative by estimating the
driff separatrix to occur at the:point where the density ié reduced by
20%, and reading the floating potential at this point from tﬁe profile
.in Figure 5.9(a). This is then plotted vs. vfin' From Figuré.S.S, the

potential of the drift separatrix is expected to be equal to V for

fin®
V. £V . As seen in Figure 5.10, the relation is linear with a
Cfin ring .

slope of 1, as expected, The offset of 7 V can be accounted for by
noting that plasma potential should have been plotted rather than
floating potential, and the correction for this has the right sign and
order of magnitude.

Ag the plasma drifts past the fin and plasma outside the drift

separatrix is removed, a large density gradient arises at the drifr
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.separetrix ierge amslltude ‘high frequency (> 20 kﬂz) fluctuatlons
are observed in the 1on saturatmon current in the scrapemoff zone,
 apparently an instability caused by the large den31ty gradlent. These
probably cause enhanced transport resulting in the nonmzero den51ty .
.observed even a short dlstanee downstream in rhe scrape~off zone. (See
.Figure 5. 9(b) and also Flgure 5. ll(b) and the dlscu551on of it below.)
'Flgure 5 9(c) shows Lhe relative amplltude of these fluctuatlons, only
"two representatlve cases being plotted for t’w sake of clarity With
the fin remaved, the fluctuatlons are low.ln the <onilned plasma and
rise at w rit? where the plesma is expected to become unfLable. With
.the fin inserted and biased to 50 V, the fluctuation level rises to 50%

in the scrape~off region, and rises agaln te 100% at WP

_ crit'
- To ellminate the possibxlity that the observed reduction of ion
'saturatlon current was due to cool:ng of the plasma 1nstead of a reduc-
tion of the den51ty, full I—V characterlstlcs of a smngleutip probe at

wcrit were taken for three cases: (1) fin out and grounded ring
'electrlcally floating, (2) fln out and grounded, V ring " 40 vV, (3) fin
" 4n, V., = 60V, and V_, = 40 V. The clectron temperature was found
fin ring .
: ?
to be equal within experimental error fcr all three cases.l“ This is
to be expected since the reduction of lon saturation current is seen

-_only when biases are applied to remove plasma by EXB drift, but as

mentioned in Chapter 2, thls process does not cool the plasma

5.B.4, Azimuthal Variations

Finally, for direct and graphic confirmation of some of the
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_fq:egoing?_thg cart was used to make detailed maps of potential and

density in the vicinity of the fin, for the particular qage of
1Vriﬁg = 40 V, vfi 60 V. The prébe was at its maxiﬁum.elevat;on?
'.with the tip used being near the inner nose as in Figure 5 1.

Figure 5. 11(a) shows contours of constant floating potentlal

néar the fin, With:the_direction of EXB drift indicatgd. The_drlft
.éeparatrix is seen as the 36.2 V surface, which.is close to the value
estimated for Figure 5.10. Equipotentials of less than 36.2 V are
-diverted away from the main body of the plasma, while equipotentials of
.grgater value pass by unaffected. Also.visible are portions of closed
contours circulating around the fin. Some indication of a standing
wﬁve is seen on the downstream side, which could develop farther down-
stream into the turbulence seen in Figure 5.9(c). The drift speed
di&ided by this wavelength gives f lO6 em/s/20 em = 50 kHz, which is
.the right order of magnitude. - |

If the only plasma motion is due to v

> > 2
g EXB/B~, it can be shown

. -
that in steady state, and with VXB = 0, the mass continuity equation

lgads_to
R _ G
c vy =2 ey _ ' (5.7

To the extent that B is uniform in the drift direction surfaces of
constant density n coincide with surfaces of constant potential @,
Some indication of this is seen in a plot of demsity contours near the

12
fin™" (not shown here}, though it is not strictly followed since there
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- érégoth¢r-céntributions.tq.the plasma_motion,-1figur&:5-ll(b) shows . the
‘ﬁésglts:of_densityr(ion_sa:uratiqn_cgrrent) measurements over the same
'crgnge;as_Figure_S.ll(a),_plotted ig.tarms_of.the change f;omitbe case
;wifh the fin retracted,-;Densar.plasma-fgllowing;dive:te@iéquipotenﬁ
tiélsntoward the-w§llHon the upstream.side.produces_a_rise:in:density.
:Ihere_is.a-sharp.reduction of density_immediately.dowpstream,:rapidly
T*filling.in t9 a steady but reduced profile.  Though a double p:obe was
.. - contours. due. o the fin

f

is of the order of 10% of ¥V - , boo small o account for
plasma probe -

“not available on the cart, the alteration of V

 the observed variation in ion saturation curvent even 1f Eoi were pro-

porticnal to V rather. than saturating.

plasma - Vprobe
The divertor region is quite localized; these contour plots span
only a small range of 6. However, the influence of the EXB divertor
on plasma flux to the wall extends all the way around the toroid.
Figure 5.11(c) shows plasma flux (plotted as change from the case with
the fiﬁ retracted) measured by striped collectors on the inner and
- outer noses (see Figure 5.4). The £ range of the contour plots is
..indicated._.The data for the contour plots were ta.on with the rings
supported but with the outer ring supporis at 318° withdrawn, so the.
nearest supports were on the inner rings at 2927, well cut of the
picture.  However, since the collector data were to. span. the entire
360“, they were taken with the rings levitated. The graph shows an
increase in plasma flux to the wall jusi ahead of the fin where plasma
is diverted toward the wall, a sharp decrease just behind it, and a
permanent decrease extending around the toroid and gradually filling

in. This is consistent with the other data.
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- Filling*in by diffusion following an initial density distribution

- given by a step function, as immediately behind the fin, does not occur
.exponentially, but can be characterized by a time Tow ﬂ /4D _where £ is
a characteristlc length in the direction of the density gradient 15 - In
the present case T can be replaced by d/ve, where d is a characteristic

3.d15tance in the f-direction for filling in behind the fin. Here the

" plasma flux to the wall £ills in from almost 100% reduction to 307

reduction around the circumference of the toroid, and the density pro-
'file recovers almost completely, so the circumference of ~ 1000 cm
ISEems a reasonable value for d. Using vy = 1.5 % 106 em/sec and

£ = 1.5 cm, a typical density scale length in the bridge region, gives
an estimate for D of 700 cmZ/sec, in reasonable ;greement with more

precise measurements.
5.B.5. Final Comments

This experiment, ﬁsing only externally applied EXB drifts, shows
‘behavior desired of a divertor: a decrease in density near the wall
‘with no deleterious effects on confinement of the dense central
ﬁlasma, a localized increase in plasma flux simulating removal of
plasma through a narrow opening in the wall, and reduction of plasma
flux to the wall everywhere away from the divertor region. These
effects were not seen when either the fin or the ring was not biased,
'showing that they were due to the EXB drifts and not simply to the

presence of the fin as a mechanical obstacle. The position of the
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Mdivertor separatrix" could be_coﬁtroiled simply. by varying thedappliea f
lbias potentials. | | o o

| :'ﬁensityfprofiles very ‘similar to those.qf.Figure 5,9(b) were also
.pbtained for.twoaoyhgr_cases;;g_.(1) sﬁall.éuﬁ plaéﬁa; énd_(2) ECRH
- §1a$mé,-3t.= AOO_Cn§t tEe ﬁidcyiindér..thezfifst.éése sﬁqws_tha:_the.:

. EXB divertorzéction'is not -altered by-the presence of hot ions, as
éxpected. .The Second case shows that even when field lines intersect
::the £fin and ﬁlasma cén be lost to it by parallel flow as with a con-
vgntional limiter or magnetic Jield diveritor, (e addition of an
-applied ExB drift can further reduce the density near the wall.

.The data available do not lend themselvas to easy comparison with

the prediction of Eq. (1.13) and elsewiere that the density scale
length in a divertor zone is equal to (D, T )% where ?L is the perpendi-

1da

cular diffusion coefficient and T, is the tramsit time to the divertor.

d
The semilog profile plots of Figure 5.12, however, show that for a
particular bias case, bothzwithout”and with.Bt‘ ;he.EXB divertor
approximately halves the density scale 1ength. faking é_typical value
 0£'?L = iOOO cmzfs; and Tq = 0.7 ms, the czimuthal roﬁation period,
‘gives a scale length of 0.8 em, in reasonably good agieement with the

measured value of 1.1 cm. This is nearly equivalent to the filling~in

calculation above.
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{b) Fin current vs. ring bias, V
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Fig. 5.11 - Azimuthal variations near fin: V(ring)=40 vV, V(fin)= 60 V.
(a) Floating potential contours in ¥,0. Direction of ExB drift is
shown. Dotted line (36.2 ¥ contour) is drift separatrix.

{b) Contours of fractional density change in ¥,0. (c) Fractional
change of wall flux in ©. Vertical Tines show ©-range of (a) & (b).
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CHAPTER 6
' POLOIDAL MAGNETIC DIVERTOR EXPERIMENTS - -

_ "In order to test the EXB divertor under COLditloné.closer to those
 .'of the tokamak divertor discussed in Chapters 1 ‘and 2, a poloidal
magnetic'diVErtor was installed in the octupole, as described ‘in
.Chaptef 3.B. Its loéatioﬁ’is'éhown again in Figure 6.1, along with

some of the diagnostics used in the experiment. As mentioned in

' :Chaptar 1, either "unload™ or "screening'’ action may be required of a

divertor; since it was not practical to provide pumping for permanent
removal of diverted plasma and incoming impurities- th2 emphasis in the
- present experiment is on the "unload" function, namely, taking out-
wardly diffusing plasma to the divertor before it ca strike the wall.

" ‘Most of the data to be discussed below were taken in the hot-ion,
' éollisioﬁlass plasma produced by the small gun, which is expected to
‘approximate the collisjonality of a tokamak reactor n'asma. Some
.'measurements were also made in the cold, collisional large gun plasma,
since, due to their lower temperature, impurities in a tokamak diver-
tor's secrape-off zone may be in the collisional regime.: The small gun
plasma’ will be understood if neither is ‘specified.

The divertor in ‘the ocutpole was first tried with the hoops in

the triplet configuration. Although greatlv increased plasma density
was measured behind the divertor hoops when they were energized, very

little effect was seen elsewhere in the plasma, either on density
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dgtside the divertor separatrix or on plasma flux to the wall away

" from the divertor. One possible reason for this is the large "hill" of
magnetic field strength around the hoops (see Figure 3.6), which could
prevent most particles from reaching the divertor. However, the diver-
| for_also had little effect on the large gun plasma, 1n_wh;ch particles
éhould be quickly scattered into the loss cone by collisions, even in
‘the absence of microinstabilities. A more likely explanation is the
absence of a plate filling the space between the divertor hoops and the
wall to neutralize the diverted plasma. (Such plates have been re-
cently added.) Therefore, the data to be discussed below were taken in
the single-hoop configuration, where the hoop itself serves as an
obstacle to neutralize the diverted plasma.

. The intent was to study a situation where plasma could go to the
divertor by both parallel flow and ExB drift, as in the tokamak of
Figure 2.1, so most data were taken with a relatively large ratio of
toroidal to poloidal magnetic field. A standard configuration was
700 V.on the BP bank and 400 V on the Bt bank, giving a "safety
~factor" q of about .7, calculated @idway between wsep and wcrit.
Divertor hoop currents will be expressed throughout as fractions of the
current in an outer octupole hoop, for ease of comparison with the flux
plots in Chapter 3. Observations shown are typically made 6 msec after

gun injection, or 3 msec after peak divertor current.

6.,A, Magnetic Divertor Alone

The performance of the divertor without aﬁy applied EXB drift will
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be considered first, being both of interest in its own right and as a

standard of comparison with the EXB drift.
6.4.1. -Density Profiles

..Figure 6.2 ehowe.the éfféet efMthe.dlvertor on the den51ty {ion
_ saturet1on current) proflle in the small gun plasma as measured at the
e lower oeter octupole hoop, far away from the dlvertor Flgure 6.3
”shows the correspondlng proflles for Lhe Large.gie gﬁ. ma;.'ln’both
‘ceses, as the dxvertor current 1s.re1°ed and the dlvertor separatrxx
w moves deeper into the plasma, the proflle Laccnes NArXrower, as ex-
.pected | |

| The seell gun s CDlllSlonlEbS plasma .in the presence of a tor-
01dal'magnet1c fleld is governed beramemurawDawson dlffu81on
(Dée.l)?; 2 wﬁlle the large gun s c011151ona1 plasma is governed by
classical dlffu51on (Dmn/Bz) 3- lt was shown ptev1ously in Eq. (1.12)
 £hat in e dlvertor screpe;off zoneIW3th constant d1f£u51on coeff1c1ent
the denslty scale lenath [Vﬂn(n)} P given by k ( ;. )2 'end this
klnd of scallng can be expected to hold Tocally for RO~ constant dif-
fusmon coefficients as Well Therefore in the case of the smalil gun
plasma the scale length is expected to lnerease at lower densities,
whlle in the case of the large gun plasma it is expected to decrease
at lower den51t1es. Families of den51ty QIOlllpS for Lhe twolcases are

then expected to appear qualltatlvely dlfferent
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o -
_ In the former case the greatest pr0portional change in density due to
-_the divertor is expected to occur near the center of the plasma, while
in_the latter case it is expec;ed to_oécur near the e@ge, and this is
| observed in Figures 6.2 and 6.3. Near the wall the density scale
length in the small gun plasma becomes constant rather than increasing,
however, This may indicate a different, density independent diffusion
coefficient scaling in the region where field lines intersect a con-
ducting obstacle. This would not be surprising, since the diffusion
mechanism in the absegce of the divertor, whether Kamimura-Dawson
vortex diffusion1 or trapped-ion instabilities,2 depends.on frOperties
of the entire magnetic flux surface. _The collisional diffusion of the
iarge gun plasma, on the other hand, depends only on local piasma
properties, and the divertor is gxpected to cause no qualitative
change in diffusion. | - - o

A typical scale length in the scrapewoff region for the Small gun

!
is 1.0 to 1.2 cm. Using 7,y = TRq/v,, = .15 msec, assuming V11 T % S5

11
as suggested by the FM—l4 and DIVAS experiments, and Ti = 20 eV, a
value is obtained for D of 104 cmzlsec, in good agreement with other
measurements.2 In the large gun plasma, the scale length at a density

a factor of 10 below peak density (which turns out to fall in the

scrape~off region, near wcrit) is typically .6 cm. Using Ti = ,2 eV
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- then leads to a value for D of 250 cmz/sec,*which-is in good agree-
ment with the theoretical value for the clagsica;wdiffusion.coeffi~
- cient at n =.10ll&cmﬁ3-of=150 cmz/sec. ;;.:a

'=_ ~These have all been qualitative arguments and consistency checks;
a more realistic.éalculation for the normal mode shape .of the profile

could be carried out using the same techniques as. in the diffusion

6 .
- coefficient studies which have been done on the octupole.™ In parti-

. cular, this could help answer the question of whether the diffusion

actually changes to a Bohm-like, demsity~indepcadesi coefficient in

the scrape—off region of the small gun plasma.
6.A.2, _Floating Potential Profiles ..

Shown in Figure 6.4 are floating potential profiles for the cases
of no divertor current, and a typical normalized divertor curremt of
.1, giving a divertor separatrix of wd = 6,6, about midway from the
octupole separatrix wsep to wcrit' The two profiles are qualitatively
#he same, the only difference being the location of the point where
the slope changes sign. = Though not plotted here, the potential in the
central region obeys the ambipolar relationship mentioned in Chapter
é:B.l {(and references cited therein). As was mentioned there, close
to the wall, where field lines intersect the conducting divertor hoops,
the diffusion need no longer be ambipolar. ' In fact, in this region
> 6 cm from the octupole hoop with the divertor and > 9 cm without,

-

the electric field changes sign. This is consistent with the divertor
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.gheory of BoozerT'which, while derived under assumptions . somewhat

. different from the present plasma, may still have some validity. He
p;edicts that most electrons, due to their larger thermal sPéed, will
- be. lost to the.diverto::in a narrow layer near the-divertor separa-
B #rix,'while the ions will be lost to the divertor over a much wider

region. If this is true, since electron flow parallel to field lines

. is very sensitive to electrostatic potential, the electron ocutflow

.must occur at a minimum of the potential, such as is observed at the
. divertor separatrix here., Electrons must be present in the outer
region of the divertor as well, in order to provide charge neutrality,
but these are expected to be stagnant, and colder than the electrons
in the main plasma, so some of the rise in floating potential seen
here could also be a temperature effect. A very similar floating

- potential profile has been observed in the divertor experiment in the

- DC machine.g_
. 6.,A.3, . Confinement Time

‘As the divertor separatrix moves inward with increasing divertor
current, the confinement region becomes narrower and hence the
.confinement time becomes smaller. For both small gun and large gun
plasmas, the confinement time decreases until the normalized divertor
-current reaches about ,18., This is the point at which the divertor
. separatrix crosses the octupole separatrix and enters the private flux

of the upper inner octupole hoop. Presumably confinement times
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_ :meaﬁured in the upper immer hoop's private flux would continue to
- dgcrease, Dbut as far.as the other three hoops are concerned, common
:flux_is_in_the gcrapefoff_region.gnd“priyatehﬁlux:is gqt,_so_;be
éffective divertor_sepgrgt:ix:;oingides with_thelqg;upolelggparatrix.
- Simple dimensional analysis suggests that as the width d of the

confinement region is varied, the confipemgnt_timg_should scale as -

(6.1)

~
blm

In fact, a simple slab model for normal mode decay with constant
_diffusiqn_goeﬁficienp has the exact”solution?

2 .
T = o (6.2)

d_
' ﬁZD: H

Lifetimes were measured fo:_the small“gun plasma, using the
_Eabrwag;ot_micrqwavg inte:ferpmetervgg:el;minate ;heNT% dependence of
_p;obe measurements. Figure 6.5 shows a logflog_plqt_of the confine-
pgny time_vs._width of the confinement region, which is taken_as the
Qigtance in P-space from the octupole hoops to .the calculated position

of”thg_diver;or_separatrix, “Only points where ¢a >“¢Sep are plotted.

In the case where the_octupoleLhopps_are_1evitated, a line of
- slope 2 fits the dqyg_quiﬁe Well._:In_the“supported,case_the depen-
¢encg on d is weaker, since Eqs. (6.1-2) consider only diffusion to
~the boundaries of thg‘plagma,_and_not_losses to internal obstacles,

Using Eq, (6,2) with the levitated data, with distance converted to
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“cm in the b#idge region, gives a vélue.fqr_n'of 10% cn?/sec. This is
'"an_avefage value répresentativé'df'the confinemgnt regioh,'and thus is
‘consistent with the value of 104';ﬁ2/sec obtained'earlief'fér'the

Scrapeeoff regioﬁ and a D x n"l saaling 1aw.
'6.A.4. Plasma Flux to Wall

Striped collectors were used to determine the efficacy of the
divertor in reducing plasma flux to the wall. As shown previously in
‘Eq. (1.17), in a simple slab model the plasma flux reaching the wall
is expected to vary with the position of the divertor separatrix as

wall =I oe_w/l, where Fo is the flux crossing ;he divertor separatrix,
.'w is the distance from the divertor separatrix té the wall, and A is
the density scale length in the scrape~off region. For a quantitative
ﬁlot of this rélationship, a collector on the édge of the outer nose
was chosen as the best representatiﬁe, since this is the pdrtion of
.fthe ﬁéll which projects farthest into the plasma in Y-space, and in
.the absence of the divertor most.of the plasma loss to the wall is
found to occur at the noses. -As the divertor current is varied the
flux crossing the divertor separatrix does not remain constant, but
can be estimated as proportional to_nO/T, where ﬁo is the density at
wsep and_T is the measured 1ifetb;e (if suppoft'losses are ignored).
At each value of divertor current, if the striped collector's signal
" is divided by nO/T, a quantity proportional to the ratio of plasma

reaching the wall to plasma crossing the divertor separatrix is

obtained.
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..,Figure 6.6 shows semi~log plots of the outer nose collector
._;éurrent divided_by:n0/T?_in arbitrary:upits,_?s_a_ﬁpnpg}qq_gﬁ_;he pos;«
.f;tion_of_the_divertor”separatrix,_z;n Figure 6.6(a), small gun data |

‘with the octupole -hoops.-"#_o_th- supported and levitated are virtually - B
,ideptical,yéhowing that plasma loss. in the scrape-off region is indeed

-'dominated:by the divertor rather than by hoop supports, justifying the

~wvalidiry of taking most data in the supported mode. The_value of A
.obtained-from-the plot is .77 Dories, or about 1.5 cm in the bridge
region, as compared to the value of 1.1 cm obtained from the ion
‘saturation current profiles discussed above. Figure 6,6(b) shows
similar data for the large gun plasma. The value of X here 1is .46
Dories, or about .9 cm, as compared to the value of .6 cm estimated
from the ion saturation current profiles near wcrit' In both cases
the scale length obtained . from the profiles is shortexr by about the
. .-same factor; this qould:be_dgg;;q coqliqg_qf:;he_p;gsmakin_the scrape—
Kpff_region, | o | |

.As the divertor current is raised and the plasma.flux to the wall

is diminished, the plasma flux to the divertor region increases.
' Various objects intercept the plasma, including the divertor hoops,
their supports, and the wall behind the hoops, since some of the
diverted_field lines soak into the wall, as was seen in Chapter 3.B.
 Figure 6.7 shows flux to a collector mounted behind the divertor
hoops, plotted in the same way as in Figure 6.6 The outermost diverted
field lines penetrate the wall here due to soak-in, so plasma " on these

field lines will reach this collector. The flux to the collector
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;?iges_sy a'factof §f.20.befofe.§a;urating when ¥, crosses wsep’
: thoﬁgh_the.réte ét which_it'rises is not a éimple funCtion.of-the

: dive:to; cﬁrrént, Since_the position of the collector in_w—space
'fcﬁénges;' Ro;$£ed aﬁoﬁf.fhe_ﬁAjor_axis to form éﬁ axisymmetric strip,
'this}colleééér:W§ﬁld aﬁgount'for 6ﬁly'a§out21%'ofithe.plasmafloss.
Eﬁideﬁtly'moétzbf the diverted plasma is lost by striking the divertor
hoops before diffusing as far as the field lines intersecting this
.'_Collector, as expected, but this measurement does show that there is a
‘large increase in plasma flux to the divertor region while the wall

‘flux is being reduced everywhere else.
' 6.A.5. Fluctuations

It would be highly undesirable if the presence of a divertor
'hteatéd instabilities dn the plasma, leading to enhanced transport in
‘the divertor region. No evidence of this appears in the data dis-
”'cﬁssed ébo#e, but as a check, the fluctuations im the ion saturation
‘current signal were examined. The divertor is found to actually sup-
presé-fluctuétions'in'the region outside the octupole separatrix,
jThis could be due to the average-minimum-B stabilizing effect of the
addiﬁiohal'magnetic separatrix, or perhaps more likely due to the
short~circuilting of fluctuating electric fields on magnetic fileld
1ines which intersect the divertor hoops. Figure 6.8 shows amplitude
and frequency of fluctuations at 8 cm from the lower outer octupole

hoop, as a function of divertor current. The amplitude drops from
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-about 4% to 1%, reaching the.1oweravalue_at-tﬁe.point ﬁhcre the probe
- begins to fall within the scrape-offizone.['Thefe'apﬁéarézco be no
'systematic change in the frequency of the fluctuatxons,_and 50 probw
_'ably no - change in their fundamental character | : | |
These observations indicate that the. octupole poloidal magnetic
-divertor operates in a manner identical to that envisioned for a

- similar divertor in a. tokamak.

. 6,B, -Divertor with Applied EXB Drift

.The divertor's performance ac a conventional magnetic divertor
having been characterized, a radial electric field was added to create
.an EXB drift with poloidal component, and its effects on the quanti-

ties discussed in the preceding scction were examined. The divertor
~eurrent was fixed forfthis-part of -the experimentfatfa'nofmalized
?value of .1, providing a divertor'scparatrix at wd ¥;6'6’ éboct midway

”etwecn @s and wcrit

6.B.1. Electric Field

There are a number of possible ways to apply the electric:field
-The simplest and "cleanest" would probably be to bias océ of the
octupole hoops, as in the biased fin experiment (Chaptef 5.B8), But
with the resulting ExB drift now having a large poloidal component

~ due to the large toroidal magnetic field. This was not done, however,
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..in the spirit of simulating.a tokamak, which. has no such. electrode

”_conveniently embedded in the plasma.

"_Anothep.possibili;y_was to bias the outer divertor hoop positive
and the inner_divertpr;ﬁoop nggative_with”:espect to the vacuum tank
fwall, to try to_simulate-the segmented, blased walls of -Figure 2.1,
 creating an ExB drift toward the divertor from both sides. ‘When this
- was tried, however, it was found that, due to the much larger mobility
of electrons parallel to magnetic field lines, the ¥ surfaces in con-
tact with the two hoops took on a potential near that of the posi-
tively biased hoop, rather than ﬁaving a potential distribution anti-
.symmetric across the minor axis of the divertor. Since the octupole
hoops, which form the opposite boundary for the plasma, were electri-
- potential.
| Consequently, the configuration chosen for most study was one in
_ Which the middle divertor hoop . is biased positive and the two -other

 divertor hoops are gounded. Since the divertor separatrix intersects
_ ﬁhe middle hoop, the interior of the plasma is again raised to the
positive potential, and now the electric field region extends from the
-.divertor separatrix to the wall. A typical floating potential profile
'for this case is shown in Figure 6.9(a), along with a profile for the
case without bias. The electric field in the interior of the plasma
is_the same for both cases, and the large electric field in the case
with the divertor hoop biased appears in the scrape-off region, as

desired. This imparts a drift to the outer layer of plasma, causing
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- it to travel poloidally to the diyer:qg,_gs_shown_s;hgmgtica;lg in

_ f::_]’-gu-ref 6.9(b). This configuration thgn__x_:es_gmb;_e_s__ most c_]_.p_se_._l_.y the

: 'S@@?F‘ted_’ biased neutralizer Piat.?:-mentiongd in Chapter 2.4, or
 Braginskii's segmented, bigsed:;1mite;:men;;oned_in_Qhap;e: 2.B.

| ._S_:f_.n_c_;_e the electric field does not penetrate into the central
piasma, it is expected to have ver} little effect on confinement.
Particle lifetimes measured with the Fabry-Perot microwave interfero-
~meter, as shown in Figure 6.10, have a slight_dpwnwgrd trend as the
electric field is increased. However, the éhange ié only about 10% at
a bias of 100 V, which is chh 1arggr than is required to make

significant changes in the scrape-~off regiom, as will be seen.
6.B.2, Density Profiles

The density profile, as measured by a floating double probe, shows
a noticeable decrease in scale length in the scrape-off region. when the
électric field is applied, while remaining unchanged in the confinement
”'fegion, as seen in Figure 6.11. To eliminate the possibility that this
is simply due to particles being accelerated parallel to'magnetic
field lines by the electric field, the measurement was repeated with no
~ toroidal field. In this case the EXB drift has no poloidal -component,
while effects due to parallel motion should be-enhanced due to the
shorter path length along field lines to the divertor. As seen in
Figure 6.12, the scale length is unchanged by application of the

electric field., The results are summarized in Figure 6.13, which
shows the scale length (calculated between 6 and 9 cm from the hoop)
as a function of time. At all times the electric field reduces the
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.ééalé.lehgth in";he pféseﬁce of Bt,'but not when Bt = 0, indicating
fhatzthe.réduction.is”dqe"fo.the EXB, drift,'flﬁ the;ébsencé_of
:électri;Ifieid,_thg'9maliér scale length when Bt’='0 is copsistent with
the éhortéf.péth lénéth to_;heidiverfor. The distancezﬁéftiCIES must
’;tfavél_pgrallel';anfiéld lines to go'bhce-arouna.pbioidally (and reach

the divertor) is

L e g

aL.
11 B
. P

T 6.3)

where df is an element of disﬁance in the poloidal direction. When

Bt = 0, this is just
Ly, = $d = 4.8 m (6.4)

. When B_ = B_R /R >> B _, the integral becomes
t to o P \

~ dal 2, 2.,-1¢ 2 2
L,, % B, R$ @, + (28, "R T)T4R Bp-dz =8.0m - (6.5)

where the integrals are evaluated at Y = 7 Doriles, using tabulated

valueslo'and the present ratio of Bt tO-Bp. Other things being équal,
X
~the density scale length in the scrape—off region varies.as Lllz’ pre-

dicting a ratio of scale lengths between the two cases of 1.3, while
the observed ratio varies between 1.3 and 1.6. From Eq. (6.5),

if. T, = 20-eV.and the flow.is at half the lon acoustic speed, the

i

average time for a particle to reach the divertor by parallel flow
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- 1is..18 msec.
~ . In the presence of ‘a toroidal_magnetic_fiéld,fthe expression
'_analogods td'Eq.;(4.24)2f0r:the_p01qidal rotation frequency due to EXB

drift is

B R :
d¢ too ¢ db -1 -l oAb
B3 [ :ﬁ 2 (2mB, R )™fB 4217 = .81 T (6.6)

B
- P

evaluated at § = 7 with the present ratio of B, to Bp. Note that when
H.Bt >> Bp’ an approximate expression  is ng q_1d¢/dw, where q is the
‘"safety factor." ‘From the profile of Figure 6.9, the maximum electric
field in the scrape-off region is given by dé/d¥ = (70 sec TV 1) Vioop
The time for half a poloidal rotation at V = 20 Volts 1is then about

hoop

.44 msec. The constant electric field model of Chapter 2.D predicts
S:a reduction of the density scale length due to the EXB drift by a
fgctor (1 + Tll/tE)_%, as stated in Eq. (2.17). 1In the present case
_Ehis predicts a reduction of A by a factor of .85 for a 20 Volt bias,
and .75 for a 40 V bias, which are reasqnably close to_the values seen
in ?igure 6.13. | |

Chapter 2.D also presented a model in which the electric field was
inversely proportional to the density. This was_qbsg:ved to be the
‘ case in the experimenfrcf:Chapter 4 ﬁhere the octupole hoop was biased,
.but may not hold here where field lines intersect conducting obstacles.
Nevertheless, the scrape-off region of the profiles in Figure 6.11

resembles at least qualitatively those predicted by the E « nfl model

(see Figure 2.5) in that the reduction in density and scale length is
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.:much sharper near the wall than elsewhere, particularly for.the larger
.électric field. -If this model is more nearly correct, it would account
for the fact that there is very little change -in scale_leng;h_between_
j;he 20 V and 40 V cases, especially at later times when Ti hgs_de«

creased and the EXB divertor action becomes more dominant.
6.B.3. Plasma Flux to the Wall

Striped collectors were again used to measure the plasma flux

-..reaching the wall as the electric field .was varied. The constant

electric field model predicts that the EXB drift will reduce.the flux to

the wall by a factor

T® o™ -2 | (6.
Tyt

-where w 1s the distance from the divertor separatrix to.the wall, A is
the density scale length without applied electric field, and ..
' 1
| - -5 s s * 1 > '3
A A1+ Tll/rE) 2, In the low electric field l;mlt,IE_?_Tll, this

. becomes

rE vy Ve o |
T (O) e exp[-: 'X'é':"[_—'—] = exP[* 35 v ] _ : S - (6.8)
w E
This agrees reasonably well with the semilog plot of collector current
vs. hoop bias voltage shown in ¥ig. 6.14(a), which is linear, as

predicted, with a slope of about 17 V for both supported and levitated
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.cases. The plasma flux to the wall decreases by about a factor of 5 to

e “6'before.1eveling off. I'In the-constant’electricffieid'mOdel above, in

the dependence changes to

'the large electrlc fleld limit, TE << Tll’

Qi‘ (E)' ' : o - '
L Tw . 1]_ 2 . _
.. and the weaker dependence'oh E could account fqrfthe leveling off. The

~ Tll,_at about V = 40 V in

g ig - to -when T
transition is expected to occur n hoop

E
the present case, which agrees with the observation. 'This leveling off
is predicted even more strongly by the model using E'x'n—l (see Figure
: _2,4). Collectors in other locations away from the divertor show simi-

wlar.behavior.ll

To check that this result is due to EXB drift rather than acceler-
ation by the electric field parallel to magnetic field lines, the
measurement was repeated with no Bt' “Again, this ‘should ‘eliminate the
- poloidal component of EXB drift while Shorteﬁing'the-ﬁath“for parallel
..ﬁotion; As shown in Figure 6.14(a) there is no'systemetic reduction
of plasma flux to the collector in this case. .
| Plasma flux to the upper lid collector behind the divertor at first
" increases with the hoop bias,'withea characteristic voltage comparable
to that of the decrease in flux to other parts of the wall, shewing
that plasma is being brought to the divertor. At higher bias voltages
the collector signal decreases again; presumably this is because of the

fact that as 1A' becomes shorter, more of the plasma is removed near the

divertor separatrix, and consequently is lost to the divertor hoops
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- before reaching the wall surface behind the hoops.

As mentioned in Chapter 3.C.5, it was considered less perturbing
to the plasma tq;allow.;he collector and its measuring circuit to
.:float electrically rather than.holding thg average potential of .the
.iwn sets of stripes at ground poteﬁtiﬁi.fﬁThe 1argé.§lectric fields
and large flows of plasma parallel to magnetic field iines make this
a much less benign environment than that in which Cavallo's testing
_of.thg collectors was done.12 - Consequently,. the validity of these
-colleétor-measurements in the presence of the hoop bias may be open
to some question., It is observed that with the hoop bias at 20 V
the outer wall collector circuit floats at +1.5 V, ﬁhich could pro-
duce the results of Figure 6.14(a) by repulsion of ions if Ti were low
~enough at the wall. However, similar measurements made with the aver-
age potential of the collector stripes at ground show an ion current
very similar in magnitude and time dependence to the current measured
with the collector floating, and again show a decrease in ion current
. as the hoop voltage is raised. . The decrease was not as great at that
seen with the collector floating, but in this case it evidently cannot
be attributed to repulsion of ions. As mentioned in Chapter 3.C.5,
grounding the center of the collector circuit is not necessarily the
correct way to make the measurement either. However, the similarity of
the two measurements lends credence to the conclusion of an actual
reduction of ion flux to the wall, as does the absence of the effect in

the absence of Bf.
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: ;_in épde; tq:obtain_more direct evidence for theeffect of the
ééﬁliéd elegtric'field:on_ﬁlasmaftrénspor; to_ﬁhe”divertori.it'was
desiredjt§'mégsufeifbe directed_flpw Qelocityfof;the'ﬁlasma4 “Localized
‘ measurements'weré'made'with a paddle probe, as described in Chapter
3.C.2. - By taking data ﬁith the probe in two orientations rotated: 90°
zwith respect to each other, the two componeénts of the velocity parallel
to the wall were obtained: : the 8 (toroidal) component and, to the
extent ‘that field lines at thé point of measurement are parallel to
the wall, the ¥ (poloidal) coﬁponent. Ion saturation current to the
two sides of the probe was measured, and Eq. (3.16) was used to obtain
the two components of $/cs, under the assumption that Ti > Te. Spot
checks made by rotating the probe through 360° at small intervals con-
firmed the wvalidity of the more abbreviated measurement.

- Figure -6.15 shows profiles.of-velocity vectors obtained :in this
way at the lower outer octupole hoop, for three cases. Note that the
‘coordinate system has been rotated to make the direction of Bp upward,
‘although in the octupole it points downward at the outer wall., There-
fore the shorter poloidal distance from the probe to the divertor is
“upward in the machine but 'downward in the figure. Also shown for
refgrence are profiles of the ion saturation current obtained by
averaging the four measurement quadrants. The reductions of scale
length by addition of the magnetic divertor and then addition of the

EXB drift can be seen.
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' The case without divertor is dominated by a velocity at about 45°
to %, and increasing with the density gradient. The ion diamagnetic
.arift, which iz always present when.a density.gradiegt”exists, is
given by.—Vpi-X.§/32.  fhe.perpendicular component of . the observed ion
fluid velocity has the right sign, and the observed magnitude . ..
'(l.é-xlO6 cﬁ/seC;assuming-Ti = 20 eV) is consistent with the calculated

“magnitude of the diamagnetic drift (2 X 106 em/sec 1if Ti = 20 eV), The

. ExB drift due to the ambipolar electric field has the same direction,

but is about a factor of 5 smaller in magnitude, The parallel com-

- ponent of the observed fluid velocity is not as easy to explain, but as
.-mentioned‘in Chapter 4,A,2, EXB drifts through regions of varying
magnetic field strength give rise to parallel flows which tend to
equalize pressure on a magneﬁic flux surface.  This could be the origin
- of the parallel velocity component seen here, since the sign is such as
to make the net flow more nearly toroidal so that it does not pass

through regions of varying field strength; the magnitude of the parallel

: : component, however, is larger than might be expected.

“The effects of adding the magnetic divertor and the ExB drift are
‘perhaps better seen in Figure 6.16, which shows the results of sub-
tracting velocity vectors to obtain the increments due to these two
changes, ' Also, if the random flux to the two faces of the probe re-
sults in a spuriocus contribution to the velocity dug to asymmetries
between the two faces, this subtraction removes it to first order.

The addition of the magnetic divertor results in a small

-
velocity increment (S ,2 cs) essentially parallel to B in the
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-'scrapémoff'zoné.';The magnitude isISmall since this is:cloce_tO'tﬁe
”bcint pcloidally ppposité_thecdivertor 'Wherc the ﬁérallel velocity
wnuld bhe expected to go to ‘zero. Addition of the applled electrlc
'field gives rise to a. large (s c ) velocity increment mainly perpen-
' where E is largest the. .

rit
,magnitude and direction are consistent with ‘the EXB drift'due to the

idicular to B which 1s largest near w

.:applied eléctric field. ‘There is also a parallel component to this
“inerement which tends to keep the poloidal comconent'émailér; as dis-
cussed above. |

“Figure 6.17 shows the corresponding density and fon flow velocity
“vector profiles between the upper inner octupole hoop and the 1lid; this
location is about 20 c¢m from the divertor on the side upstream relative
“to the applied EXB drift. Here the density takes a sudden drop at
.wcrit with thé'divertorjcff and at wd'wich the divertor on, and the
density ‘seems to be lower on diverted field lines thac at the lower
outer hoop. This can be compared to ﬁhe oné—dimensionél model ‘of a
divertor.in Chapter 1.B.2, which predicts the density co drop by a
factor of e_% = .61 along diverted field lines. From this figure and
figure 6.18, which shows the incremental velocity vectors, it can be
-seen that the flow to the magnetic divertor is mainly parallél and
rises quickly . outside the divertor separatrix to about .6 Cys in
reasonable agreement with the theoretical prediction of c  and the
values measured in other éxperimentsa’5 of .3 to .5 c_. Addition
cf the electric field results in no new poloidal component of velocity

f(except very close to the 1id). This probably occurs because, as the



194

'perpendicular component . increases with the ExB drift, the parallel
@omppnent_decreases due to repulsion of ions_by_the.pqsi;ively biased
- hoop. The repulsion of ions by the parallel component of electric
__field does not_meahﬁthat the divertor no longer remqves.ioqs,-as seen
 by:the‘fact_that_the_polqi§a; component of ion flow is not diminished.
Although ions can no longer go to the middle divertor hoop, the ExB
drift in the vicinity of the hoop tends to circulate plasma around it,
‘bringing ions to field lines which intersect the other two divertor
hoops or the 1lid, leading to theilr rapid loss. On the outermost field
lines, closest to the 1id, the poloidal component of ion flow is in-
‘creased by the hoop bias, due to both EXB drift and the parallel com-
ponent of the electric field, but the density is very low here,

It can be concluded that near the divertor, parallel flow plays an
important role even in the case with applied ExB drift, due to the
. parallel component of the electric field.. However, far away from the
divertor the EXB drift is a significant factor in the rate at which
. plasma goes to the divertor, increasing the poloidal component of flow

by a factor of 2 or more.
6.B.5.  Fluctuations .

.In order to check that the applied electric field and accompanying
velocity shear do not introduce any damaging instabilities, fluctuations
in density (ion saturation current) were examined with a probe 8 cm

from the lower outer octupole hoop. This position is near the middle
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' ﬁf the sprape—off zone, at a region of-substantial3EXB-vélocity

magnitude and shear (see the'potential profile 6f Eigure 6;9'§ﬁd the__

-;measu;edfve;ocityrprofile §fiFigufé 5.15);-9~'.'- ' _ S
- As shown in3Figure 6.;9(a), fhe_?gla;ive'ahplitude_offthe*fluctuf

.ations.is essentially éonstant'as a function of the applied electric

 fie1d. The frequency ‘was estimated from oscilloscope traces; in all
cases there was a dominant frequency component in the 10-20 kHz range,
and in some cases a second component at three times the frequency
could be discerned. These are plotted in Figure 6.19(b). Both fre-
quencies increase linearly with eiectric field, consistent with a

- Doppler shift. 1In fact, it can be seen by comparing Figures 6.15(b)

~and (c) that a 20 V bias increases the fluid velocity at this point
by about a factor of 1.5 over thé case without bias, and the fre~
quency of the flucutations shows the same increase,:Which is éonsis—
tent with the phase velocity of the waves being the same as the ion
fluid velocity. - The electric field cannot easily be reversed, since
when the hoop is biased negative the plasma tends to remain near

-ground potential. However, both frequency components can be ‘extra-
polated to zero frequency at a bias of about ~50 V. From the profile
of Figure 6.9(a), the extrapolated'EXB driftISpééd at =50 V is about
-10 V/em/500 G = =2 X 106”cm/sec, go the phase velocity of the waves

~ with no applied electric field must be 2 X106'ém/sec.' As noted

before, this is the calculated magnitude and direction of the ion

1 diamagnetic drift. This gives wavelengths perpendicular to B of

about 250 cm and 80 cm for the two frequency components. All these
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ébservations-are_consistent_with_the mode identified by Drake_as_a-
Col_l_lisi_onl_ess trapped don inst.abi.lity-z | |

- Since the amplitude of the fluctuations does not increase, and the
'-c__hange in frequency .is consistent with a Doppler shift of existing
 ;ﬁaves,;i;.seems_safe_to conclude .that application.of-the.electric

field does not give rise to ‘any new instabilities. |

6.B.6. . Temperature

It was predicted in Chapters 1.B.2 and 2.A that a magnetic diver-
.tpr_should-have a cooling effect on the electrons, while an ExB diver-
~tor should. not. To check this, the electron temperature was determined
from I-V characteristics of two single-tip probes, one aﬁ the octupole
separatrix (3 cm from the lower outer octupole hoop) and the other in
. the middle of the scrape-off region (8 cm from the lower outer hoop),
for three cases. | |
. The scrape-off zone (8 cm) measurements are shown in Figure 6.20.

. Te at the separatrix is not.plotted, being the same for all three
'cases and about the same as the 8 cm data without the divertor shown
_here. After an initial decay, T, in the scrape-off zone flattens out
ét about 4 eV with the divertor off, but at about 2 eV with the
divertor on. If the electrons leaving the central plasma have an
average energy of (3/2)kTeo each and electrons lost to the divertor

carry an average energy of 6kTe -each (see Chapter 2.A) then a simple

1

_energy_balange_dictates_Tel = Te0/4, as compared to the obserwved
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_valges T =.Téb/2..'

 41-"Whenwthe-elecpric“field:is appliad Te returns .almost. to its

_ b;iginal'vglue- gin_Chapter.Z.A it_vas_pqinted'qut that if_plasma is

ﬁakennto:the_divartor_only by_EXB;dr;ft_thgreuwiil”be_nqzcooling |

~effect.. However,,ip”the present case the lack of cooling. is more

likely due to the positive bias on the divertor hoops which results in

parallel acceleration of electrons-rather.;han:retgrda;ion, and hence

.ﬁo.cooling;: - |
Ion temperature was measured:at the octupole separatrix with a

 skimmer.probe,-but-the-low density in the scrape~off region prevented

a reliable'measufeﬁent there. Figure 6.21 shows-Ti'at the octupole

' separatrix'for.the same three cases. The magnetic'divértor causes no

"édoling; bﬁt there may be séme:codling in the case with applied

electric field. With a positive bias on the divertor hoop, the

' ﬁboiing_coﬁld'bé due to the same mechanism which coolsfthé'électrons

in a conventional divertor.

6.C. Summary

'Opergted without é?plied'eledtfic field, the diveftor'béhaves as
'_éxéected."The'plasma'denéity and density scale length afe'reduced in
the scrape-off region due to the flow of plasma t6 the divertor, by an
amount cdnsistent with theory. Floating potential profil¢523uggest a
' nonwémbipolar nature for the transport in the scrape-off zone. Al-

though the divertor hoops act as a limiter even when not energized and
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thus account for ;he loss of most of the plasma diffusing toward the
- wall, the plasma flux to the ‘wall is further reduced by a .factor of 5
“to 10 éhen a current 'in the divertor widems the scrape-off zone, and
:the_amount.of.reduction is ﬁonsistent:with.theory..;Thisuis:thg desired
 "unload" function'of'the_divertor,'but a price 1s paid in decreased
Caninehént time due to the marrowing of the confinement region. The
- fact that all the foregoing effects occur in a manner consistent with
simple divertor theory indicates that there is no amomalous increase of
perpendicular transport in the divertor's scrape-off zone, which would

be undesirable; this is also supported by the observation that fluctu-

ations are suppressed rather than enhanced in the scrape-off zone.

It proved possible to apply a radial electric field across the
scrape-off zone, and restricted‘to it, thereby prodqqing_no deleterious
.gffects on confinement of the central plasma. When the electric field
is applied, the density and density scale length in.the scrape-off
zone are further reduced, by an amount consistent with theory. The
plasma flux to the wall is also further reduced by a factor of 5, in
reasonable agreement with theory. That these effects are due to EXB
drift is demonstrated in two ways: by the absence of the effects in
the absence of a poloidal component of EXB drift, and by direct
measurements of ion flow velocity. The latter show that parallel flow
and parallel electric fields are important in the vicinity of the
divertor, but far away the ExB drift dominates. No new instabilities
are introduced by the application of the electric field. Cooling of

_:electrons in the scrape-off zone of a conventional_divertor.is
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predicted and observed, but does not occur when the electric field is

applied, in a_,gre_eme.nt_wi_t_:h__prediction.
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. CHAPTER 7
" CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

| This thesils has attempted“fe;demonstrate the feasibility of
.uaing externally applied EXB drifts to augment or replace the parallel
flow of a magnetic field divertor The empha81s in the experiments is
..necessarily on the reduction of plasma flux reaching the wall rather
than on screening of incoming impurities. There is also some theoret-
ical basis for believing that the EXB divertor may be more effective
for the unload function, since the largest electric field and most
rapid rate of removal of plasma will oceaf.where the plasma density
is low, while the screeping fuﬁction requires a relatively large
plasma density_integfated across the scrape-off region.

The first of the two main experiments involved removal of the

outer layer of the plasma by ExB drifts alone using the biased fin.
- The existence of a drift surface separatrix, analogous_to the magnetic
sepafatrix of a conventional divertor, was confirmed both by direct
ﬁeasurement of electrostatic potential-contours and by its effect on
‘the density profile, and its position could be manipulated threugh
the magnitudes of ﬁhe applied electric fields. Despiﬁe.the faet that
this divertor was Localized at a single azimuthal position, and the

physical obstacle extended only to wc radially and less than a

rit
quarter of the minor circumference of the toroid poloidally, it was

able to produce an appreciable reduction of plasma flux to the wall
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everywhere in the maphine,__Iﬁe_ampunp:of_divgrtgd plasmavgql;egted
_'by ;he fip”was consis;ent:w;phnthg'cal;ulqtedzyalqe._lAsJexpected, it
:had_nq_cgg;ing_eﬁfgct_on“thg ?lasmaf Ibig_g;pe:iment, then,ﬁshowed
that externally applied EXB drifts could indeed be used to skim off
the outer layer of plasma at a specified location, reducing the
: density_ngar_the_wa;l and the plasma flux to the wall e;sewhere,
with no deleterious effect on confinement of the central plasma,
~-as desired for an Vunlpadf_divgrtor. | o
That the redugtiqq of plasma flux to the wall was not greater

was undoubtedly due to thg_localized nature of theﬂdivertor and the
_;gpid filling-in of the density_profilg behind it. ;$his £illing-in
process is one question which could have been given further study;
.the evolution of the deqsity_pxofile dqwnstream_from the fin could
have been measured over a wider variety of circumstances and”gompared
with either a two-dimensional, steady-state calqulatiqn or a one-
d%mensional, time-dependent calcqlatiqn, This_wogld likely_provide
_insights not only about the behavior of a localized EXB diyer:or of
Fhis type,_bqt also about diffusionm processes_in_the_o;tuyqle.

| ._Although demonstrating the general principle, the biase@ fin
experiment differed in many respects froﬁ the EXB divertor envisioned
.fpr a tokamak, lacking_axisymmgtry_and g.qompeting process of plasma.
removal by parallel flow. The latter difference was addressed
briefly by the addition of a weak toroidal magnetic field wi;h
.results very similar to the case with poloidal field only, which

wag encouraging, Rather than pursue this aspect, however, the
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'fﬁllefledged poioidal.divertﬁr was construgtéd.

The secpﬁd_pf the two main experiménts;_thén,:cpngerﬁéd.the
'wpoloidél magneﬁic &ivertﬁ;. The détupole.was néwfope;atedfwith a
felatively.la:gé ra#io of toroidal-td.pdldidai magnéti¢ fié1d'."
tq #'.7);.iﬁ orde; £o simulate'mqre ciosé1§ a tokamak's magneﬁic
'fieid coﬁfigufation. This éﬁperimenﬁ was subdivided into studies
Qf the diﬁertor's behavior as a conventional magnetic divertqf;
and of the effects of an externallﬁ appiied ExB drift. The addition
of the poloidal divertor waé.almost equiva1ent.£b bﬁildiﬁg a new
ﬁaéhine in the large number of questions and possible lines of
research which were opened, many of which had to be left unexplored.

Operated'as a conventional divertor, ﬁithout any applied EXB
'&rift; the divertor's effect on confinement in the central region
seemed to agree with the prediction of a simple slab model, de~
;reasing the.confinemenﬁ time as the width of the confinement
 région was decreésed.. The divertor redﬁced ?laéma flux to the wall
by an order of.ﬁagnitude or mbre, with a simaltanecus increase in
plasma flux to the immediate vicinity of the divertdr, as expected
And désired. The oﬁserved reduction of flux to the wall was in
'agreement with a simple model'using a constant diffusion coefficient,
és seemed to be fhe case with the obser#ed dénsity pfofile and itrs
constant scale length (at least for the small gun plasma) in the
scrape-off region. It should be noted that even when not energized
;he divertor hoops acted as a limiter, already collecting most of

the plasma leaving the conf inement region; If they were located
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:.éutside the main chamber as in a real divertor, the reducpipq.qf_5
'plasma flux to the wall fpr“the_d;ver;qr_sepa;at:ig at a given
position wpulq be much greater. | | | o
]-i.Rathér than the simple slab models used here, it would be an -
interesting extenslon of the diffusion coefficient sﬁudies.which
havé been done in the octupole to repeat _thqse_calculatiqns with

 a variable boundary location, corresponding to the divertor

- separatrix, and attempt to predict the exact density profile

'_shape and confinement time, Transport in the divertor's scrape-
_off zone is likely to differ from that in the confined plasma; in
fact, it need not even be ambipolar. The study of such transport
under various plasma conditioms, for example by comparison with
calculated.densi%y profiles, is a topic for investigation in its
:own right, and in fact such studies are being gade on the single
ring.DC machine. . |

When EXB drifts were created by an externally app}ied electric
'figld, the plasma flux to the wall was reduced by a further factor
of 5 or more, with a simultaneous increase in plasma flux to the
jmmediate vicinity of the divertor. The more rapid removal of plasma
'algo_reduced the density scale length in the scrape-off zone. These
effects were consistent at low electric fields with the predictions
‘of a simple model using a spatially constant electric field, but
seemed to saturate at higher electric fields. As egpected, no new in-
stabilities were introduced. Electron cooling caused by the con-

ventional magnetic divertor vanished when the electric field was
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 app1ied; The EXB divertor, then behaved as anticipated reducing
Lplasma flux to the wall with essentially no deleterious effect on
eeonfinement of the main plasma, but with the following reservations.

| Two possible 1imitations of the EXB divertor can be seen here.
fFirst the tendency of the EXB drift to "dig a hole" in the density
:profile, lowering it most near the wall where i; 1is already lowest,
was predicted in the theoretical model and could evidently be seen
in the measured density'profiles; this is brobebly the feesoﬁ for
-_fhe saturation of its unload efficiency ai 1efge eiectric fielos
" mentioned above. Mofe detailed profile.measoremenﬁs ﬁould'be.rEW
‘quired for complete confirmation. This effect may or may not be
a drawback, depending on what is desired of the divertor. Second,
‘the flow velocity measurements showed'thef the.poloidal eomponent
- of flow was enhanced by.the EXB drift far away from the divertot
.but”was not much changed by it near the_divertor itself, eﬁidently
due to parallel electric fields. This could be, confirmed if the
“electric field could be appiied in eoch a way as to avoid a parallel
'componeot, perhaps by biaging one of.the.octupole.hoops as in the
_fin experiment (although such a thing cooid_not be.done in a tokamak}.
' The parallel electric field also resulted in a large current heing
drawn from the olasma,.which it would be preferabie to avoid.

Other obvious extensions of the poloidal divertor e&periments

would be to repeat the measurements presented here with different
plasma parameters, and with the divertor in the triplet configuration,

making use of the new baffles behind the divertor hoops.



It is clear3that a major question connected with the ExXB divertor

is whether the electric field can be applied as desired It was pre-

_dlCEEd that either a non-zero perpendlcular conductivity,_or the per-

pendicular dielectric constant in the case of zero perpendicular con-

l'ductivity, leads to the possibility of a perpendicular electric field

'whose scale length is that of the density profile rather than the
-Debye length. This was seen to occur in a supporting experiment
‘where the electric field was applied by biasing an octupole hoop.
_The conductivity had the spatial dependence for collisions with
neutral particles, but the magnitude was almost two orders of mag-
nitude larger, indiceting some anomalous process., The diffnsion
coefficilent appeared to have a different spatial dependence, and
::the relationship of the two, and the role of the Einstein relation,
are not completely clear. Nevertheless, the plasma does sustain an
- appreciable electric field, though the details of applying such a
: field in a tokamak without drawing prohibitively large currents to
.3 the electrodes may be more difficult, A detailed study of the per-
'nendicplar conductivity in the octupole and its relation to the
.dlffesion.coefficient under varioue plasma conditions, paralleling
.the_diffnsion coefficient studles, would be an_interesting_besic

plasma physics project in its own right.
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 APPENDIX: MAGNETIC COORDINATES AND UNITS

Magnetic coordlnates have been describad elsewherel’z’3 end will

*_"be only brlefly summarized here,: It is desired to have three oxth0w

gonal coordinates which are oriented in a natural way w1th resyect to
'the pololdal magnetic field at every point (see Flgure ALl).
X IfV X B 0 then the polo;dal coordlnate can be taken as the

‘magnetic scalar potential X, where

This has the property that surfaces of constant X are perpendicular to

‘B, If df is a small element of 1ength aiong a peloidal field line then
Dy =Bl o A

8 In-eﬁ.axisymﬁetiic machine it ig eenvenient to teke es.one
" coordinate the angle 0 about the symmetry axis; |

y‘ This is the magnatlc flux coordinate, sueh that if.a point
labeled by (¥, 8 ¥) is rotated about Lhe symmetry axis, the resulLlng
circle 11nks a total magnetlc_flux of Y. This deflnltlon, together
with V » B = 0, guarantees that Y is constant aiong a megnetic field
line, and thus serves to label the field lines. It is easy to shqw

that
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and : |

v =' l?-_TrRA (A5

8 .
Where R is.major radius aﬁd A is the.magnetic véctoﬁ poﬁéntial; tAn
alternative definition often used is { = RAe, giving fhe mathematically
more pleasing result that Vx = VW x VB,)

Units of Y. The MKS units for ¥ are, of course, Webers, but it is
often convenient to use a normalized unit knowm as Dory.4 The defini-
tion generally used on the large octupole is that 10 Dories are equal
:to-the total flux in the iron transformer core at peak field, and field
lines are then labeled from O Doriés deep in the hoops to 10 Dories
deep in the wall, independent of the amplitude of the magnetic field
pulse, but with a given field line retaining the same label as it moves
in and out of the machine during the pulse.s The conversion factor to

MKS units is then

vV
.72 Webers bank
wWebers - I1bDories (10 Dories )(5000 V) (A.5)
where Vbank is the charging voltage of the poloidal field capacitor

‘bank. The reader should be aware, however, that other definitions of
the Dory have been used by other authors, including one in which ¢ runs
from -5 in the hoops to +5 in the walls, and one in which the total

flux in the core is defined to be 10 Dories at all times. In the

latter case, the field line labeled by a given numerical value of ¥
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is not constant with time, though the spatial location of that value of

Y is approximately constant.

Non~zero 3 . 1In the presence of a toroidal magnetic field the
magnetic coordinates remain the same. 3B, ¥, and ¥ in the equations
- above are understood to refer only to the poloidal component of the

magnetic fileld.
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® = toroidal angle, 7 = magnetic scalar potential
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