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Abstract
PLASMA TRANSPORT IN. A SIMULATED MAGNETIC DIVERTOR CONFIGURATION .
Clifford M. Strawitch ' -

Dnder the supervision of Professor G.A.. Enmert

The transport properties of plasma on magnetic field. lines that
intersect a conducting plate are studied experimentally in ;he ‘
Hi'scopsin internal ring D.C. machine. The magnetic geometry is
intended to simulate certain aspects. of plasma phenomena that may take
place in a tokamak divertor.

It is rQund by a variety of measurements that the cross field
transport 1s. non-ambipolar; this may have i.mport.,ant implications in
heat loading considerations 1in tokamak divertors. The und‘esir;'b;.ev“;
effects of nonambipolar flow -make it preferable to be able to
éminate it. However, we find that though the non-ambipolarity may
be reduced, it is difficult to eliminate entirely. The plasma ﬂow
velocity' parallel to the magnetic fleld 13 found to be near the fon
acoustic velocity in all cases. The experimental densit.y and electron
temperature profiles .are mmpqed to the solutions. to a cne
dimensional transpo'rt model that is commonly used in divertor tbeoryA
Spluuons to both the steady state denéity, and time dependent coup].;d
denéity and temptlaratuxte equations of this model, agree well with- the
experimental profiles, for cross field diffusion coefficients that

s_ca_le like the classical coefficients due to fon-neutral collisions, '
. 9
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cross' field conduct'l‘vit{ie“a that : .acale like the classical
conductivities due to electron-neutral collisions, and parallgl loss
ter::;s that scale li;ke the fon acoustic velocity.' ‘_l'hé ion-fneutral
scaling in the ‘cc;.nvt'ecuv‘e tern c.:f the electron energy e_q{xauon is
believ;;ad to be due t; an inconplete 'shortln;" of the ambipolar

electric field by .the divertf)r plate.

G.A. PEmmert .
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: in the next generauon of experiments.

N these inpurities are many.

Chapter 1
Introduction
e

One of t.he most pressing problems to be faced 1n the mayxetio

controlled thermnuclear fusion program is.the control or mpuriues

N

whatever conrineuent concept
that. one believes will demonstrate f‘usion reasibility, lt 13 agreed
that its success vul rest on the mplementation of some eoncept of
Mpurity control. The effeets of impurities on Tokamak discharlzes has
received considerable attention, and the proposed methods to control
Because my purpose 1s to discuss the
properties of one such method of control in Tokamaka, I \dll Iimit
this brief neview to impurities in Tokamaks. However, it should be
noted that most of t.he concebt‘s relating to the effects of impurities
and their production mechanisms extend easily to other devices. For a
much more detailed review of the effects of impurities om Tokamak
discharges, and their product.ion- mechanisms, than can bs presented
here, the inteérested reeder is referred to the excellent rev;eu paper
by McCracken and Stott.’
The Effects of Impurities

Perhaps the wost -,severe effect of impurities in a Tokamak

discharge 1s the greatly enhanced energy loss due to line and

bremsstrahlung radiation. The energy radiated due to electron

bremsstrahlung 182

" .temperature, T

(1.1)

12, 52
slosscre nez;:nizi ’
and due to line radiation 1s®
-1/2. 3. 5 8
Erosa™Te '/ 2ne .nizi . (1.2)

;lhere the sums 'extend over all theA ion specties, 11 is the {on
e is the electron temperature, n, is the ion density,
and Z1 is the jion atomic number. .These equations for radiative eeergy
loss are strictlyl applicable for coronal equilibrium only. The
problem is greatest for those impurity ifons that are not completely
stripped of electrons. For example, it has been showna' that as little
as a .1% concentration of tungsten triples the required mt for
the partiele

ignition, where n 1s the fuel jon density and T

confinement time. An increase to only -.2% can preclude 1gnition

_ altogether. These impurity concentrations are not at all unreasonable

because in a typical 1ignition experiment one can expect a 5% nioblum
concentration in the plasma from' the bombarded walls of the vacuum
vessel if the walls had been niobium coated. From equations (1.1) and

(1.2), the ‘radiation problem is less severe for low~-2Z impur;tiea

4 especially if they are fully stripped of electrons in which case, of .

course, there 1s no 1ine radiation. However, even for a low-Z
impurity like carbon only a few percent is allowable before the same

problems occur that occur at high-Z.



Due to an effect predicted by neoclassical transport theory,

under the right conditions impurities should be transported to the

central section of a Tokamak discharge where they will buildup and do

the most damage. 5

Even at the discharge center, high-Z impurities will
not be fully stripped. This effect has: - been observed in many

experment35'6'7'8 from the T-3 Tokamak? to, most recently, the ISX-A

experiment‘“, but only on the outermost flux surfaces of the discharge. -

Observations on the ST tokamak show no buildup of impurities inm the

center of the discharge. Radiation measurements on TFR indicate

gentral impurity peaking would not be éonsistent with the measured
power out of the center of the device. The TFR group postulates that
only a small fraction of the inward diffusing impurities in the outer
layers actually r‘ea_ches the center, thus impurity recycling oeéurs
only in the outer layers.7 At prese;ié Ehe question of the inmward
diffusion of impurities 1is unresolved. Interestingly enough, this
same phenomena wmay, under properly tailored conditions, provide a
method of impurity control. This will be discussed in the section ;m

the control of impurities..

Radiation 1losses are not the ‘only deleterious effect of

impurities on a Tokamak discharge. Even a :small concentration of
highly stripped ions at the center of a discbargé can. cause a
substantial dilution of the nucléar fuel and a consequent increase in
the required nT', Each highly charged impurity fon can take the place
of many fuel ions for a given electron density, resulting in a lower

fuel ion density as impurities diffuse tnward. ' Furthermore, radiative

cooling of the discharge peripl;érv can cause instgbuitles with
attendant enhanced transport, as well as 'disrjuptions due to the
shrinking of the current chAannel.2

Solutions to the Impurity Problem .

To the many problems posed by the presence of impurities in
Tokamak discharges have come a variety of answers. . One solution is
the use of material limiters to define the plasma shape and prevent
contéét of the hot plasma ;lith the vacuum walls, At present this
seems only to move the source of the impurities from the walls to the
1imiter., With megawatts of power being deposited on the limiter even
in present day experiments, severe heating followed by release of
impurities is u’navoi'dable.1 One proposed compromise i3 to use low-Z
coatings on the limiter so that at least “the released impurities will
be fully stripped. » '

Another solution is to surround the plasma with a gas blanket to
insulate the vacuum walls from the plasma. A similar .solution
prepoﬁed, for the JET Tokamak 1s a cold ,plasn;a blanket that is
imgermeable to charge exchange neutrals and cold enough ;o be be'low‘

‘the sputtering threshold (1.e.:10eV<T <20eV). As of yet the blanket

has only been simulated numerically, and there remain questions on the -

stability of the blanket-plasma interface.

One imaginative solution to the problem of the neoclassical
inward i:itansport of impurities was proposed by Ohkawa of General
Atomic.? Ohkawa showed that in the Pfirsh-Schluter domain of

transport, a poloidally asymmetric source of protons can reduce or



' _even reverse the imward ti'ansport of impurities.

" authors have generalﬁed' "the theory to include

thg- “effect of

asyometric heat sources, lower collisionality regimes and'gerierai flux

surface geometries.u'w'" Theoretical calculations have.shown that in .

the presence of such poloidaily asymmetric sources, the radial flux of

impurities I‘I of chafge leisn

. 1 Wy By s AT
PI-K( AI{n— — S ——— —} - E Azw - 5 QB¢R{ A‘— - Az——)).

(1.3)

where
7 K=2q2n1/(21e8¢ “ci' 1)

The subscript 1(I) refers_ to the protons(impurities), q is the safety

factor, .

Ty1 is the proton-impurity collision time, Wag is the proton

cyclotron frequency, 81, is the toroidal field, R and r the major and
minor raﬂil e the electron charge, and P the pressure. The A's are’
numerical factors of order unity that depend on the colnsian model

used. V! o L )

The first term in brackéfs in equation 1.3‘ is the neoclassical
effect responsn;le for the 1n‘;ard diffusion of mpurities, namely the
‘mpurities diffusing up the the gradient of main plasma ion species.
The second term 1s responsible for i.mpurities diffusing down their own

density gradient. The last two terms are the proton particle source

LITE and the heat source 211, and show they can effect the direction

Subsequently, other

© and magnitude of the lmpurity nux..

" on the 1ISX experiment to test: these predictions.

. the plaana from wall evolved impurities as well..

These existenc'e.of' thes§ terms ia:
responsible for the inpurity reversal effect.

A poloidally asymmetric source of Bz gas was therefore 1nst.a11ed
Results consistent
with the theory were obtained for neon injected as an impurity; the
inward diffusion of neon was significantly reduced. Similar tests on
Various

aluminum as the injected impurity gave inconsistent results.

explanations, such as the higher ‘thermal velocities of the injected

Aaluminum, have been advanced for this discrepancy.'z Higher thermal

. velocities may allow the aluminum to penetrat.e. the layer where the

flow reversal effect exists., Attempts to reproduce these results on

ISi-B have not, as of this writing, been successifu113, however 1t
would certainly seem ‘that it merits further s-tudy. It remains to be
seen if actual reversal of the flow can be induced.

Perhaps the one solution with the mo'st pr;omise is the magnetic
divertor'. The idea of the divertor is to shift the problem of the
plasnia-uall interaction away from the l;xain containment vessel to an
area that can be better equipped to handle the problems.~ The device
was first proposed in 1951 by Lyman Spitzerm as a means of preventing
cont.act.‘ between plasma and first wall. Fig. 1.1 shows the Spitzer
divertor. . However, it was soon realized that the device could screen
Coils. external to
the blasma create a null in one component of the confining field; from
the component that 1s nulled comes the wusual néme given to the

divertor (i.e.:toroidal or poloidal divertor). Field lines inside the
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Fig. 1.1 : Schematic representation-of the Spitzer divertor.
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separatrix remain in the torus, while those outside are conducted to

" an external chamber with the plasma that 1s on them (thus the nare

."Aaerape-otf" zone for these flield‘lines). Fig. 1.1 shows all of.these

features. Here the plasma 1is neutralized by allowing it to strike a

material plate. Return of the neutralized gas to the wain chamber 1is -

restricted by reducing the flow conductance. The flow of plasma back

to the main discharge may be restricted by ambipolar electric

f.lelds.‘ls To handle the heat and g<as. load .to the divértor, the

- neutralizer plate may be cooled and thé chamber pumped on by a vacuum

pumping system.  The heat load per unit area may be reduced .by fanning

out the field  lines with apprépriately --placed coils.. Damage or

erosion of the divertor plates may be dealt with by continually

refreshing the .~plate surface ~by ‘-gettering- or even :mechanical-

replacement. In all cases one 13. allowed greater Aflexibllity in
handling the plasma wall interaction problem.
‘The purpose envisioned for divertors then is a threefold one.

The first is to be a magnetic limiter that defines  the pla_sina shape.

The -divertor will not define the plasma edge in -the sense that the .

- density will go to zero there, but it will define a boundary layer -

where the fall off of density and temperature will occur more rapidly

~than the main discharge. The second function is to take up the plasma

flux that would normally hit the first wall and exhaust it to a

pumping chan;ber. The. third function 1s to sweep up wall evolved

" impurities by the plasma flowing to the divertor and thus prevent them

from entering the main dilscharge. To maximally protect the first wall




as in purpose two, one requires a.rapil fall ‘off of denaity to
oinimize plasma and first wall interaction and its resultant damage

© and impurlty‘ evolution. Purpose three requires a ‘scrape-off layer

thick enough to assure a-high probability of ionizing an inconing g

neutral " and carryins it to the divertor. ‘rh_erefore, the last two
divertor functions can not ‘be simultaneously optimized and one omust
settle for some reasonable compromiee.16 Finally the extent to which

the divertor can act as a-limiter is determined by_this tradeoff.

An additiomal bepefit of divertors has been realized. ~Evacuation

-of the reaction chamber to the required low pressures will demand
presently unattainable pumping speeds. Rowever, 4if the .divertor

chamber 1is designed with a- low conductance path to the reaction

vessel, the throughput (escaping plasma) can be guided through this

low conductance path to the divertor chamber. Thus, in this chamber,
higher pressures can be tolerated and maintained with teehnicelly
feasable pumping speeds.- .
Divertor Experiments

Shown in Fis. 1.2 1s a schematic of the types of divertors that
have ’ reeeived,experimental attention, and illustrates the salient
differences between them. - The first experimental test 5: the divertor
was done in 1957 on the B-65 ste-llarator.”ﬂhié divertor was found to
reduce the impurity concentrations by a factor of two to three with an
attendant increase 1n the ion temperature. A divertor was next tested

on the model C stellarator in 1963 and found to reduce tmpurities by

an order of mgnitqde.w A major disadvantage of these toroidal

Divertor :
current Diverted.

fisld line

S.opomnlx

TOROIDAL DIVERTOR

( Top view of ftorus )

Separatrix

Projection of a
diverted field line

SINGLE NEUTRAL POINT

10

Current
fodps

Diverted’
flux
bundle

BUNDLE DIVERTGR

Current -

Projection of @
diverted field line

DOUBLE NEUTRAL POINT

{ Currents not -shown )

( Not ot currents shown )

.POLOIDAL DIVERTOR
( CROSS-SECTION OF TORUS )

Fig. 1.2: The different types of magnetic divertor that have

received experimental attention.



1n

divertors, as with all toroidal divertors, is that they destroy the

axisymmetry ar;d cause large field pet;turbations, both of which can
lead to enhanced radial plasma 1033.19'20 Pe.rhaps the sole advantage
of a toroidal divertor lies in the fact that it does not require the
existence of a plasma current to operate. This polnf. will be expanded
upon shortly.

Another divertor of the toroidal typé is the so called bundle
divertor first reported in the literature in 1972,21122 The coils used
to divert the "bundle™ of toroidal flux are a higher order multipole

.'than those of the above menf:ioned divertor. As a result the field
falls off much faster than in the toroidal case, resulting in magnetic
fleld perturbations on axis of typically a few per cent. In this

sense it is an improvement on the toroidal divertor, unfortunately,

[

this device still destroys the toroidal axisymmetry. In addition, to
handle the anticipated heat loads in next generation exper;iment.s more
than one such divertor may be necessary. The rirst experimental test
of the bundle divertor occur;red on the D.I.T.E. tokamak and met with
encouraging results.23 The divertor received 50$ of the particle flux
and 60% of the energy flux thét normally hit the walls. The amount of

‘metallic impurities was reduced by a large factor as evidencéd by an

order of magnitude decrease in the Mo*zil

+16

radiation and a factor of

three reduction in Fe radiation. The total radiated power was down

by a factor of. five to eight. Finally, there is ample evidence of a

screening effect ‘from experiments with an injected oxygen impurity.

loss.

12

Figure 1.3 shows a schematic representation of the D.I.T.E. bundle
divertor. '

A third divertor concept 1is the poloidal divertor, which was
first conceived of in 19562n and has receiAved the most attention in
recent years. Because the poloidal field in a tckamak 1s typically a
factor of ten smaller than the toroidal field, it follows that the
current necessary to drive a poloidal null is smaller than that

necessary to drive a toroidal null. Thus the field perturbation

problem is smaller. Although the poloidal divertor preserves the
axisymmetry of the device, it does require the existence of a plasma
current that creates the poloidal field before it can work. It
therefore follows that impurities released in the start up phase of a
tokamak discharge, before :the-toroidal:current-is established, may be.-
free to entJer the plasma. A poloidal divertor also differs from a
toroidal divertor in the length of a typical field line in the scrape
zone before it enters the divertor. 1In a. toroidal divertor a particle.
i1s never more than one toroidal circumference away from the pumping
chamber. On the otﬁer hand, in a #oloidal divertor a particle may
make several trips around‘the major axis before bdbeing divertgd.

| The first experimental test of the poloidal divertor occurred on
the FM-1 sphe'rator device at the Princeton Plasma Physics Labs. R
plasma capture efficlency of 803 was obtained on this device.2% a
poloidal divertor was also tested on the DIVA t:ckamak.z6 This divertor
was found to receive 75% ‘of the energy loss and 33% of the particle

The total radiation decreased by a factor of 2 to 4 and
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non -diverted

Divertor
target

() Stognation axis

Pig. 1.3: Schematic of the first bundle divertor, as used on

the DITE tokamak.

" 14

shiblding‘or at leasi oxygen was o;merved. The number density of both
low and high-2Z 1mpur1t1es was decreased by the divertor action.

In the construction and/or inittal operation phase are three more
large -poloidal divertor experiments. PDX - at Princeton has begun
operation, as has the ASDEX experiment at Garching.27 28 Initial
results from PDX show a'significant decrease in the total radiated
power over the.non-diverted circular case, and a Zerf‘of ong in the
diverted case, which 1s oné half that of the ecircular discharge;?g

Still another divertor concept was originated here at Wisconsin

" by D.W. Kerst.3° It was suggested that an externally applied electric

.field could be used to produce an ExB drift that would augment or

initiate plasma flow to the divertor chamber. The existemce of this
effect was shown in a series of experiments carried out by E. Strait3?
on the large Octupole device. Additiqnally, an applied electric field
in conjunction with a poloidal divertor was demonstrated to reduce the
plasma flux to the wall by an extra factor of'five from the action of
the poloidal divertor alone. '
Iheories of Divertor Operation

The theoretical problem ot plasma transport 1n a divertor is,
emsentially two dizensional, and the physical processes that govern

the cross field and parallel to the magnetic fleld rlow are very

different. If one includes the effects of the magnetic geometry the

problem is complicated further. The first theoretical attempts to
prediet such divertor .parameterm as the dénsity and temperature

profiles simplified the problem considerably by adopting a phenowmeno-
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logical 1pproach.16'3?'33 In these analyses thé plasma flow into the

collectors is modeled by revplacing the parallel part of the continuity

equation by an "absorption" term, thus reducing the equation to one -

dimension. Then, depending on one's prejudices about the governing
physics in the scrape-off zone, choices are made as to the value of
the cross field diffusion coefficient and the form of the parallel

'absorpiion" term. This simple model has proven useful in developing

an understanding of the consequences of the various physics

assumptions one can make on the operation of a divertor.
As an example, consider a simple slab mo&el divertor as shown in
Pig. 1.4. The steady state continuity equation in this geometry,

ignoring sources for the moment (a more forral derivation will be

given latér), can be written as

V'L =V, Ty + Vy *Ta =0, T (1.%)
where ; and , refer to x and z in Fig. 1.4. Ve make the replacement

Ve *Tu= Tw/L= nv,/L= n/ T,. (1.5)

For the slab model shown in Fig. 1.4

v, T =__3._I‘. .
3 - X x (1.6)
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The two dimensional scrape-off zone model that is used as the starting

‘point for the flow model and the theory of Boozer.
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Assuming a Fick's law type diffuzion, T, *%%- one gets for the

continuity equation

-ap m. o, Cam

If we assume that D; is independent of x,‘then the solution 1is

-where A=(Dy 1.)1/2 and oy is the density at the separatrix.
The density has an exponential fall off with an e-folding length A.
1r one' allows rér an additional source. in the scrape-off zone due to

collisioral iionization of neutra]_.s, A becomesl

D, .7 - ) .
A = (_'_"'—'-)"2-' .o ' : . (1.9)
-8, OV T4

wher\‘e ago v is the total production rate of ions due to electron and

fon collistions. In a. similar way, one c:;n add terms which model other
processes that ome believes may occur in the scrape-off zone and

Hchoése values for .D; and T, again as a function of the physical
processes ope ‘believes are relevant. ‘Haying chosen these values, one

can esticzate the particle flux incident in the first wall as

N

.n=n_e-XA | ‘ : . (1.8)

18
rmuf_‘ D, %lr=y;11- . o o (1.1‘0)
and '_t.h'e plasma f?l.ux t6 the divertor
Tia11 'IT—!: dz. - SRR CRE))

where z 13 in the direction of the magnetic field.

- The choice of the various governing parameters wifhin the coﬁtext

‘of this model has been the subject of considerable theoretical.

attention. The value and scaling of D, appears to be uncertain at
present, but concern'ing the value of T, there is more certainty. ' For
example, one choice of <1, is the time that an ion oight také to

travel along a field line gf llength L to ;he coll_ect.oAr platé”,
Tese N L . (a2)
One choice for Vo 1is the ion acéustic spee‘d

Vo = Vg =T mOV2 S ‘ S (13)
This assumption 1s based on the treatment of t":h'e”sheathu problem -

carried out by S.A. Se1r35, and assumes cold 1ions and ambipolar flow

of jons and electrons in the presence of the long range electrostatic
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potential. (The assumption c';t‘ ambipolarity in these models is one of
the. subjects that this thesis examines ‘experimentally.)} There 1is
experimental ;1ustification for this assumption as well in that both
the Dlva36 and FH—125 divertor 'experiments me‘asure flow velocities at
about one third the ion acoustic value. Based on analyses that treat

the more relevant case of hot ions, one may expect a different l?ng

range potential and thus a different Vn.37 In this case thg proper

choice for Va is Z(kTi/Z-nHi)Vz, for a maxwellian distribution of

ions. . o

A second choice for T, comes from the eonsiderafion of single
particle dynamics in the scrape-off zone.. As plasma partié}es follow
field lines to the divertor they must move through an increasing
nagnetic field.3u In this éa"se, -if the particle-’veloc-i'ty vector. is
outside the loss cone of the wmirror,it will be confined to a region
outside the collector. (Of course,those particles with their velocity

- vector inside the loss cone will flow freely to the collector with .a

time TwsL/Vq.) The maximum time that the remaining mirror confined

‘ plasma could be trapped is of the order of the 90 degree scattering:

time for l.ons-38 to scatter into the loss cone, -

172, 3/2
3, VT 13

_—_—. - (1.18)
LYTLnA euzzni

(T.)ma‘ :1'11 =

" can_vary. as much.
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i[n addltionbto the classical processes discussed above, the loss
cone distribution” of .the ‘mirror confined fraction of plasma can
drive a w;alth of high Afrequency 41nst.ab111ties that can break the
adiab;tlc invariance of the magnetic ﬁoment and increase pitch 'angle
scatter;ng. Thus, in the presence of such modes, the best estimate of
the parallel flow time may still be ( T,) ;, of equation 1.13, and the
plasma layer in the scrape-off zone may be too thin and tenuous to be

an effective shield, unless the plasma flux crossing the separatrix is

large enough. This will be discussed in more detail shortly., Low

'rrequency modes39 driven by the. density gradient or bad field

curvature can lead to enhanced cross field transport without inceasing

the rate of pitch angle scattering, thereby increasing the flux to the

wall.

As an illustration, for parameters typical of a next generation
experimental tokamak with divertor,

Tg= 1 keV, Te= 200 eV,

L= 3‘m, l

ne§10'_2-1013 c‘n.l'3' (at the separatrix), ’
t'_'.he-' }étio.(i.mx'/‘l’,mi ) V2 may vary from 10 to 30, and thererore
Considering the possible variation in Dl leads to
even greater uncertainty. Again the final values must rest on
experiment. . ‘
A.T. Hgnéeuo considered the effect this large rangé of ‘r..and D,

had. on the flux to the wall (among other parameters) uéing equation

1.7, with the boundary conditions:
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5y x= 0’ I‘ae.p flux out of the core.

(b) 1im n(x)=0 as x-goes to iﬁr;nity (le: wall very far.away) '

The flux at the wall is then glven by

Tan®-Peyg 3x|x-wall

The results for the indicated coefficients were as follows:

(1) .DL’:DNeoclassiml’ TasTyy (pitch angle scattering)

r, o
(2) D,= DBohm %
P‘,:(.Ql!) Poj ‘almost a]tl particles escape the divertor.

(3) Dy=Dpepolassical’ T* T*min

I‘"EO an overly optimistic case.

(8) Dy=Dpgpge TwTapig
T ,=-25T;; a marginally effective divertor.

In light of Mexise's later transport equatidn solution it is found
that too high a value of T, was assumed 1n thia earlier calculation.

Thus D, = Bohm is far too high and with more realistic values of '1' ’

shielding erficiencies ot‘ 95$ are  found.

The shielding efficlency of the plasma in the scrape-of f zone can

be assessed from a continuity equation as well. It I’o(x) is the

neutral flux at'any X,

gt .
_.—ei(due to instab ), Te Ty pitch angle’
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ary(x) : )

—5 -n(x)n,(x)( ov), - . T (1.15)

where n(x) and gv have the same definitions as. before and ﬁ‘(x)‘ is
] o

the neutral density 'as a function of x. For a given bL‘asma. density

profile and some neutral flux coming off the uall, the probability

that an incoming neutral will be 1onized is

- <o 4 :
ol :
_n dx]' .
o I : o \ (1.16)

£y = 1= exp[
vhere n 1s the plasma density, Vo1 and < d”qii are the impurity
velocity ‘and the impurity ionization rate respectivslii. "Thus -one sees

that the shielding depends on the line integral of'-t.he plasma density

.across the scrape off zone. - Based »on-thé simple flow modél outline;i

_above, if 14 1s not a function of 'x, the line averaged density can’

easily-be shown to be

Indx:'T'Y Toep . - - o . 0an

,where T. is the plasma flux that crosses the separatri'x.b So as

sep

>

indicated above, a’ kmuledge of the parallel flow time is not. enoug:
to specit‘y the shielding, one needs to know the the plasma flux t.hat
is crossing the separatrix as well. The shielding efriciency is found

to be greater than 993 (for ‘rmp'S eV) b 1f.
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3D; T.{n_/a)
=22 " P 5 40'3, cn2 (1.18)
(1-n, ov Tn)

Here np is the average plasma density in the core, and a the minor

radius of the torus, and the 1line averaged density has been
approximated by nmk .

A wmore careful analysis of the plasma particle and energy

transport in the divertor, and the effect of various boundary

.conditions (at the separatrix and first wall) on a tokamak discharge

has been carried out by several authors ll1,u2,u3_
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The group at Princeton numerically solved detailed particle and

enérgy balance equations. for the electrons and ions. They included
such energy loss and gain mechanisms as radiation, ionization, charge
exchange and neutral beam heating. The effect of the divertor on the

main core was assessed by solving these equations with boundary

the separatrix. supposedly appropriate to the PDX

experiment.

Comparison of the parameters of the “PDX discharge with and

without the divertor were made using their code. For the divertorless
case, the coefficient R, the fraction of ﬁeutral§ recycled back into
the plasma is chosen to be "I .( Zo.rr 13 chosen to be 8.) For the
discharge with divertor, R is chosén to be .2 and Ze“- =1 (due to the
expected reduction in Iimpurity level.) The principal difference

between the solutions to these two cases is the. higher electron and

chosen.
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ion temperature in the core (i.e. divertorless: Ty = 2.7 kev, TeZl.B-
kev;" diverted: T1:3'9 keAV, Te: 3.8 keV) for the diverted case, and
smaller losses due to charge exchange.’

A better treatment that does not rely on divertor type boundary
conditions at the separatrix was done by( Hense.no In this treatment,
the transport equations were solved consistently in thg core and the
scrape-off zone. ‘Tbe only "boundary condition" was that D; was
continuous across the separatrix. At the edge of the core near the
aeparatrix the diffusion coefficient of the trapped ion mode was
An adjustable parameter ey, was inserted into the assumed Bohm
diffusion coefficient in the scrape-off zone:
D, = e,;-% (:—g)_ “(1.19)

to assure continuity of D, (eb: .25 to .1). Various bbounc-lary
conditions at the first wall veré tried, and 1t was found that the
transport equatiqn salutions in the core and most of the divertor were
insensitive to these boundary conditions.

In the scrape-off zone,. the continuity equations as well as the
electron and ion energy balance equations for cross field diffusion,
parallel flow to the collector, and neutral gas effects were sol;led.

In addition, 10% of the plasma neutralized at the collectors is

recycled to the scrape-off zone. ( Various deposition profiles of
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reflux were tried in the scrape-'crr', ahd f_ound ‘to have minimally
different effects.) . '

The results of this code typically show a rapid fall off 1in
density in the scrape-off zone “as‘ compared to the core pr&fi}e. The
temperature profiles of the 1ions and eiéctrons show th#t rizre
throughout much of the core reglon (due to rapid equilibration betwgen
species) but that T, falls off much more rapidly than T, in the
scrape-off zone. The important effect that causes this dirtereﬁce is

the sheath that forms at the partiecle collectors. This sheath forms

'to'repel the majority of electrons that approach "it, to assure that

I'1= I‘e. Only the hottest electrons can “reach the surface and
combine, but all ions that enter the sheath strike the plate. The net
result is a more rapid cooling of the electrons .than the ions.

However, secondary electron emission from the collector can reduce the

potential drop across the sheath and cause even larger losses to.the

electrons.uz As we.shall see in the description.of'theA experiments

that follows, a similar er;hanced electron cooling can be the result of

' non-ambipolar diffusion. It should be noted that this effect will

- invalidate the assumption of ion acoustic.flow into the divertor plate

whiph is based on the existence of ambipolar _flow._» Therefore, another

. important area of expeﬂmental ‘investigation needing further research

As sheath formation in the presence of secondary emission, and 1its

effect on Vs and electron energy loss, in one of -the next generation

divertor experiments.
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A group at Px;lnceton have applied an analysis similar to the

method used by Mense to the case of a ‘divertor for the INTOR tokamak.

Iwe Dimensional Divertor Models

The first two dimenslonal.analyticél study of the divertor was

‘carried out by Hazeltine and Hinton.‘n. In their model, it 1s assumed

that the distribution function. of both ions and electrons are

Boltzmann distributions. The 1ions are further .assumed to be

collisionless and the eleét.rons collisional in the scrape off zone.

Their fundamental definition 1is that the ion density is simply the
integral of the 1on distribution function over that portion of

vellocity space where the ion single particle orbits are contained, and

that the distribution function. is zero on unconfined orbits. Using

the Tokamak drift orﬁits for the untrapped particles, those orbits .

that pass beyond a certain minor radius (i.e. the separatrix at the

collector) are taken to be lost to the poloidal divertor, in an

idealized magnetic geometry. When this 1nteigral is evaluated and the

result combined with the quasineutralityv condition, they find the

density scale length in the scrape-off zone to be
3.9a ‘o -1
(4

Az -

vheré Ppi is the ﬁ.on gyroradius evaluated witrl: the poloidal.- field

intensity and a/R is the inverse aspect ratio. This analysis yields -

singular results; however, for poloidal angles approaching the

. (1;201..
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location of the divertor plates, which 4s an artifact.. of the
collisionless assmpt‘;ion. (Thai is, the density profile approaches a
step function at poloidal angles near the locatién .of the divertor
plates.) -

In a later section of their paper, the authors extend the
analysis to the region where the collis;onless model breaks down.

Based on a neoclassical analysis of particles diffusing into the

divertor loss regions, it is shown that the density scale lengths

obtained in the collisionless limit are valid everywhere except near
~poloidal angles of 6 zim/2, the location of‘ the divertor piates. At
8=%y7/2 the boundary layer analysis yie-1d3 a more gentle fall off of
density than the step function of the collisionless analysis. They
conclude their paper by calculating the particle and energy loss to
the divertor based on-these results,

The importance of including the barely trapped ions in the. energy
and parf.icle losses to 'the divertor, left out in the previous paper,
was shown by EL—Nadiu in a :;im:ltlar analysis based on the drift
kinetic equation. ' '

A further refinement of the Hazeltine and Hinto;x paper is carried
out by Daybelge and Bein"S, Using the full Fokker-Planck collision
operator in the iom drift kinet:.ic 'equation, and accounting for the
variation of the loss region as a function 6'{ position, the particle

and energy losses to the divertor are calculated,
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There is one final divertor model worth mentioning that 1is quite
different from the :;:odels discussed previously., Fig. 1.4 déscribés
the two dimensional modél of Boozer"6 schematically, The model
assumes plasma is deposited into the ; directed .magnetic field with
som‘e‘given profile TI(z). The divertor is assumed to accept any and
all plasma >5iven to it(common to all the divertor models discussed

except the numerical models of Henseno and Meade'” et al), the plasma

.then moving across and parallel to B, through the sheath at the

collector plates, and neutralizing itself on the target plates. (This

‘process is assumed to depend only on x and z; y is a symmetry plane.)

A general set of equations given by Braginskii38 are used to
solve for the plasma transport. These equations are essentially the
two fluid equations, with.a term R included -to.account for inter-fluid
"frictional®™ Coulomb forces, and energy balance equationsuz. Solution
of these equations indicates once .agva‘in that plasma flow pax;allel to B
will be at the ion acoustic sbe;ad. However,l here the similarity to
the flow models ends. Vthile the flow models predict equal flow of
ions and electrons across field lines with a profile nxe'xA , this
model predicts different characteristic A's for each species, It
indicates that the electrons flow to the collector over a narrow
region of width A = peL/ le ( Pe= electron gyroradius, Xe:electron
mean free path,L the field 1line length to the collector.) The 1ions
will have a A = D’(Te), the ion gyroradius calculated with the
electron temperature., The latter 1sA wider than the predicted A .from

the flow models, which for comparison purposes in these units 1is
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As.( o, ﬁei./ Ae)wz. The flux of plasma is ambipolar only in the
seﬁse that equal fluxés of eleci:rons and 'ions enter the sheath if
‘integrated over; tﬁe width of the particle collector. Interestinély
enough, the FM-1 divertor experiment did note an lon ocutflow width ‘of
p,(l‘e), and a large potential change across the scrape-off zone, as
The existence of such

if the electrons and ions are separated.

non-ambipolar flow has also been observed in the experiment to be

descrided. Boozer's model assumes cold ions and classical transport.

in the scrape-off zone. These aﬁ unlikely occurances in Tokamak
"-reactor plasmas, bu£ may have relevance for our experiment.

The final choice among these many theories can only rest on
experiment. The large divertor experiments that are presently cbming
on line will hopefully answer this guestion. It is the humbi;e hope of

this author that the gxperimen'ts described in this thesis will shed a

ray of light on a émall area of the divertor probdlenm.
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Chapter 2

Experimental Apparatus
A schematic of the D.C. machine, the device used for - these
experiments, 1s shown in Fig. 2.1. This apparatus was constructed in

the years 1970-71 by Dale Meade, Tom Jernigan and Ron Prater ‘and used

by Prater and Jernigan as the main experimental device for their .

Ph.D. thesis.'*? .Subsequently R. Richards obtalned his Ph.D. for

experiments carried out on the same devic:e.'3

The center section of the vac\..mn; tank was constructed by rolling

3/8 inch 5083 alumimum into a cylindex; and welding the seam. The end

flanges are cut from 1.5 inch 5083 'aluminum and are sealed to the

cylindrical section with large Viton O-rings. The entire device is

‘supported on a stand, with the center 'line (see Fig.'Z.‘l) in a
"borizontal_plane.- The tank s 66 cm. long and 92 co. in diameter.
Ports are provlded in the tank for six internial ring suppbrts,

diffusion pump, ion gauge, and the current feed to the intex_'nal ring

as well as numerous other diagnostic ports. All port seals are either ]

indi;qn or Viton O-rings.

AA base ;;ressure in thé mid 10-7 -r;ange is obtained with an oil
diffusion pump, topped by a '!'-‘r;eon cooled baffle and a water cooled
cold cap, backed by a mechanical pump. The oil dlfrusion pumb is a
six inch PMC-6 Consolidaééd Vacuus Corp. cﬁaréed with DC-704 silicon

base oil. A small Tecumséh' Corp. refrigeration unit cools the

Fig. 2.1: A ‘schematic of the D.C. Machine showing: A-Lisitano
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coil; P-internal ring; G-Helmholtz coils; H-mirror coils; B,C, ..

D-typical field lines for the chosen magnétic configuration.
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Consolidated Vacuum type BC-61C baffle to about -60 degrees farenheft
‘to reduce backstreaming of diffusion pump oil. The baffle reduces the
pumping speed to about half of its original 1400 1/s. Finally a Welch
mechanical pump with a pumping speed of 500 1/s evacuates the
diffusion pump through a steel-wool packed foreline trap, whose
purpose 1s to reduce backstreaming of mechanical pump oil. A
Leybold-Heraeus DK-45 mechanical pump, with a pumping speed of 6.50
1/s, 1is used to rough the system down from atmospheric pressure
through a separate port.

Analys=is of the residual gasses in the system with a Molytek
Specti-amass 80 mass spectrometer showed the dominant partfal‘pressure

in the system was that of water. In _addition smaller peaks were

observed at mass.to charge.ratios in, the range U41-50..and were thought .,

to be hydrocarbons ‘from the diffusion pump ofl. Fig. 2.2 shows
typical R.G.A. traces when the base pressure was 5x10'7 torr. The
dominant peaks at m/e=18 (partial pressure= 3.3x1077 torr.) and m/e=28
(partial pressure:l.?x‘lo'-’ torr.) are evident. Both substances are
undesirable in a plasma experiment because of potential changes in
work t-\mction they can cause on probe surfag:esu, as well as adding
effective capacitance and resistance in series with the probe. An
additim'al ef(ect is due to the silicon base pump oil. On surfaces
that have been Acontinually ‘bombarded with plasma a glassy
non-conduct ing deposit has built up over the years, in places thick
enough to flake off. Analysis of these brown deposits by Auger

i

spectroscopy has shown they consist largely of silicon and carbon with




Fig. 2.2: Residual gas analyzer traces of the D.C. machine
vacuum before the mstal'la-tion of the cryopanel. The
horizontal scale is mass to charge ratio of the impurity,

and the vertical scale 1is proportional to the partial pressure
of the impurity. Shown are three different sensitivities of
the R.G.A. ' '
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trace amounts of chlorine and sulphur, suggesting they are chemically

cracked pump 011, Build up of this same coating has been observed on

probe surfaces, where it can change the effective :collecting area of

the probe.

To eliminate 617 reduce as much as practi‘ul the bad 'effectls of
_thae' impurities, .a' ll.unid nitrogen cooled cbyop%x_el was constructed
and installed oo the D.C. machine. The cryopanel is nearly identical

‘to one that has been shown ‘t-.o be effective on ‘the octupole and was

designed by Jon Twichell. Fig. 2.3 shows the R.G.A. traces after

instanaﬁon of the panel. The water peak has been reduced to
1.2x10'7 torr. and the oll peaks have been reduced by about a factor
of three. The cryopanel has two squére feet of baffled, cooled copper
plate with a pumping speed.for .water of zbout 2000 1/s. V
The pressure in the system is-mnitored in the 1 ata. to 1
mieron range with varian type 0531 t-he‘rmcouple' ‘gauges. For pressures
belowv 1 micron, a Varian 563‘Baya'rd-A1pert type ionization gauge 1is

used and monitored by a Varian 843 ionization gauge eontrollgr. To

.control the pressure during experiments, gas 1is 'bled into the tank

through a needle vé‘lve while the ‘s-system is ‘being pumped on.

The originallintant in the design of the .rixagnetic field structure

of the D.C. machine was to model certain properties of multipoles 1in 'aA

steady state device.'I To this end, and the desire for flexibility in

‘the available configqurations, the coll arrangement in Fig. 2.1 was

40

Pig. 2.3: Residual gas analyzer traces after the installation
of the eryo-panel. Note the reduction of the water peak at m/e=18,
and the reduction in the high m/e peaks .attributable to pump oil,

ot et . e
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"arrived at. For maxlmum flexibilit.y there are three dlrferent sets of

cous, and the current in each set can be varied independently.

Form:lng the field are a set of five coils. The largest co.ila

external to the vacuum chamber are in a Helmholtz contiguration.

These coils are made up of 18 "pancakes" .each "pancake' having 12

turns of' copper tublng and measuring 56.5 cm. in major radius, 10

cm. in thickness and 14 cm. in length. The sixccessive turns in each
"panca'keA" are .insulated from each other by fiberglass tape and potted'

"in epoxy. The ‘pouer supply roi; these coils 1s a modified Lorain

l.’roductsA Flotrol magnetic amplifiér, capable. of 400 amps at 70 voits.

. These coils are usually' 6pérated at adbout 70 amps per turn, which

ﬁroduces an on axis field of about 250 G.

Carr;ying current in the same direction as the Helmholtz coils are

the small end coils. These coils provide the resonance field
necessary to dpefate the Lis{tano source, as'wel'l as pinching the

field down to tdrin .a magnetic mirror. 'l'he end coils are wound from

100 turns or t.he same copper tubing as the Helmholtz colls.: The

"cube" power supply for these coils is capable of 275 amps at 36 volts
but is normally run at 180 amps. ‘l‘he machine's field maximum of' 1200
G. occurs at the throat of these coils.

Finally the internal ring of the D.C. machiné 1s’ a magnet that

© was originally loaned to the experiment by the Princeton Plasna

Physics Lab., and only recently became property of t.he Universu:y of
Hisconsin. The wmagnet had been used 1in the Spherator _S.P.-'1

experiment. This coill has twelve t.urn::s of copper inside a stainless
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steel jacket with an inside major radius of 33 cm. - Supporting the
coil inside the vacuum vessel are six 1/8 inch diameter stainless

steel rods, and both. rods and coil are electri‘célly isolated from the

main vacuum chamber. The current supply' to the ring ‘is a surplus

Magneflux metal fla{v dgtector supply that can supply & kA at 12 V but
until recently only in a step-wise‘fbas!iion. It was found during the
preliminary . investigations of _this: thesis. that a continuocus

variability of the 'cgrrenr. was = necessary. Therefore T. Lovell,

C. Strawitch and D. Grubb designed and installed the circuit shown ir;

"Fig. 2.4 that allows the current to be nea-rly ‘continuously varied
between the t.aﬁs on the autotrérisi‘o}mer..

The two most useful confligurations for divertor studies are shown
in . Fig.2.5-, and the' third is:. essentially. a simple mirror
configuration.-uhen the internal ring 1s not energized. The Ilower
magnetic. configuration in Fig. 2.5 1s most similar to a divertor field
‘plot, but for reasons outlined later the upper contfigurati'onv was
chosen. For the wnfi@rapims shown _1n Flg. 2.5 the curr_ent. in the
internal ring is run opposite the currents in the Helmholf._z coils.

'l'h_e outputs of all three 'power supplies are highly capacitively
filtéred in addition to the 'inherent current stability provided bj the
inductive loads of >thé magnets. A4ll of the magnets are qoéled by a

closed loop. cooling system that pumps a distilled water anti-freeze

mixture (to prevent corrosion) through the coils at approximately -HJOA

Psi. and seven gal./min. In turn a'heat exchanger transfers the

waste heat to the city water. A system of electronic interlocks

Fig. 2.4: Schematic of the modifications to the Magneflux power
supply to make it continuously variable.

w“
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allows power to be applied to the colils only iuhen the cooling water is
.éirculating. . ‘ '
Plasma Source

The plasma source used throughoutA these e.xper-imepts was a S0-
called "Lisitano coil" slow wave structure similar f.o -ones' found in

transmission lines in microwave tubes.s

The coil, 'shown in Fig. 2.6,
is an open ended metal cylinder‘ slotted in its axial direction.

R.F. energy is fed into one end of the transmission line formed by the

slots (shown schematically in Fig. 2.6) and the- other end is

terminated in a short circuit. The slots are cne half wavelength long

and there is a 180 degree phase shift between similar points on

adjacent slots, The fringing f‘ield from ‘the TEM wave propagating in

. the . slots..forms ‘Aa field . .pattern.. similar to a TBOH mode .of a
cylindrical resonant cavity, and will be stronger -on the inside than
on the outside due to the cylindrical shape. A TBO'1 mode. has its
electric field vector in the 8 direction of the cylinder, and changes

A direction on each hal'f cycle of the applied R.F. ‘and similarly so
does a Lisitano coil. .The advantage to using .a Lisitano coil over a

" cylindrical. .;'esonat.or _isl that the internal field coni‘iguration is
indépendént of 1its diamet.er A and relauvél-y Aindependent of the
frequency of the applied R.F.- 'meret'ore the slize of the source can

‘ more easily be tailored io ‘the r;qlrements of a given 'expei-iment.

When an axial magnetic field is applied, cne can make use of the

resonant nature of the orbit of electrons im a magnetic field by

ap‘plﬂng R.F. at ‘the cycloiron frequency to .achieve breakdown at a
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Fig. 2.6: The slotted cylinder Lisitano coil, showing the

microwave power feed and the orientatiéon of the magnetic field.
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’ lower electric tield than ir no magnet.ic rield were present..6 Source

@s i.s bled into the base of the coil, and a breakdown can be achieved

_ from 10'6 and up to 10 -3 torr.

Once the plasm is rormed power is absorbed at the upper hybrid

resonance frequency

2t as (r 2 p 22,
£z funm (£ 2e 0 012 =

__(lhme + (2B)2y 172 .

2n m, D,

=2.8(n(cn-3)1.03x107"48%(k6.1) /2

where r is the applied frequency, f ub is the upper hybrid frequency,

fpe is the electron plasma frequency. and f _is the electron_

cyclotron rrequency. For plasma densities less than 101‘l cm’ -3 this

reduces to f r .
Care must be taken to avoid higher order coaxial modes that will
cc:cmpet.eX for Jf.ne evai,:leble power with the desi_red mode _Ai:nAt.he coil.7
From Fig. 2.6 it will be observed that the coil nold'e;r, with the
ectached cooling lines_, and the coll form a coaxial transmission line.
Higher order coexial modes -therefore can exisf. in the gap bet;geen'coil.
and holder. For exavple, the T_Efl", mode has the lowest 'cui:off

wavelength ] A
: __ o° n(b#a)lz

uhere A-: is the cutof uavelength b is the - inside diameter of the
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holder and”a the outside diameter of the coil. 'For our parameters '

X°=19 cm. and the R.F. uavelengt.h; used are near 12 cm indicating
that the TE1’1 mode will exist. Ir{ fact breakdown between tﬁe holder
and the coil to the point of completely eliminating the desired
central discharge was a severe problem for a time. It was cured by
enlarging the space between coil and holder, and by cutting a smooth
radius on the end of the holder where a sharp edge had been. Both

steps were designed to reduce the electric field in this region.

Breakdowns with as little as 4 W of input power have been achieved in“

. the desired mode after these modifications.
The microwave power for the coil is supplied by a Raytheon RK5609

magnetron capable of up to 70 W at 2.95 GHz. To prevent reflected

- povwer from the coil.from adversely affecting the ‘magnetron a P and H. .. -

Laboratories model B1-526317 circulator is interposed. between coil and

magnetron source and provides 20 db of isolation.
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' Chapter 3

Diaegnostica

All of the data for the experiments described inm this thesis were
taken wi-.th electrostatic probes in one form or another. Electrostatic
probes have the advantage of providing a simple, local measurement of
plasma parameters but the price to be paid is the perturbing effect
they :may have on 'the plasma. The latter can hopefully be minimized by
designing the probe to be physically small and, in addition, perhaps
draw ‘ no net electrical cur;ent. Iu-plementati‘on of probes as a
iiagnostic then 4is a simple matter in gener:-;l; however, the
interpretation of thé probe characteristic is far from simple and
still a subject of active résearch. Still another complication ariseg
when a layer of mpuritiés resides on j:he probe surface, which 1s
almost unavoid'a.ble 1r; most lal.wratéry plasmas. Since l.an_guu,x:l.rji| first
developed the electrostatic probe tecfmique in 1928, there has
developed a very extensive literature on probes. The work of Chen2
was the first systematic account of probe theories through 1965.
Swift and Schwar3 updated the work of Chen to the year 1969. Finally
Chung, Talbot, and Touryanu summarize the state of the art up to 1975.

The so called I-V characteristic of a probe contains all of the
information about a plasma that one can obtain from a pmbe.z's The

6

simple probe theory of Bohm~ predicts an- ion current, which, at

w.lt.ages sufficiently negative with respect to the plasma potential to
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repel the majority of eiectron“s, is in'd'ependent. of wvoltage. ,Based on
the so called "Bohm sheath criterion® from this same theory, the ion
current to the probe is given by

172

e .
Ioi = nieA(—a-:) » ' ) . (3.‘)

_whére A is the probe area and I,y the "ion saturation current.

Obtaining Te' the electron temperature, from the exponerntial part of

. the I-V characteristic enables one to c¢alculate n, the ion or plasma
density. 4 typical I-V characteristic from the D.C. machine plasma is .

" shown in Fig. 3.1. The lack of saturation of the ion current is

obvious and ‘leads one to suspect the simple- theory of Bohm. The
anaiysis of Laframboise7 is applicable to the cz.lse of nén-éaturating
fon collecting  probes, for’ t.h'eA case when ‘the ion mean fr'e“‘e path is
much greater than the probe radius, which certainly is the case iq our
plasmas. The numerical work of Laframboise takes ir;to account the ion

orbits that will occur in the attracting potential well of the probde,

and calculates the ion current by noting which orbits will intersect

the probe surface. Knowing the floating potential and the electron
temperature, the value of I,y from the I-V trace 1s uniquely
determined in his theory, and from this follows the ion dgfxsity. It
is worth pointing out that the paper by Scmin8 was very useful in the
actual application of "the results of Laframboise's theory, for reasons

described in Ref. (4).

|
|
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A typiéal probe characteriatic in the D.C. machine, illustrating ‘the lack

of ion qat_u:ation current.
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The _theoretical results of Laframboise are derived under the
assumption'that there are no magnetic fields present. However, if the
jor gyroradius is much .gr'eater than. the Debye _length, one has a
reasonabie expectation that the results of this theory are. still
appiicable. In this 1limiting case, the ion orbits on the sheath
spat';ial scalé are very nearly straight lines outside the ~sh€ath, as is
implicitly assumed in Laframbois'e's‘ theory. For our parameters:'l_!:SO
G, 91:2.5 cm , ApZ .2 mm, and obviously p.>> Ap. In fact the
results of Chen et a1? and Brown et a1 support this conclusion by
experiméntal comparison of density obtained from prol;es, interpreted
using the theory of Laframboise, and a microwave interferometer.

The' ‘electron retarding portion of the I-V character;istic can
still-be used to determine the.electron. teu;peratﬁre in this parameter
x;egime. As in simple probe theory, the current (dominated by

electrons) to the probe in the retarding region varies as

e(V-Vp)

1< exp —TT—— (3-2)
e

where V is the probe voltage and \Yp the plasma poténtial. A-progran.
that carries out an. exponential least sduares fit ‘to the I-V
characteristic was written for a HP-29c programmable calculator and
used to deduce T,. In all _cases the curves are very close to an

exponential with a coefficient of determination, Rz. of .95 or greater
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(R2='1" 1s a perfect exponential). The . program then impliments the
‘theory of Laframboise to determine the density. ’

Having determined T, and V‘.. ‘the floating po_tent.iél. -as - the
voltage on the probe at zero current (the pdint where the I-V

intersects the voltage axis) one can determine the local space or

plasma potentifal from the relationship
' (3.3)
vp = vr + GTe - . .

where the value of the constant a can also be obtained from the
theory of Laframboise. It 1s convenient at times to use these same
probes to measure the fioa;lng potential‘without the necessity of
sweeping the probe through its I-V characteristic.  In this case the
probe must be terminated in a résis;anceAmuch larg.evr that the sheath
impedance.? In our case -Rsheath=(kTe)(1/Ioi) =50 k ohms, so a
Tektronix 10 M ohm balanced attenuator probe is more than adequate.

‘ 1"
It is interesting to note that the so called "probe paradox®™ ' that is

observed in the Oétupole 1s not observed in the D.C. machines. This

refers to the experimental observation that a high impedance probe
indicates " a different--valu'eA of the floating potential than. a low
" impedance probe in the Octupole. The difference is attributed to
uneqilal rates of - impurity coa't'_ buildup on the probe surfaces,lin the

two cases.
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Shown in Fig. 3.2 is the cirguit used to’ obtlain the I-vV
characte}istics. Typically the entire characteristic can be generated
in a fevAse-conds when the bias voltage 1is swept by hand. The
differential amplifier 1s used as a high impedance voltmeter and
allows ease in scaling over the voltage range that is n'ecesséry to
measure maximum and mirimum densities.

B Impurities on probes have been shown to cause the mea's-ured Te
value to be higher than the actual T as well as affect the value of
Ve that 1s measured.’®'3 In an effort to minimize the effect of
impurities on the probe characteriﬁtic, the probe tips are first
cle.aned with aé:etone and then alcohol before insertion into the vacuum
cha_mber.l OnéeA inside the chamber, thelﬁrobe is blased to ion
saturation to clean the surface of v;acuum evolvgd lmpurities. Both
electron and ion bombardment have been reported in the literature as a

12-16 During data acquisition, the probe 1is

method of cleaning probes.
maintained at ion saturation and only sﬁept briefly through its _IJ-_V
trace. This method has also been reported to maintain a clean probe

Surrace under constant ion bombardment desorption of impurities. This

‘is also supported by experimental observation in both D.C. wmachines.

. Probes maintained at the floating potential or electron saturation for

periods of d;ays of accumulated run time 'develo.p black a:ah--lilv(lej
deposits. .These deposits have been shown by Auger spectroscopié
ariglysis to consist of silicon, carbon, and sulphur all of which may
havie come from cracked diffusion pump oil. On.the other hand, probes

kept at ion saturation do not develop such deposits, and remain
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Fig. 3.2

: Schematic of the eircuit used to obtain Ehe probg characteristic, showing the

Tektronix AM-502 differential amplifier and the HP-7035B x-y chart recorder.
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remarkgbly clean and free‘qr impurities. A probe biased to electron
saturation in the D.C. machine will glow cherry red, which would
certainly seem to be endugh to boil away impurities. However, the
observgtions don't support this {dea, but apparent1§ imparting
momentum directly tp the impurities by 1on bombardment 1s more
effective.

Profiles of the various plasma parameters are made by simply
moving the probe through the plasma and taking I-V traces on a point
by point basis.

The error bars shown on the density data are based on
experimeﬁtal comparisons of the density measured with a microwave
interferometer and a Langmuir probe interpreted with the theory of
Laframboise.9"° For the very weak magnetic field thatiexists in our
experiment, the theory of Laframboise predicts densities that are less
than 203 1lower than the ¢true density as meésured "with an
interferometer. This 13 expected to be the dominant error
contribut;oq, and thus we conservatively place error bars of %20% on
the density data.

The dominant error source in the electron temperature measurement
is due the resistive impurity coat that forms on the probe surface,
and causes indications of higher electron temperature than is actually
preseﬂt.1u (Because the probe 1s swept Qlowly through 1its I-V
charaéteristic,-the capacitive portion of the impurity layer model is
ignored in the analysis that follows.) The resistance of the impurity

coat is typlcally .estimated to be of the order of 200-300 k ohms, but
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a bettér estimate ubon which‘to ba;; an e}ror=estiméte‘15 avéilable.
By subtracting off the ohmic voltage arop that occurs across the layer
‘'when current is drawn, one obtains tﬁe‘true voltage that the plasma
Sees at the surfacé of thévihpurity layer, For an assumed‘impurity
layer resistance, the plot of collected: current Qersus true probe
voltage should obey an éxpongntial Bolfimaﬂn relation, the best
expodential being given by an assumed layer resistance that equals-the

actual value. This procedure was carried out and found to work

.nicely, indicating a typical resistance of 25 k ohms, substantially

smaller than the reported values. This value of the layer resistance
causes the Te values to be typleally 20% too high. Once again this

appears to be the dominant error as reproducibility is no; a problem

in the D.C. machine plasmas, and thus a conservative estimate on the

error in T, is about »20%.

- The measuréd floating 'potential can differ from the ‘correct
floating potential due to secondary emission enhance& by work function
changes of the probe- surface again éaused.by an impurity laier. (The

' ch&ice of platinum as the material of our.probe tips reflects efforts
to minimize these gffects, Qs'plétinum‘has a high wori function.)
Typical errors on the floating "poténtiai are reported in the
literatured to be s 10%.° ' ‘

~ The méthods used for probe‘construption are a local standard and

" are adequately hescribed'elséwhere.15 It was soon discovéred that the

standard method of sealing the probeé stalk to the vacuum feed through,

‘namely high vacuum epoxy, would “not stahd'up-to 1 kW. of continuous

62

microwave bombardment from another .experiment on the D.C. machine;
Therefore, for prdbes that couldn't be withdrawn from the vacuum
chamber, another method of probe.constuctlon had toAbe arriQed at.
Fig. 3.3 shows the probe that stood the test of microwaves, and is the
probe used to take most of the data t& be discussed later. (Not shown

is the angled probe tip that made withdrawal through a vacuum feed

“through impossible.) The probe stalk 1is structurally supported by #31

Sauereisen high temperature cement. This cement 1s porous so a hole

{s drilled near the tip to avoid virtual leaks. The vacuum seal is

" mdde at the other end of the support with high vacuum epoxy. The.

probe support 1is m;de of ano@ized aiumunum. To prevent the probe
support and the wire to the probe tip from acting like a coaxial wave
guide and conducting micro#aves to.this outer seal, the cepteé wire is
wound . into a large inductor. To further prevent arcing rrbm the wire
to the aluminum support, the coil is surrounded with alumina'tubingﬂ
A similar prébe without the inductor soon saw the outer seal reduced
to ash. The D.C. voltage‘d}op gcross thg 1nduc;or 13 negligible as is
necessary for accurate 1I-V t%aces.

Striped Particle Collector’

For measurements of the plasma flux to a giQen surface striped

:particle collectors like .éhose used by 'Cavallo‘s and treated

theoretically by Max 17 and Mosberg18 were used. Neither of the latter
two authors treated the case of magnetic fleld lines perpendicular to
the'eollector-surrace, however, so we used the analysis carried out in

the field free case. Plasma'motipn along a uniform magnetic field is’




63 . 64

e ¥ 3 unaffected by the presence of the field. So, as long as the current
(5] . '

: 2 ‘9\\\ . drawn from a given tube of flux is much less than the cross fleld
e | w :
a l current that fills that tube, any field free probe analysis is valid.
? If the current drawn does approach the filling current, then one
$ ; presumably begina to encounter magnetic field effects as plasma wmust

w . . .

now move across B to get to the probe. Expericental observations,

KN

AR YWY AL XL & 00 Dk

both in our experiment and the experiments of othersg, support the use

of the field free analysis as well. A plane probe oriented

(22 TRY A

perpendicular to the magnetic field in the D.C. machine gives an I-V

ot Y

© trace that is very similar to that predicted by the field free theory,

(ATARLS

exhibiting good ion saturation current. On the other hand, a plane

probe with its face parallel to B exhibits a severely distorted I-¥
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trace in both the electron and ion collecting regions. The analysis
of Mak, for-the field free case, uses simple probe theory for plane
collectors. Therefore, we felt theé application of the field free

analysis to the collectors oriented perpendicular to B was Jjustified.

Shown i3 Fig. 3.4 is a typical I-V characteristic from one of the

striped particle collectors used, and is in fact similar in shape to

Cross sectional view of the microwave resistant probe, showing:

the trace expected in the magnetic field free case. Also shown is the

3.3:

circuit used to bias the collectors. Below a certain plasma density,

A-Saﬁereiaen cement as a high temperature support for probe tip,B-pump-out

hole,C-aluminum probe stalk,D-alimina inner eupport,E-inductor,r-vacﬁum

seal,G-microdot coaxial connector.

the I-V traces bear 1little resemblance to the traces shown 1in

B .
Fi,

Fig. 3.4, so much so that application of the theory 1s impossible.

The traces become highly asymmetric, and cross and recross the voitage

axis i{n an irreproducible fashion. It seems likely that this may be a

NQ SCALE

Debye length effect because for proper operation of the collectors the
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Fig. 3.4: A s‘implifieduschematic of the striped particle collector

and biasing circuitry. Also shown 1s an actual I-V characteristic. -

66

[
1
Lo
-
1 X

»Y




67

Debye sheath of each strip should‘ only overlap. the ad»jagent strips.
For the densities where the traces bdecowe asymmetric, the Debye
sheaths overlap several strips. To avoid this effect, the plasma
~ density had to be kept above this critical density for the "space of
the flux measurements. This unfortunately limited the u,‘sef‘u]f range of
the striped particle collectors.

Electrogtatic Enerey Analvzer

The ion temperature in the plasmas studied was measured using a

voltage swept gridded electrostatic energy analyzer that was
constructed and'ciescr!.bed by Navx'ati.l.19 Meacsured ion temperatures
4ere found to-be a function of the neutral pressure and range from
about .5 ev at 8x10™2 torr., to .1 ev at ex10™? torr., the operating
range of most of the expericents to be described. These results were
for a helium plasma but similar results were found for a hydrogen
plasma. These numbers are in t_‘ouy‘ agreement with the results of
Brown2® who also worked with a Lisitano source of ;about the same power
input.

Lollector Array

The collector array, used in experiments to be described, is

shbvn in Fig. 3.5. The array strips are simply copper strips attached
to mica insulators with epoxy, with each strip having a wire soldered
to the back that is eventuall; brought out of the vacuum vessel. To
zeasure the current out of each strip, one strip is shorted to the
rest of the array through a small resistor and the voltage measured.

Typically the resistor used is 100 ohms so that for the currents

Fig. 3_.5: Diagram of the collector array used to measure the
extent of the non-ambipolar outflow. There gié fewer ‘sétibs'shéwn

than actuslly exist in the real array.

T
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0

measured (usually tens of microamperes) the voltage offset int|roduced
to the collector strip ‘monitored is at most a few thousandths of a
volt. Voltagés of the or;ler of volts would be necessary to seriouh;y
perturb the measurements. The 'array- was chemically cleaned before
mounting in the machine. e ) -
Electron Gun _

An electron gun‘ that could be inserted through a probe port was
constructed in the éarly phases. of these ‘experiu‘xents, as a method of

following certain characteristic field lines.. The gun is. shown

"schematically in FPig. 3.6. Accelerating voltages of up to 400 volts

could be tolerated before arcing between the two cyl:lnﬁers occurred,

with about 10 ma of current out of the gun. Firing the beam through 5
aicrons of neon"gvas was easily visible as a bright orange -trace that
followed the magnetic field 1lines. This' gun is. modeled after.an

earlier gun that was constructed by Paul Nonmn. -



Fig. 3.6: Cross sectional view of the eleétpon gun showing
A- the filament,B- the inner and outer accelerating cylinders,
C- the support stalk,D- epoxy vacuum seals located as far away
as possible fr&m the hot filament,E- machine ground,F- alumina
tube to support biasing wires,G- set sérevs so that top may be
removed ,H-~ biasing wires,I- Sauereiseq cement as a high

temperature insulator between-cylinderé.

n
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- Chapter 4

As discussed in the first chapter, an essentlal ingredient.: in
understanding‘ the operation of a divertor and being able to predict
its performance is the physics governing plasma tlo.w in the scrape-off
zone. In this zone plasma is not only difrusiné across magnetic t‘ield

lines but is also flowing parallel to the magnetic fleld into a

neutralizing plate.A These processes are comon to all types of

divertors; the purpose of the experiment described here is to
investigate ‘these features. While the plasma in our experiment has
're»'ri, which is the opposite of what one expects in a large Tokamak
divertor experiment, and the neutral pressure is uniform (but roughly
the same in magnitude as the pressure expected in the punping chambers
of these same Tokamaks) thé results can contribute to the general

understanding of the problen. In fact phenoména which can not be

observed with diagnostics that only yield line averaged paramef.ers',_

can be seen 1in our e%periment because of our capability of using
probes. On the o_ther hand, phenomena sueﬁ as un>1polar ares, 107;
sputtering, secondary emission or neutral pressure buildup resulting
from plasma neutralization are beyond the scope of this exneriment.
Our initial cbjective was ;.he choice of an appropriate magnetic
field configuration from the two described in ehapt.er two, and to this
end the configuration shown in Fig. 18.1 was 1initially chosen. The

reason for the choice is twofold:

Pip. 4_.1: Schematic of the magnetic configuration chosen for

the divertor experiments. Indicated are the field nulls, and the

initial collector plate location at E. The profile scans for the

mull leak experiment were also made across the field lines at E

76



fe————— 66 Cm
L=<

SEPARATRIX

77

>l

78

1. Ihe conficuration with the additlon of the particle collsctor
at E of Fiz, 4.1 simylates 3 divertor, Some 6!‘ the plasma diffuses
across the separatrix; c, ontc; thé field linesvenelrcling the internal
ring, F.A These field lines inter’sect the metal neutranzaing plate at -
E. This area simulates the scrape-off zone, whlle the rield lines at B

connected to the source simulate the main plasma region of” the

Tokamak. Our conriguration is, in a sense, "inside-out® in compariscn

to the usual arra.ngement or the scrape-ofr zone on the outside of the
main plasma in a Tokamak but this is not believed to be of any
consequence. The essential transport problem of plasma diffusing onto
field 1lines 1nterse.cting a neutralizing pléte is modeled by our
éonfiguration. . . ‘ ’

2. Ine confimuation is M.H.D. stable and the cross fleld

diffusion coefficie g; has D__e_n. meg;ungg. According to M.H.D. theory‘.

a low beta plasma-magnetic field System is stable to interchange

instabilities if
dP d dl
—_) (= >0 a1
(dw)(w(§—_§)? | (4.1)

where P is the plasma pre-ssure. A qualitative plot of P and §— is
shown in Fig. 4.2 which shows the stable nature of - this
configuration.( This diagram is based on the measured density profiles
and the calculated field line integrals. The magnitude of each curve

has been adjusted .so they coincide for easze of comparison.) The




Fig. 4.2: Qualitative plot of P and §d‘1/B‘ versus: Y taken at

E of Fig. §.1.
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loéarlthmic divergence of at the separatrix 1is the result of

T

carrying out the line integral;over the field nulls on the separatrix
surface. ' -

Further verification of the stablé nature of this configuration
comes from earlier"vork done on the D.C. machine.2 The perpendiculér
diffusion coefficient was determined from an analysis of the measured
steady-State denéiby profile and from Ameasurements of thg radial
plasma' “loss. The dirfusior.l coefficient was found to be- within. a
factor of two of the clas_slcal a;nbipolar coefficient for a partially”
ionized. gés, indicative of the lack‘of:- instability driven diffusion.
Experim.entally,vthe absence of low f‘requency'nuctuations confirms t.he

stablity of this configuration.

‘An M.H.D. stable plasma éonfiguration i3 an obvious= necessity -if

one wishes to .study divertor phenoxena and not @oss

* M.H.D. .instabilities. From a practical experimental point of view,

thl; la:rge fluctuations asso'ciat.ed with M.H.D. instabilities would
greatl; complicate the acq'uisitiém of data by any means. Furthermo}e,
futuref devices will be designed to have M.H.D. stability at least.
(Removing the plasma with “the divertor plate may invalidate ;.he

concep;. of average good curvature, because it can Iinterrupt the

‘paralle‘l electric;él current between regions of good and bad, curvature.

Thus evaluation of the M.H.D. stability of a given configuration may
await e.;:perixiient.) Also._kncwipg Dy from Ref. 2 enables one to

attribute any change in the diffusion coefficient to the interaction
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of the particle collector with the plasma and provides a ba:‘;;s of
comparison.

Fleld Null Plasma Leak Experimeptas

- Prior to the installation of the divertor plate and the start of .

any divertor experiments, the effect of the field riulls on cross field

plasma transport to private field lines was assessed. Field nulls are
also a fgature of bundle divertors and toroidal divertors have a near
null, in that the weaker poloidal field is .still present a't the
toroidal null. Field nulls have been shown3 to allow cross 'fiel-d
transport due to nonadiabatie particleA moti:on ‘at the zero of the
t‘ieid,- which might conceivably be greater than the cross field
transport over the separatrix magnetic.surface. '

It .uas' decided that‘fhe' easiest way of experiméntalgly assessing
the magnitude‘or the plasma leak through the null ,would 'be to
eliminate it and observe the change 'oq plasma profiles inside the
separatrix. Ir theA nulis provide a source of plasma inside the
s-eparatrix that is a large fraction of the cross field diffusive
soixrce,. the profiles should change substantially if the nulls are
shielded from impinging plasma. Our method of achiéving this was
simply to insert metal disks between thé null and the plasma ;mrce
outside mé‘sebaratrix so that plasma could not reach the field nulls.

The first order of business was the location of the fieldvnull.-.
inside the device. Initially the 'null was roughiy located usfng the
electron gun fired thr-’oual a background of neon gas. when the gun sat

on the separatrix, because of the finite width of the beam; a trace
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could easily be observedlroll'.ouing field lines on. eithér side 6!‘ the
null. "The hull was roughly half way. between the traces. A Amére
precise null location was obtained by letting thé -n;ac-hi'neA up ito air
and searching for siﬁ:ultanepus .zeroes in the axial and radia; tieids
with a Hall probe. The null located in this fashion was c;méareq with
the null location predicted from a .computer routine that searched’ for

the null on axis. At first the two didn't agree, but. it was

discqvered ihat} the front panel meter of the Magnaflux was reading

1408 of the actual current value. When this was corrected the two’

agreed to within a few mm, an error easily explain‘ed by coils that ‘are
" not the somewhat idealized current filaments that are used in the

code.

.."A stainless steel disk was therefore mounted-on an alumina stalk.

to act as a null blocker, and fashioned is such a way that it could be
. moved from the null while the machine wés undex; vacuum: The disk was
4 cm in diameter and céntered on tk;e nvll., The laré_est leak near a
t‘iel.d nﬁll oceurs at the null. However, even near the null particle
arbits are such that they may cross the s.ep:ar'at.x‘ix.1 To "aftect the

null source as much as possible, the disks were made large to block

those particles whose orbits .make - large. exéuxjsibns across the

sepérat.rix according to the thequ-y of Schmidt in Ref. 1.

Plasma parameter scans ‘with"and‘ without the-null blocked where
made across t.he"magnetic field at E of Fig._ll._1. The &ensity pfofiles
in these two cases are shown in Fig. 4.3. The im'ﬁorta'nt point to note

is that the shape of the profiles is the same, which 1s not what one

et PigLS 4,33 " -Dedisity s¢dns ‘before (upper curve) -and-after:the - -

magnetic field nulls were blocked.
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" would expect if the nulls were-a significant source of plasma., It was

-suspected that the Lisitano source was. perturbed by the disk's

supporting'stalk where it crossed the separatrix; this would explain

the lower relative denaity. To insure that this was indeed the case;

a probe was constructed with a stalk of the same size as that. of the
null blocker support, but that was Jjust long. enough to cross the
separatrix with no disk at its end. _Density scans with the test probe

inserted and withdrawn demonstrated ‘that the lower relative .density

. was due to the'plasma source being perturbed. The mechanism by which

the stalk perturbs the Lisitano source 1s not well understood, but the

‘- stalk may short .out electric flelds 1inside the source. that are

critical to its operation.
" The validity of concluding that the null is 'nbt‘ acting like a
plasma source can also be seen 'by a rough calculation. The particle

current I‘.l éscaping through a point cusp is given byu

kT ’
Fy=nwpg pe(—H—e)Vz, o ' (4.2)
4 . .

where py and p, are the ion and electron gyroradius evaluated at the

. cusps field inaxizqum, n 1is the "ion .density, 're is the electron

temperature, Hi is the ion mass, and k 1is Boltzmann's constant. (This

calculation assumes _t.hat in the steady state, the cross field

‘t'ransport 1ht'o the cusp balances the t‘low(out..) For our parameters
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(B2100 G, py D,=.05 ‘@?, T,75 eV, T,7.1 eV) T,=3x10'> particles/sec.

The diffusive particle current, I’Z, is given by

T, = (-D, Vn)A (8.3)

sep’
where D, is the perpendicular diffusion coefficient and Agep 1s the
area of the separatrix magnet’ic surf’éce. Using classical diffusion
due to ion-neutral collisions with ﬁur experimentai paraﬁleters,
r,27x10'6 sec™!. ' Thus the diffusive transport is better than ar
order c;r magnitude greater than' the non-adiabatic transport for a
conservative choice of parameters.

Having determined that the mills are a negligible source of
plasma, collector plates were 1_nsta}1ed around the outer periphery of
the‘i.nternal ring, as shown at E of Fig. 'll.l. The collgctor was made
of aluminum and electricélly » 1sola£ed from the internal ~rjing.
Aligﬁment of the edge of the eoilector was again ‘accomplish,ed with the
l.:elp of " the electron gun. Measured profiles on field lines that
intersect the collector showed a significant change from the profiles
taken before mounting the collector, and behaved consistently with the
collector acting asA a " particle a!id 'energy sink as expected, Our
investigations of the plaAsma behavior 1in this arrangement of the
collector ended here for a nmﬁper of reasons. 'Firs't of all, the
prot‘ilesl in the scrape-off zone evolve in the space of only about a

centimeter, which is about ten probe tip dlameters: Thus gradients in

density and temperature are not negligible over the diameter of the‘

probe, and some spatial averaging is inevitable. Secondly, the high
magnetic field (800 G.) in this area makes the applicability of the

theory of Laframboise doubtful (i.e. p4=.6 om, P .1 mm, and

therefore pe<. pi«Dp the probe tip diameter), ‘Flnany, because so

few points are obtainable in the course of completing a profile,
experimental uncertainty makes the profile shape less determinate.

The solution to all of these problems is to allow tﬁe same field

lines to intersect the collector plate, but to place the collector

plate inside the internal ring as shown in Fig. 8.4. Now the average

"'magnetic field strength drops to around 20 G. ¢ Py=2.5 em, P =1.1

mm, and importantly pi>>Dp') In addition, the resulting spreading of
the field lines means the profiles evolve in tens of centimeters
instead of just one centimeter. The problem of aligning the collector

plate with the separatrix magnetic surface is avoided entirely, as the

_magnetic field now defines the scrape—off zone.

The plate itself is again solid aluminum, cleaned with Oakite
before in.;;ertion into the \?aéuum chamber. Electrical isolat‘ion is-
provided by Teflon supports -inside the internal ring, that also hold
the plate in place, and allow the plate to be biased with ‘respect to
machine ground. To completely eliminate any eft‘eéts of null scattered
particles, a ten ceptimeter holeawas cut in the center of the pla;g.
Those- field lines nearest the null, and thus most likely to have null
scattered particles on thems, do not strike the plate and they must
again beAdit‘fusively transported to the experimental region in front

of the plate. An additional- advantage of the hole s that the



Fig. 4.4: The final configuration of magnetic field and collector
chosen for the diver:ot.stﬁdieg. Shown ére: A-Lisitano source,
B&D; source plasma on non—-diverted field lineé,C—separatrix
magnetic surface,!-collecfor plate location,F-ingerhal ring,

" G-Belmholtz coils,B-end or mirror coils.
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juxtaposition of field lines that do and do not strike the collectbr
‘plate allows study of phenomena that occur in the transistion of

diverted to non—diverted plasma. Thls transition from closed to open

field‘ lines also Dbetter models a Tokamak divertor, where this-

transition occurs too. All of the data presented in the rest of th;s'

thesis was taken with the machine in this configuration.
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Chapter 5

a

Divertor Experimeqgts

For reasons discussed in the previous ‘chapter, the configuration

of magnetic field and collector that is used throughout these

. experiments is the one shown im Fig. 5.1. All of the parameter
profiles to be shown vereAtaken between the.arrouheadslat letter I in
Fig. 5.1, parallel to the collector p1a£é and about 2.5 cm away from
the plate axially with a spherical tip Langouir probe. The cente;
line shown in Fig. 5.1 is the origin of the coordinate system used,
and the edge of the collector plate ;s at r= 5 cm with increasing r as
one moves towards the internal ring; Hydrogen and Helium plasgas were
Aused for the majority of the data to be presented, and because the
results obtained did not,dirfér.qﬁalitatively, but only quaﬁtitatively
in. ways attributable to mass difference? the plasma used in each caée
is specified only when such a mass dependent difference occurs. Shcwn
in Table 5.1 are typical parameters in the experiment region. The ion
temperature for the experiments discussed was xeasured vi;h a gridded
electrostatic analyzer, and found to range from .1 to .5 eV and depend
depend cnly on the neutral densiiy. Tnis is in rough agreement with a
previous spectroscopic determination of 11.1

For comparison purposes, a profile of density, n, and electron

temperature, T_, was taken before the instaliation of the divertor

el
‘collector plate and is shown in Fig. 5.2. Figures 5.3 and S.4 show

profiles of the electron temperature, floating potential, - ¢r, and

94

Fig. 5.1: The configuration chosen for the divertor studies
showing: the region that all the parameter scans in this chapter
were taken in (i.e. between the arrowheads),.J- the region of the

first collector plate.



Table 5.1

Neutral Density - 1012 - 1013 cp-3
Plasmg Density = 108 - 109 eo™3
Electron Temperature _,5 - 10 eV

Ion Temperature = .1 - .5 eV
Electron-Neutral HeanAFree Path 300 cm
Ion-Neutral Mean Free Path ~ 18 cm
Debye Length ~ .2 oo

Electron Gyroradius 1.1 om

Ion Gyroradius f:2.5 cm -

Average B ~ 50 G
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' Fig. 5.2: Density and eléctron temperature. before installation

of the divertor plate.
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Fig. 5.3: Electron temperature and floating potentfal after the

installationAof the plate.
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'I-'ig‘ 5 lo Plasma ;ensity'.af'ter the installatfon of the »colle'c'tor.'

plate. -
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density in the experiment region with £he divertor plate 1in place.
These profiles are symmetric about ithe axis of the machine and are
identical on opposite sides of t.hé collector plate.

The density and temperature sl;ow the'expe‘ct.ed decay, dlue to the
oollector plate acting as a particle and 'energ sink, in compa.rison
with the no‘ collector éase. The sigxificangé of the floating'

potential contour is most easily seen if one considers the .difference

on,- °tc vs. radius, where ¢fp is the floating potentialA of the

probe and ¢fc is the potential the plate ‘assumes. This difference 15

plotted in Fig. 5.5. On_a given field line, when °fc= ¢fp' equal

fluxes of ions and electrons strike the collector plate where this-

field line passes through the plate. (We are assuring here that the
probe floating potential on a given field line is a good measure of
the potential that the collector would’ have to assume on this same

field line so that it too would locally collect no net electrical

current. The botential vwhich a body immersed in the plésma must -

assure so that the fluxes of ions .and electrons are eé‘uél'is the
definition of the floating potential). To iquest order,' :when
¢fp"' ¢rc: Ad ’ 1; 'pot equal .to‘ ,iero, 'uneq\_xal fluxes of 1ions’ aAnd
electrons will striké the plat;e and the par;allel flow is nonambipolar.
'-fhen 8¢ >0 more.ions than electg‘onsﬂt’low along fi_e'ld lines to ttge

collector, and vice versa for A¢ <0. These areas are indicated in

Fig. 5.5. VWhenever there is non-ambipolar parallellrlou, t.he. ste:z-idyl

state continuity equation impliés that there is 2l1so non-ambipolar

cross field transport.

Fig. 5.5: The quantity Ad vs. radius with the plate installed.
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'et‘fects is to attempt to remove them.

) the floating pot.ential with all of its possible errors.
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Sev'erai essmptions are implicit' inA the above di‘scussiod. These
asstmpt.ions will add small corrections to Fig. 5.5 but not. change the
conclusions of this Aseetion._' &19 assumption is that the electron
temperature is cornstai:t along the portion of the magr_letic field line
that pasees between the probe and collector. This is certainly true
becauee the electron pean free path (ﬁ 300 ani) i3 much greater than
the 2.5 om distance bet;ueen collector and- probe.
verified .by measurement. of the eiectron temperature at the collector
plate.) 'rwo other approximations are inherent in the above discussion.

The first is that there is no offset in the floating potential of the

»probe or collector' such ‘an ofrset could be caused by impurities on

the surface of the probe or eollector. The second tis that the
spherical probe cip will assume the same floating potential on a given
field line that a plaqe collector would,

that there are no geometrical effects that uill cause a spherical and

planar probe . to float at different potentials in the same plasma. Of

course, both of these effects do exist but the question to be answered

is how severe they are. Presumably if either of these effects is

. .large enough .the existence of non-ambipolar flow is in question.

Perhaps the easiest way to assess the magnitude of these two
In order to eliminate these

sources- of error, it was decided to try to measure the net current to

the collector plate’ as a function of radius rather than infer it from

’I'o preserve

overall charge neutrauty, the collector plate must conduct excess

('l'his was also .

In other words it is assumed :
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electrons from the ellec.tron outflow ‘region to the area ‘of net ion
outflow. This peutraliiing current was detected ‘directly by mounting
an array of conducting stri.ps ‘on the divert_.or plate but 'insulatled_ from
it; this is shown schematicéily in Fig. 5.6. ‘l'hé array of s_trri‘ps was
intended to act as any ‘ty‘pical Sectiﬁn of the collectér plate would,

with the added feature of allowing the current that flows within the

 plate to be measured. The separation between strips 1s less than the

local Debye length.' Each segment could be individually shorted to the

rest of the array through an ammeter tc.; measure I .4, the neﬁ currént
to the segment. This concept is illustrated im Fig. 5.7. Figure 5.8
shows the net current'measuréd by this method as a function of radiu_‘s,
and Fig. 5.9 shows the current density to the strips. The latter is

shown to compensate for the differences in the areas of the individual

- collector strips. One notes that this mpethod of uweasuring the

non-ambipolar paraliel current has the same ‘gro'ss' features as the plot

~of A¢ vs. r. (There are however small differences that will be

. discussed shortly.) It is found that the current outflow sumsed over

the array equals zéro as expected.- A Ameasur,e‘ of the degree of
non-ambipolarity of the .parallel flow in regions of a given sign of

I et cao be indicated by ‘the ratio I>71<, where I> is the dominant

current of .one species and tﬁe__ 1< the .smaller .current of the other

species. (For example Vhere‘.lnet".’q' I> is the ion current and I< the

electron current.) Using simple .probe théor:y to infer I> and I< from'.

the locally measured plasma paraceters and the measured sheath -

potential drop, I>/I< ranges from 1 to 5 in both outflow regions.

Fig. 5.6: The segmented collector used to measure I _
. ¢ o ne

t
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Fig. 5.9: The ‘net current to.an array strip divided by 1its. area

.as a function'6f radius.
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One consequence of this unequai charge outf}ow is a monotonically
increasing - value of t;he plara‘met.er In 4(n=sheath pof_.ential
drop/electron temperature) as one moves. deeper into the scrape-off
zone. ﬁe exper-imentally .determined sheath drop is' deduced l;rom the - ) . ) T ' *

relationship
¢p = ¢fp +* u'l'e, . . . (5.1)

where op is the plasma potential, ¢t‘p the measured probe floating
. potential and a a'cdnst.a'xit that depends on the ion and"eleétron mass,

and the shape of the probe.3 The sheath drop ¢4 1s then
$g = ¢p- drs ' ’ (5.2) g Fig. 5.10: n= e‘#/k'l'e vs. radfus.

where ¢fs is the potential of'.the ‘collector segment that the probe .is
in front of. In thev presentAcase all the strips .are gt the same
potential. Dividing by the meas‘ured value of 'fe gives n , and this is
shown as a function ot. radius is Fig." 5.‘10:. ‘The ele'"ctron flux tLhroi.:g.h

the sheath is determined by

- Tneg = n(2" ‘

KT - -4 L -
e 1172 8y - . :
CENE S . B

and thus the electron flux through the sheath 1s exponentially

dependent on n . The horizontal 1line in ‘Fié. " 5.10 1s drawn iat. the
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val\Axe of n where the electron flux equals the ion flux,' and thus
again f.he electrons éa_n rééch the plate in grAeater nuﬁ:bers ti':an the
10n§ at small rad_ii,i bﬁt are éieetréstatically constrained from
reaching the plate af large'radii; (The bre-sheath potential drop is
relatively unchanged across the scrape-off zone, and‘ th.us ‘so is the
ion acoustic velocity of the ions. Therefore the ion motion is
relatively unaf!‘ected as compared to the an;blpc;lar case.) One still
has qp_arge neutrality Autside of the sheath in 'thi‘s.' region. The
location of the horizontal line 1s_determ1ned by the value of a for a
plane collector, and it i‘s.l’ only \ghe{: the curve of n vs. radlus

intersects this line that ambipolar flow occurs. .That is when

[( ¢,p.‘are) - b

Te

a's " (5.4)
whére a 1is the v"aluei of the constant apprqprlaté for a spherical
collector, and a' for a plane collector. vfro understand equation 5.4
note that if an array strip is floating, then equation, 5.1 is
applicable to both collector strip and floating probe on the same
field line if the appropriate values of a are used for gach. That 1is
either can be used to deduce Vthe-'pl;a;ma iptna‘tént.;a]; t.vhe’n the proper

value of o is used. In this caze one can write

$p = brg* @'Tg = pr’ aT,. . L e . (5.5)
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Subtracting ¢rs‘_from both .sides, and dividing by Te ylelds the value

of a for a floating strip, which is equation (5.4). The predicted

outflow regions as measured by this method agree well with the valuee )

shown in Fig. 5.8;'

The magnitude of the measured net current at each st.rip of the
array is found to be in good agreement that 13 well within the
experimental uncertainty, with the value calculated using the measured

value of a in the simple probe theory equation

Inet = nA
D

which assumes collection of the 1pns_ at the 1local ion .acoustie
“veloecity. In this formula the density, n, the eléctron temperature,

T and the floating potentlal,@.f.‘ are measured by sweeping each

et
'strip through its I-V characteristic, -as it is allowed to electrically
. float away from the array. ‘Table 5 2 shows the Ac‘ouparison of ‘the
measured net current and the calculated current -using the measured
value of the sheath potential drop. 'l'he correct value ot‘ n_ 1s egain
calculated using -equation 5.1. The \_r_alue ‘of a. can be exAperi'mentallly.
determined by varying a 1An‘:equ_ation_ 5.6 _until a best fit with the
data is obtained; the best f‘if. value ‘is ‘lfourid-lto agree well with the

value of a from simple ‘probe theory

KT KT, '
stripet(jgf)llz - G )1/2exp( nil, - (5.6)
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Table 5.2. X
Sul_nanlagn of Measured Net Current to &hﬁ
AIIQ! §&1‘.LQ§ Salnul.a&.e_d NE&. Current
2 -6.68x107Y © -8.09x10~
4 -1.15x1073 1521073
6 -1.77x1073 -1.28x1073
8 ~1.17x1073 -1.4x1073
9 -4.83x107" -1.68x107
1 +2.02x1073 +1.67x1073 ",
1 +1.88x1073 +1.28x1073
15 +1.u2x1073 +1.28x1073
17 +5.0x1074

+3.34x107%
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It is interesting to return_;brief}y to the method that compares

- the i‘loating potentials of ‘probe' and array to detect non-ambipolar

flow, and compare it to the direct current measurement that is not
subject to the errors of the former. Comparison of Figures 5.5 and
5;8 reveals that the two méthods don't egree as to the exact spatialh
extent of the outflow regions. Becanse the current measurement method
detects the unequal outflow directly, possible sources of error in
this technique are external to the experiment (i.e. in the measuring
apparatus) and can be climinated. Therefore it 1s natural to ask
where thé sources of error arise in the method that relies on the
comparison of floating potentials of the array and probe. Of thAe

possible scurces of error that were mentioned earlier, -let us consider

the effects of impurities first. First, no zmount of ion boobardment

cleaning of the prob_e or array caused the observed offset in these two
methods of detecting non-ambipolar flow to decrease. Cleaning was
often tried for periods ot‘ twenty minutes or more with no effect.
Electron bombardment cleaning was tried as well,often heating the

probe to 1ncandescevnce,' with no effect. Sweeping the probe through

its I-V characterist‘ic rapidly has been mehtioned in the literature as’

a means of detecting the presence of impurities cn a probe surface.u

Any discernable hysteresis in the characteristic indicates an impurity

layer on the probe. The probe was swept at various frequencies and no
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hysteresis uas_observed. There are undoubtedly' some impurities on the
probe and erray, butAw-e_ coficlude from the above obser;lat.i.ons that they
have a neg}lgible effect on the measurement of the ‘floetin'g potential. .

‘Geom'et.rical differences can also cause éwo‘opjects in the same
plasma to float at dit'ferentl potentials. Fig. 5.11 is reproduced from
Lafranboise3 and shows a dimensionless ion current 1¥ to a spherical
probe on the ordinate vs. dimensionless probe potentiai on the
abscissa. Each curve is parametrically dependent in addition on the
ratio Rp/ )‘d' che ratio of the probe radius to the Debye length. Also
plotted on the graph, shown with a dashed line, is the electron
current in the retarding region that is given in equation 5.3. The
intersections of these two curves mar_k' the d1mension1ess potential
wnere no net current strikes the probe. This value of e ¢f/k'l‘ is
nothing more than the value of a for a given R / Xd Note too that
as R /Xd gets large, the intersection of  the electron and ion
currents moves to the right on _the curve, and approaches the value
13.22 which is the simple probe theory estimate for aipha.' This 15
exactly the 1imit that one would expect 1ntu1t1ve1y. Thus tne correct
alpha to choose ror a given di.mension of one s probe tip depends on
the comparison of this dimension to a characteristic scale length of
the plasma, namely the Debye length. A spherical probe becomes, in a

sense, like a plane as far as the plasma is concerned only when the
probe ‘size is much greater than a Debye lengt.h. To see 1r this sort
of geognet.ryv effect cou_ld”cause the observed offset, the array strips

themselves were used to measure the local floatine potential by
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Fig. 5.11: I#(dimensionless ion current) vs. dimensionless probel
potential with respect to the space pofential for cold ions, for
various values of the ratio of the probe radius to the Debye length
for a spherical probe tip. Shown also is the electron current
(dashed line) to the probe vs. the same dinensionless potential.

(Taken from Ref. 3)
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i{solating each str;ib in turn eleqtr:ically from_the rest of |t.he array,
and measuring its potential. Because .eac'h strip is a plane collector
the géometrical effect should be eliminated. Inv fact, exact agreement
lis observed bet'.w_een tﬁe potential and the currént. methods of measuring
the outflow if the array strips are Jsed. That 15. the spatial extent
of thg nbnambibolar rl!;pw Fhat onefybuld d_educe from this measurement
of n is the same as the current diagnostic. This 1is shown in
Fig. 5.12, and comparison with Fig. 5.8 does indeed sfxow agreement as
to the spatial extent of the non-ambipolar flow. One can concludé
that the observgd offset is due entirely to the spherical geometry of
our probe tip. I ‘ -

This result allows one to experimentally measure a value of alpha
for a spherical probe tip. Rearranging equation 5.5 allows one to

write the condition for ambipolar flow as

¢ep = bgg = (a’'-a)T, (5.7)

where the symbols have .t.he same definition as before. In Fig. 5.5 the
_assunption a'= a was made so the condition for ambipolarity was
-“°fp'. bps = 0, or where the experimental curves crossed the x-axis.
The gorrelct' condition for ambipolarity, th;‘-xt takes into acccunt the
géometrical effects discussed .above, would plot the experimental
brp- g -VEPSUS (a'- q‘)Te. and no;v the intersection of‘ the two
curves correc‘tly 1r‘1dnichatés equal ch’arge outtf‘low. When this is

actually done with the experimental data, tne current measuring method

Fig. 5.12:

A® taken with the individual array strips vs. radius.
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agrees w_elll with the floating potential method, as shown in Fig. 5.13.
However,  the uncorrected curve proﬂdes a measure of alpha for the
probe. Typically when the current diagnostic indicates a crossover to
opposite charge outflow, the uncorrected floating pot.enti_al diagnostic
reads a positive .5 volts. Therefore the value of alpha for a probe
for the case of a Helium plasma of electron temperature 3 eV at this

point must satisfy

(a'- t::)'l‘e = (16.22-0_ )3 =

or solving for alpha gives a =4.05, where the value 3.22 is the simple
probe theory estima.te “for thg value otlaliaha for a plane probe. This
agrees well with the predictions of the theory of Laframboise.
(Rp/ Ad>10 for most of our plasmas.)
Theory of Non-ambipolar Diffusion

The theory 9!‘ non-ambipolar diffusion was first presented in a
paper -by A. Simon® to describe some experimental findings in arc
plasn;a experiments that were incorrectly attx;ibuted to instability
driw;en di.ft‘u:zion.6 The possidbility and effects of non-ambipoiar
diffusion in .a divertor were first discussed by A.H. Poozer, but; from
a different theo_retical‘ standpoint.7 As an aid’to one's intuition
about this phenomgna, presented here is a brief description of the

underlyingz physics based on Ref. 5. A more. formal derivation can be

found in Ref. 8. In a plasma with no magnetic field, the electrons

tend to diffuse out of a system faster than the ion species. A space
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-charge buildup occurs with a resqlting electric field that re&uces the
electron current and maintains space charge neutrality. There results
the familiar ambipolar diffusion coefficient, which is the same for

both ions and electrons approximately given by

2p b
+ -

D= W' (5.8)

where D’ and D_ are the ion and electron diffusion coefficienté;
Imposing a magnetic field has the effect of reducing the diffusion

across B to the values

D [+
Dyy = —;2 (5.10)
+( 6, r§)
D o
o=
1e( o_ ‘l’_)z

where the superscript zero indicates the field frée value, and
ws+=eB/M+e and f is the mean free time between collisions for ions
and electrons. The diffusion cocefficient alcng the field is the same

as the B=0 value. In our experiment ®_ T_>.w’ T§>>1 so the ordering

Dy _<< Dy, << D+° = D#n (5.10)

_diffusion coefficient would be D;=2D, .

132

applies. One wmight think that, since the lons diffuse more rapidly

across the field than the electrons, an ambipolar electric rieid would

result that would speed up the electron diffusion so that the overall
When the magnetic field
intersects an end wall or a divertor plate, as in our case, this is no
longer true.‘ Because the parallel and perpendicular conductivities
obey relations similar to equation 5.9 and 1inequalities similar to
5.10, (1.e. °"e>> 04, Where @ 1is the conductivity), any inequality
in the space charge can be removed by the flow of parallel currents to
the divertor.plate. Referring. to Fig. 5.7, any electric field buildup
can be counteracted by an enhanced electron flui to the plate at one
location, and an enhanced jon flux at another location to preserve
quasineutrality. The plate itself participates in the conduction by
carrying electrons from the region of enhanced electron outflow to the
area of enhanced ion outflow. Thus, this "ghort ciréuit” eliminates
the need  for an ambipolar electric field in the perpendicular
direction. Furthermore, because there 'is no electric field .to slow
down the ion diffusion, the ions diffuse at their own characteristic
rate.

The phenomenon of non-ambipolar transport may be of interest in

tokamak divertors where a conducting target plate 1s placed across

_field lines. as in this experiment. Whether or not it will occur in a

tokamak divertor depends on whether v1n> Vye? where vi is the ion

n

neutral collision frequency and Vie is the ion eiectron.collision

rréquency. For example, the collision frequencies can be shown to be9
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8(2 nme)”zn anhet !
vie 3 S (5.11)
3m,Te 70Ty
N A
Vin = B Gog{=1)12 ' (5.11")
1

where n {3 the plasma density, n, is the neutral density, fn A is the

coulomb logarithm, @, and my the electron and ion masses, T_ and rt.

e e

. the electron and ion temperatures, and o1 the ion neutral collision
cross section. For parameters typical of tpé PDX device: 1'1:50 eV,
T,20 eV, ©0,,35x107'%a?, ta A 216, m,=1.67x1072" g, m_:.91x107%7 g,

the scaling with neutral density and pl-asina density are

= n(2.28x10°'0) sec™

"1e

Vin nn('3.ll6x‘|0'8) sec”!

Therefore, unless nn/n is '6.6x‘IO'3 of less, neutral driven transport
will dominate in comparison to classical diffusion. Neutral pressure
in the divertor chamber may be as high as 10'" torr or i’xigher. for
plasma densities of 1012 cm'3, neutfal transport will dominate. If
vie"vin charged par(‘.icle transport uillAdominate the transport and
the cross Af!.eld flowv may be automatically ambipolar due to
conservation of momentum in charged particle collisions. (This may

not hold up in plasma systems that have a finite length along B.) It

3
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is interesting to note though, that the theory of Boozer! is for a
. . ) .

‘mlly fonized plasma and yet still predicts non-ambipolar diffusion.

If, on the other hand, instabilities dominate the cross field

transport, the flow may again be ambipolar because the time averaged

- ExB drifts will move ions and electrons across the field lines at the

same rate, unless there is a localization of the driving instability
that could cause resonance effects. For pressures below 1073 Torr,

Bohm diffusion will dominat_e classical ion-neutral collision driven

transport. However, for pressures above this number, 1on-neu-tra1-

classical diffusion canAagain become comparable to Eohm.

If the flow is non-ambipolar, one can expect most ‘of the
electrons to exit the plasma where the separatrix intercepts the
divertor plate. An electron "hot spot” will result as many more
electrons will deposit their energy there. ‘i‘he ion energy flux will
also be present, but its deposition profile will be unchanged from the
ambipolar case. The energy flux to the collector plate from the

electrons is given by

kTe 1,2
Q= n‘exp(-e ¢s’kTe)(5;1;') “le ¢ 4+2kT,] . - (5.12)
e .

assuming a Maxwellian distribption of electrons, where aéain ¢s is

the sheath potential drop, and n is the density at ﬁhe sheéth edge.

Assuming that the density and temperature profiles remain the.same in

the ambipolar and non-ambipolar case, the ratio of the. non-ambipolar
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to the ambipolar heat flux varies from 1.5 to 1.7 for ocur experimental
parameters. That is, in the region of the electron ™“hot spot" the
heat flux from the electrons is 50% to 70% greater than in the
ambipolar case. )

It might also be 'thought that the larger diffusion coefficient
that occurs for non;ambipoiar diffusion might chance the shielding
efficiency because the cross field particle flux will change.
However, reference to equation (1.17) indicates the shielding to be
only a function of T, and the plasma flux that crosses the
separatrix. The actual profile wmay change, but‘ the shielding
properties don't depend on Dj.

The adverse effects of non-ambipolar flow make it desirable to be
able to eliminate it. To this end each strip in the collector array
was allowed to separatély electrically float to eliminate the shorting
path from electron to ion outflow 'region and hopefully force ambipolar
cross field and parallel to the field flow. An insulating layer was

placed on the back 'side of the divertor plate to prevent shorting

there, where the same field lines that intersect the array also strike

the collector plate.

Figure 5.14 shows the profile of n before and after the shorting
path through the plate waéiremo.ved, for a hydrogen plasma. .(.'rhe‘
data shown in Fig. 5.10 was for a helium _piasxha.) As is evident, the
s;:ale of the t..he outflow has been changed but the fact remains that
the parallel >now 1s still non-ambipolar. The wmagnitude of the

outflow imbalance has also been reduced. At radii smaller than 11 cmo,

Fig. 5.14: n with the array strips shorted together and indiv-

idually floating.
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the outflow still shows the characteristic net electron outflow

] LI I l I | T 1T bt T 1 ' . followed by net ion current. At radii larger than 11 cm, the flow 1s
_g _proba_bly-ambipolar. ‘As to th the transport becomes ambipolar at
m" —('3 largé radii we can at present only spéculate. The lower plasma
W —1&' densitj at these radii mayAnot prov;de enough charge carriers to allow
E ga -~ shorting on the surface of the array to occur. The mechan_isn that
;{‘ EE _8 allows some shoréing to occur in the regions of non-ambipolar flow is
§ §£ 12 also unclear, "and tige limitations cion't allow t‘urfher investigation.
22 12 f’erhaps photoelectrons ejected from the ulﬁ‘raviolet light that is
EE = "eertainly present from the pl:;sma, or charged particles that reside cn
:”: —1© the array for short periods before being negtralized, may allow

—0 g shorting to occur across the face of the collector array. Iao any .

% - case, . it appears that a'greater effort 1s in order to eliminate the ‘
— S shorting that does occur, at leaét more heroic than sifnply allowing
o 5 the arra-y strips to float. R. Neidigh carried out the experimental
1= ver-iriéation of the . diffusion coefficient scaling predicted by
—~0 A, Simone, and apparently also found tk;at non-a:nbilpolar diffusion was
—1n - hard to eliminate.' Further indication t-hat the 1pd1vj.dua11y floating
~{c0 array doesn'; eliminate the shorting comes from the obse_rvation‘ tha;

-~ the density pro'fil.es don't change subs@:gntiaily in the array shorted'

- 77 and noatihg cases, as shown in Fig. 5.15.. VThi".f is evidence that the .

1 i 1 0

diffusion coét‘ficient_’. is virtually the same in both cases.

|
(o]
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Fig. 5.15: Typical density profiles with .the array strips shorted -

.'and unshorted. D, changes by less than a factor of 2.
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Another quantity of interest in the understanding of divertor
’plasma physics is thé net plasma flow ﬁelbcity into the collector
;plate. Measurements of this quantity have been carried out in the

past by propagating ion acoustic waves parallel and anti-parallel to
the plasma flow. The- difference in the transit time 'betveen the
b propagation in the two directions 1is proportional to the flow

velocity.‘o Typical velocities measured are about one third the local

ion acoustic velocity. A different diagnostie approach was adopted

here in the interest of testing the resu1ts of previous experimenters

by an independent means. The striped particle collector diagnostic

measures the plasma flux T, incident on “1ts face, and so a

simultaneous measurement of the density at the collector yieide the
" “flow velocity via the equatiom Vo= T'a/n. At the same time that' the

characterstic.of the striped particle collector is obtained, a probe

located in.front of the collector measures the density. The measured
. flow velocities raqged from ;3 to 4 times the local ion acoustic
A velocity wiﬁh an averaée 6ver thirty measurements of 1.6 times the ion
acoustic velocity.

The reason for the large scatter in the data is not clear, but it
is certain that it 1s not a real effect. For reasons qentionéd
previously in Chap. 3, all cf.the measuremen;g'were taken at nearly
the same opefa}ing condi;ions by negeéslty. The wmeasured flow
velocities defiea rep;oduéigility at seemingly identical conditions of

neutral pressure, microwave input power, field settings, as well as
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measured electron temperatures and denslties at the collector. In ali
cases I;V ;raceé of the collectors appeared exactly aslthe theory said
they should 1look, above a certain neutral pressﬁre. Below this
threshold of‘neutral pressure -the traces became unsymmetric about the
currént axis. This céuld very well be a magnetic field e(rect and 1its
disappearance above a certain neutral deﬂsity caused by increasing
collisionality that increases in turn the cross field diffusion, Hhen.
the cross field tiansportvis great enough, the parallel current to the
collector behaves as it does in the field free case, and is no longer
liﬁited by tpé cross field transport. This 1s the same effect that
?ompiicates the use of probes in magnetice fields.11 All of the data
were op£a1ned aﬂove this threshold, however, data wasg ofﬁen taken on
days widely separatéd in time. Data taken on the same ﬁay are closer
to the Same valve of'the flow velocity éhan data taken on different
days. The last possibility that is unexplored is the effect of the

long term deposition of impurities on the collectors, or the effect of

‘long term bombardment with microwaves. These effects could change the

properties of the insulator that the collectofs were mounted on, and

" thus change the characteristic.» For these reasons, the measured flow

velocities have large error bars which are impossible to estimate. It
appears that there 1s some truth here though, for the measured flow

velocities are always near the ion acoustic velocity.
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Comparison to the Iheories of Boozer and Simon ‘

It is of interest to compare the experimental scale lengths with
the scale lengths predicted by Boozer7 and Si.u:on.5 Both tfxeories treat
the case of unifore magnetic _t‘i'ela, and predict an expppentlal spatial
dependence of the den.;sity with a‘character.{_stic scale length'. ( The
paper by Simon uses the same flow model that was described in the
first chapter, however, based on his ideas about non-ambipolar
diffusion, "his choice for the cross fleld diffusion coefficieni is
pfni/z). As is clear by now, the density profiles in the 'experimem:
are not exponential,(evidenced by the non-linear semi-logarithmic

plots) a reflection of the fact that the field increases in magnitude

as a function or r, and thus D, decreases. Also, the volume per un}t ‘

flux is changing and the temperature is changing. These algo offset
the profiles from an exponeni:ial dependence. However, a comparison
can still be made by comparing a sort of "local™ measured scale length
with the theoretical local scale length. That 1is, for some small

length dr along the radius, D, is approximately constant and equation

1.7 can be solved at this point to give a local density dependence as

in equation 1.8. Within this dr, ce.nt'ered at rg» the scale length is

given by
ro= gl d")l,.ol" ‘(5.13)

a dr

which is to be compared to the theoretical prediction at rg.
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The scale 1length of. the electron outflow according to Boozer's
theory is peL/ le' For parameters typical of this experiment: pe=.5
cm, Ae=300 cm, L=80 cm, this scale lquth is approximately .13 cm.

‘Because this 1s considerably less than the electron gyroradius Pg»

the fluid theory used by Boozer is clearly not applicable. (In fact, .

Boozer specifically assumes that L/ Ae>>1, and thus one would not
expect the electron scale 1eng€h to be valid in our experiment.)
Therefore comparison of the electron outflow scaling to experiment is

not valid. On the other hand, Eoozer's scale length for the ion

"outflow is pi('re), the ion gyroradius evaluated at the electron

temperature, which 1s obviously mﬁch greatgr than the actual icn
gyroradius at all points. The scaling from Simon's paper for both
species is L°1/2V1' where Vi 1s the ion acoustic velocity, L is the
divertor length, and Di is‘ the ion diffusion coefficient due to ion
neutral collisions. These two theoretical séale léng.t.hs were
calculated and compared to the experimental scale lengths at the
extremes‘or the D.C. machine's operating raringe'... Table 5.3 shows this
comparison for the high pressure limit with Helium gas (Pnz‘lo'3 Torr)
and low pressure with Hydrogen gas (Pn=51\:‘l0'5 Torr), and are typical
of the results found for all of the data taken. Shown in each case is
the radius from the center line that the comparison is made at, and
the ratio of the experimental scale length to the theoretical scale
length at each point. Interestingly, the theoretical predictions seem
to bracket the experimental values (except at one exceptional point

that 1s not typical of the rest of the data) in all cases, the theory



Helium- Hich Pressure
7.0 : 578 1.45
1.0 .537 2.60
13.0 .873 2.72
15.0 4T3 2.39

Hvdrogen- Low Pressure

6.0
10.0

12.0

4.0

<337
.605

.88y

.780 -

.596
1.45
2.3

1.73
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of BoozeE being typically a- factor of two larger, and Simon's theory
being less than a factor of three smaller. Considering -the errors
that enter the theoretical predictions from the measured parameters,

for e*amp}e errors in Tys» Tes the ion neutral collisjion frequency, and

"the error inherent in sketching a curve through the experiméntél data

points, the agreehent is excellent.
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Chapter 6

Iransport Codes

In an effort to further understand the transport in the scrape-
off zone, it was decided to solve the one diﬁensional flow model that
was described in Chépter 1, fof our particular geometry. By varying
the transport coefficients in the equation until a best fit to the
experimental aensity.and electron temperature profiles is obtained,
one gains some knowledge of the magnitude ;nd scaling of the transport
coefficients within the limits of such a simple model. Additionally,
one tests the feasibility of the flow model for divertors over the
parametér range that our exﬁeriment covers.
Steady- t i us{ EqQuatjon

As.a first step, the stead&-state particle diffusion equation was
solved .witﬁ the experimental electron temperature .as an input
parameter. The inteniion was to solve the more difficult time
dependent problem of the coupled diffusion and energy transport
equations as familiarity was gained with the numerical techniques from
this simpler- problem. It 1is also easier to change the tranéport
coefficient scaling with just one equation, so the kﬁowledge gained
about the particle transport should el}minaté the need to experiment
with different scalings in the more complicated case.

To derive the relevant equation, consider the two adjacent flux

" surfaces shown in Fig. 6.1, which is the actual magnetic configuration

used. Assuming Fick's law diffusioh is valid over the .whole flux
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“Fig. 6.1: The magnetic geometry of the experiment, showing the

coordinate system used to derive the transport equation.
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surface for the cross field -particle flux (T,= -D, ¥n), the
continuity equation for the volume between flux surfaces 1s written a3

follows-:

Cm : _ : A
- 2(n @v) = 5[d0 far (b, Tn)R o (6.1)

where the & indicates the difference in the integrals evaluated on.‘

adjacent flux surfaces, dvV is the volume between the Y and Y+«dy
surfaces, © 1s the azimuthal angle, R is the radius, and &d!. is the
integral taken along a field line. Dividing both sides by A and

taking the limit as A0, we get

- .
2 (n %% - _3_(fds $az v .
26 % (fa® $az (0, n)R). (6.2)
A Now note:
S A Bn-'
v =
In(r) P W

: L
v = [0 [BR dR
°
W = 2r RB
Theréfore equation (6.2) can be written as

n ' A
). 6.
% ) ) | (6.3)

an,dv, _ 2D rofur w2
St = @ T¢4(§d"“°1)
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Despite the intention to model the steady state situation in our

N ¥
experiment, the time derivative term has been retained to phenomeno-
logically model the loss term due to neutralization at the divertor

plate. Consequently, we make the replacement:

n, o - - T (6.4)

where, as in Chapter 1, Ts is the characteristic time for flow-

parallel to B. This replacement can also be thought of more formally
as arising from the parallel part of the divergence of the particle

flux 9T = Y Ty + V4°T,. The right hand side of equation (6.3) is

the perpendicular part of the divergence of the particle flux. The
nVe

substitution V,°T,*

T , can be thought of as being the result
Tn |
1

of averaging V,°l, along a field line

wn Ta(L(r))

—_— 6.
IV" Tadt L(r) ' (6.5)

v:}‘r." L( )

because T,=0 at £=0 by symmetry (equal fluxes in both directions).
In either case, making the substitution of equation (6.4) into (6.3)

yields

23 rdn
k) (em)“2[JW)] =0, (6.6)
r..(dw) * Wy &) .
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where J(¢)=§dlﬁngl, and we have assumed that %% is independent of
ﬁosition along the fielq line. If one makes the aasumption that %,
is proportional to L/Va, where Vg ‘is the ion acoustic velocity,
(appropriate to our case of Te>>T1) and L is the field line length,

then

L) - -
T e 2 ®n
e i

where L(y) = %&dz . At this point let us take the functional form of
Dy to be: Dy = CnW)T,PM)B°MW). Different choices for the
exponents a,b,c allow us to consider various scalings for D,. Then

equation (6.7) becomes

ﬂ(kT /mi) 172 dV

3 Bapy @ 30y
) ) c1_aw'[J°@)Te W)n MW] = 0, (6.8)

where C1 is a collection of constants, and again we have assumed that

the density and temperature are independent of position along the
field line. In equation (6.8) note that J (w) &dl R%8%*'.  The

electron temperature is certainly a constant alcng a field 1line

. because of the long electron mean free path. It is anticipated that

tﬁe.Qensity gradient along‘the field line will be much smaller than
the gradient across the field, and this is in fact born out by the

experiment. For a simplé(Boltzmann relationship between the density
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and the potential along the field line, where the potential drop is of
the order of Te/2 over the length of the whole field line, (i.e. the
so called pre-sheath drop) the density at the sheath edge is 61% of

the dénsity at the ce‘nte'rH of the slab. Booz'érz

predicts an even
smaller change, the density at the sheath edge beiné about 70% of’ the
density at the center of the Slaﬁ model divertor. On the other hand,

the gradient across the field line is at least an order of magnitude

in a distance about half as long as a ‘field line. For this reason t.he“

-density change aldng the field line will be qeglected. Alternatively,
one can think of the depsity on a given ¢ surface as being an average
density ‘for that particular surface.

To allow for the case that flow into the collector plate may

occur at some fraction of the ion acoustic speed, a multiplicative -

_t’actor S can be ix_xSerted bei’ox"é the parallel loss term. Similarly, a
'multipucative _f'act.or- F can be included to a.l;ov for d‘iffusion that
scales like é given diffusion- coefficient, but may be numerically
different. The effects of these two factors is no.t separable however;
they are lumped with (:o into the coefficient C1. Only the ratio F/S
affects tge-equation. '
Numerical Solution Iechnigue -

Equation (6.8) 1s a linear partial d.irrerential equation in the

flux space of -the D.C. machine of the lorm

2 3 dn, A - ' . ‘ ) A i
2y - = 6.
3—"[t'(W)dw] B(‘l').n(‘l') o, . (6.9)
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here £(y) and g{(y) are known functions of ¥ . Our choice of a method
of solution \'Jas. a numerical one by necessity, involving finite
diffeérencing in space.. The finite differencing scheme 1is one that is
particularly appropriate for transport equations because of  its

desirable property of conserving pax"ticles. One constructs a sﬁatial

‘ mesh in .flux space, not necessarily uniform, as shown in Fig. 6.2.

The boundaries between mesh zones are taken to be equidistant between

adjacent mesh boints. Equation 6.9 is integrated across a mesh zone

HY .o . P .
l 3 |f(|lp) IQ’; - | s‘ll)’n‘\p’d\’) = 0' . (6. |°)

and then each of the two integrals 1is approximated with' finite -

difference schemes. For example, the first term becomes

n,-
Iy - p(g-1/2) 3 D31 (6.11)

dni® D= n
) —f = e(y+1/72) [—= R
. w d'l‘ h ‘{j,]' WJ “'J' ¢J_1

where the subscripts Jm indicate that the density 1s evaluated at a

‘wesh point if m is an integer, and at the midpoint between ‘two mesh

points if @ is a half integer.’ The two functions f are further

) approximated .by

£(3+1/2) = %[r(1.1) + (1 o (6.12)
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" Pig. 6.2: The mesh spacing scheme used for the finite

differencing of the transport equations.

) 15§
£(3-1/2) = Hew o r(;-\)].

The second term in equation 6.10 is approximat?d §y
g(3)ny Ay, ‘ (6.13)

) 1
where AJ—E( ¢J’1- wj-l?' All of these approximations break down if

the chosen mesh spacing is too large, and thus care must be taken to
assure that the mesh is fine enough. When all of these approximations
are inserted into the original equation, one has a.linear algebrailce

equation for nJﬂ if nJ and nJ" are known. The resulting equation is

‘ £(3-172) (1= Vy)
Byer = 0y (mygngy) o

=1 (G372) vy ¢J_1) * (6.14)

g, Cvgamvgd)

£(j+1/72) J- 2 J+ ).

17 “’J
Needed also, of course, are the various field line integrals for the
chosen field configuration. These are obtained numerically using an
existing program . Therefore to solve for say ny, the density at the
fourth mesh poinﬁ, one needs to know n3 and np. Knowing ny, one can

in turn solve for ng also using n3. This so called "shooting" method,

Special thanks are due to Dr. L.P. Mail for his assistance in

generating ¥(R,Z) and the field line integrals.
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30 named because one shoots for the nJ_point. .f'ropn the known ny and and the first teram

nJ-Z'l is carried out. until the entire profile is generated.

. dn - dn
T roblems have b swept de th in the abov r( — -f )— =
wo  pre een swep under e rug - ove 2 dﬂ"Jl/Z (J4 dwlj‘l
treatment. The first 1s how one starts the algorithm. That is, to ' .
. . : -n : :
.generate n3 one needs to know ny and ny.  The value of ny can be 'f(J,,z)(w—%—) - f(J1)n1', (6.16)
‘ n3 one : V2 - ¥

chosen to be the experimental density at the left hand boundary which

will also better facilitate the eventual comparison of the generated - .
. where n,' is the derivative of the density at the first mesh point.
profile to the experimental profile. One could then conceivably pick
‘ ' b Combining these results yields
oy arbitrarily and proceed to generate the rest of the profile until . .

the right hand boundary value ny is reached. However there is a v v , v v " ¥
: ’ . 72" ¥ . 2" " vtz ¥
_better way, one that uses equation 6.9, the diffusion equation. Our B =0q * f(JIIZS (riy )n‘l. + ( 2" ) 8("1/“){n1 +0y'( B M

object is to generate ny, the density at the second mesh point. To

(6.17)
this end, let us divide the space between the first two mesh points by

adding another mesh point midway between these two and call it J1/2.
. Therefore knowing n, -and “1' the algorithm can be self-consistently
We further divide the space between jy and J1/2 in two again, and call ’ o

“ started. It appears at this point that we have merely traded
it Jl/h' Now again we integrate equation 6.9 from Jy to _11/2 and
uncertainty in the cholice of ny for uncertainty in the choice of n1',
approximate the terms as before : .
but this too can be self-consistently remedied. As with the left hand

boundafy, one desires the numerical results to agree with the

in
PN P Y2 = Wy .
Y - — E
[f(v)ali &3y )01 14 2 ). : experimental results at the right hand boundary. One procedure would
. . . . . v
be to iteratively adjust the value of ny' until the value of the
Now, we approximate the second term by a'Tayior series density generated at the right. boundary, Nys agrées with the

experimental one. .However, because of the linearity of equation 6.9

Yo - \1*1)] . (6.15) an easier approach is available. The density at the right hand
7 4. . .

83y gdny i 83 0 my + my " (22
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boundary, ny, 1s linearly dependent on the gradient at the left hand

boundary, n,'.

ny = any' + b, ‘ (6.18)
or equivalently,

n( ¥y) = an'( ‘1‘1) + b,

where the constants a and b are to be determined.' Some initial choice

for a'( ¥y}, call it ny'( ¥q), will yield a unique n,( yy). A second
choice for n'( y,), say- n',( ¥,), will yleld a second ny( Yy

Writing out these two equations

n1( Yy) = any'( ‘1’1) +b

npf W) = an',(¥y) + b, ' (6.19)

and by the solution of these simultaneous equations, the constants a
Aand b are uniquely determined. Thus by inverting equation 6.18 the
correct q'( \b.l) to yield the experimental right hand boundary value is
determined on the third pass through the algorithm.

'The i.r;\position of the experimental boundary values on the
numerical solution at first seems like an a}-bitrarx sfep to force a
measure of agreement between theory and expé'riment that is hard to
justiry.' The alternative would be to write a diffusion equation for

-the plasma on field lines outside the separatrix as well as inside, as
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has been done,{ and insist on the continuity of' the density and its
&erivatives at the separ#trix. This 1last conditiion would replace the
boun-dary conditions tl;at we imposed. A However, a deéree of
arbitrar'iness would exist again, in that the plasma source strength of
the experiment would hévé to be>imposed on the code. This seéms like
an bbvious hecessity,' urii;ess one intends to model the souréé ‘as well,
that det‘ineé a starting baseline for the code. Beyond the imposition
of this baseline, the n@erical solution must be allowed to evolve
independently 'ot the experiment 1f a true com}:arison between theory
and ex\periment}ié to be obtainéd. After defining the density and its
slope at the first mesh point, the numerical solution evoives

according to equation 6.9. The critical point of comparison to the

experiment is the shape the numerical solution assumes between the
. 1

boundary values. Only when the numerical solution shape and the

experimental shape agree in this region can one argue for a theory
that describes the physical proceSsés in the experiment accurately.
Inherent in this is the understanding that the multiplicative factors
F and S wiil not be f‘ar from unity when agreement 13 obtained, or
serious questions .as to the applicabiiity of a 'given' transport
coefficient scaling should be raised. ‘

Tt;e 1ndica'ted equat.ions were incorporated' into'a program written
in Rebel Basicd and run on a DEC PDP-11 computer. To assure that the
numerical approximations accuratgly model the differe‘ntial equation,
profiles generated on a given mesh were compared to profiles generated

on a mesh of half the mesh spacing and found to agree almost exactly.
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Therefore we felt assured that the approximations were sufficiently
accurate; .

Bohm difrusioa was chosen as a firat case since this assumption
has been ;sed in some of the‘phenqmenological divertor studies‘. Bohm
diffusion scaling 1s a=0, b=1, c= -1. The best fit solution for this
case is cbtained with (F/S)=.03 Qnd is shown in Pig. 6.3 along with

the experimental profile. Since the flow velocity parallel to B has

been measured to be near the ion accustic velocity, the implication is

that the cross field transport is much smaller than Bohm diffusion.

Since we have a rather high neutral density, the case of
transport due to ion;neutral collisions is of interest. For neutral
collision dominated transport in a magnetic field one has a=0, b=0,
c= -é. The best fit profi;e is shown in Figl 6.8, and occurs for
F/S=1. A gomparison of the two cases <reated thus far shows that the
classical dirfusioﬁ coefficient scaling gives better agreement with
the measured profile than the Bohm diffusion case; this is in
agreement with similar measurements done earlier on the D.C. machineu.
A value of Tii .1 eV is assumed independent _or radius in these
solutions.

These proflie,comparisons have beeﬁ carried out over. the full
) range of the operating conditiogs of the D.C. maching, and in each
case'the results are similar. The numericaI.resuits ;gree-with the
experimental dﬁta; for small fract;ons' of ihé Bohm diffusion

coefficient, and for values near the classical diffusion coefficient.

A&mittedly the agrecment given by the choice of classical scaling

162

Fig. 6.3: Thé numerical solution to the steady-state diffusion
equation compared to the experimental density profiles for Bohm

scaling in D,, and F/$=.03.
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gives only marginally better agreemeﬂt than Bohm scaling within the
uncertainty of our denai_t.y profiles. Although classical scaling is.
'35‘2 and Bohm is STQB", the‘ experimental T, profile is Eoughly
cB"; this prébably explains why we can't more clearly resdl.ve which
scaling 1s present. However, the observed absence of fluctuations in
the experim;ant and the high.neutral density indicate that the choice
of classical sc;aiing is probably the bgct‘jer one. .

In light of the success of the simple steady-state equation

-solution, it was decided to attempt the more complex problem of a

solution to the coupled energy and particle transport equatiohs. The

hope was again to learn more about the type of transport in the

scrape-off zone and test the applicability of the one dimensional flow

model to the energy transport as well as the particle transport. In
addition, because of the non-linear nature of the transport equations,

the time dependent equations were chosen as a starting point. . The

- procedure will be to allow the time dependent solution to evolve to

steaay state. Comparison is then made between the computed ste;dy
state p}'of‘iles and the experimental results. The experience of Memse5
in such cases 1nd1catés that . this often the best way to obtain the
solution to nonlinear difrere;.ntial equations, aqd “avoid numerical
stability 'problem:'s. ‘ .

The particle tranéport} equation is, for t.).xe most part, the same

as equation 6.8, except that the time dependent term in the continuity

equation is retalned




Asm'uar to the derivation of the particle .transport equation, by
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3n dv - . ' . )
- (2r (pds R D,B = . (6.20) . - - 2
ww a R § % I Qe = 2rn [V,av, ]dv,,(%mv.. W, £(V) =
. . A A
172
av, 2{kT /m,) : kT
- E[._.___.__:w) . | . : | (2“: )‘/2[e¢ + AT In exp(-ed /kT,), ‘ (6.22)

The electron energy transport equation can be derived in a manner . ) : : )
: ’ here Vi, 1s the lowest electron velocity that can traverse the sheath

and reach the collector plate, and ¢a is the sheath potential drop.

performing an energy balance on. a tube of flux -
: : . In the event that the parallel particle flow is ambipolar, one can

) 3 . m 3 . " write the loss as
<y .
FGAT AV + k' A{de $dae [- K I, + SITIR = - (s, av), (6.21)

Qn = (kTo/my)'/2[eb e T, In. ' (6.23)

here the A again indicates that the line integral is to be carried

.

=+ Within-the context of the flow model, the parallel loss term is Q,/L,
out on the ¥ and P+d¢ surfaces, and subtracted and k 13 .

) with the same L as in the particle equation. When the differentiation
Boltzmann's constant. The term Se includes energy sources and sinks.

of the first term in equation 6.21 is carried out and equation 6.20

The KVTe term accounts for thermal conduction , where K is the thermal R
. = ’ n

3

conductivity, and the term EUG accounts for ‘co;\vecti\'re energy substituf,ed in for the “at term, the energy equation becomes
transport. We will assume in' a_ll that follows that K:%Dn »and a‘r
= =D Un, .where the first is the clasesical thermal conductivity for a —3;(?‘;) 3t t 5 k(Zﬂ)z ——[W{J(w)aw)] o (6.24)
dilute 3396 and the second is an assumption of Fick's law transport.
We will assume classical scaling fovr the dit‘f_usion coefficiept based - -23%(2!!) [W{J(‘J))(DW- eaw N3 =

on the solution of the steady state equation that agrees most closely.
C 172
av (kTe/mi)

The dominant. electron cooling mechanism (to be proved shortly) is _ gV
o ‘ ’ ap L@

] .
](-5 kTe + e¢s)
parallel flow through the sheath to the divertor plate. For a

Maxwellian distribution of electrons, this loss is- ’ : i
where we have wused the same definition of J(¥), namely
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J) = §le2§D‘l. Equations 6.20 and 6.24 are the equations to ve
solved simultaneousl);, One notes that the energy 1%:35 terms contain
thé sheath poter}tial drop. 1In the absence of a thi;'d equation thaﬁ-
determines ¢4, the’ .valt;e of 'the experimental ‘sheath'drop will be
inserted. ‘ ‘

Up to this 'point-'.,' flow to. t'k_xe_divei-tor plate has been assumed to

" be the dominant particle and energy loss mechanism. That this 1s

indeed so can be seen by comparing it to other potential source or

loss terams for some: typical experimental parameters. The particle‘and

energy loss rate for particle flow to the divertor plate 1is

nvV

nloss = ( L-) " (6.25)
nVe

Ejoss ® (T)Sav

where n and V, are fypical plasmé densities and loss velocities, L is
the length to the plate, and Eav the average energy loss per particle.
For a conservative estimate of this term, let us choose Ve to be the

jon acoustic velocity, and Eav from equation 6.22, so 6.25 becomes

A- k'r - . .
Bl:t:;ss = %(Te)”z(e‘bf '“Te)' - : (6.26)
i . .
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Choosing some typical parameters: T =10 eV, m;=lxi .67x_10'2§ 8 n=1x107

-Em’3; L=43 cm, ed = aT, for ambipolar flow, one finds

Dyoss = 3x1 03 particles/sec.

E oss = 2x‘lo"5 eV/sec. . . (6.27)

In the diffusion. equation, cross field diffusion is the only source

term that balances the particle loss. Other source terms that are

" possible are ion production due to electron impact ionization, and ion

loss due . to charge exchange. Of thse two processes, electron
ionization is by far the larger for our cold ions (T1=.1 eV), so we
will cons;der this one only. The Maxwellian averaged reaction rate
for 10 eV electrons on helium gas is < gvd>=ix1 o~19 cm3/sec.7 Therefore

the prod&c_tion rate of ions due to ionization is

2

"p°n< %> oniz = 3x1o’ particles/sec, ) (6.28)

for plasma and neutral densities respectively of ~nl_,‘=1x109. and
nn=3;10‘2- This source term is at least as order of magritude less
than the loss due to neutralization at the 'plate, and is thus

negligible.

In~£he energy equation we have ignored the energy loss: préces’ses

_of’ ;ne;ésti-c collisions of electrons with neutrals ahd fons. The

dominant of the these two is loss due to 'elect.ron-neutr‘al‘collisions,
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which includes ionization loss. Based on the treatment by Pataus,

this total loss rate rate is

15

n nnR< 0¥ i0niz * 2.22x10 ' eV/sec (6.29)

P
where R is the total energy loss per iox'm‘ization. Again this loss term
is small 'compared to the assumed loss term by about an order of

_magnitude, and is therefore justifiably not 1ncluﬁed.

Numerical _Sg_l_v.;;j‘g_n Technigue '

The numerical solution technique that we follow closeiy parallels
the treatment outlined in Ref. 9. The spatiall finite differencing is
accomplished by the same method that is outlined for the steady state
solution learlier in this chapter. The differencing is carried out in
a way that will allow arbitrary spatial meshes to be imposed‘ later.
As wit.h the particle equation, this method of implementing thq finite
differencing also preserves the heat fluxes as 'uell as the particle
‘fluxes, since the flux leaving oné.spatial mesh is the same flux that
mtérs the next. Upon lthe completion of the finite 'dift’erencing, the

equations appear in the following functional form

@ Mo = e o S - (6.30)
a . 2 at . e

: ar

3 dV' ¢ Yot = W1y e

2 aplk 2 5o - 8(nT)
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where f and g are cpﬁplicated expressions involving the density and
temperature at neighboring mesh points as well as the k"h li;esh point,
and o.f coursé the field 'line integrals and constants. Equation$ 6.30
are valid at each mesh point. It is our desire to perform some s;rt
of temporal finite differencing scheme that K will en;ble us to step
ahead in time from the known values at a previous time, thus allowing

the profiles of density and temperature to evolve. If we make the

replacement

ECR (6.31)

! p+1 p
T, R T =Ty

It At !

where the éuberscript ind:{cates a time step, and the unnecessary
subscript 'eA' has been dropped on the electron temperatul;e to avoid
confusion. Now note that knowing n and T at the pth time step, ahd
the value of f and g, we can calculate n and T at the p+t xtime'step.
Such an algorithm 4is started from known boundary and initial
conditions. One possible solution technique would be to evaluate f
and g 'using n and T at the p time step. This method is called the
expl:icit or Eulerltechniqu'e‘.o which, while having the virtue of
simplicity over other techniques., is plagued by ‘stability problems if
the time step is t:oo large. A soli;zt.ion éechniqué with no‘ stability

problems and other advantages” is the so called implicit method,
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where f and g are evaluated art the p+1 tioe step, and is the me_:th’odvf:e
chose. ﬂheth& or’ngt the finite difference approx!;mation correctly
models tb;a differential equation for a given time step is a separate
probI.em that must be inve;tigateti'., With the choice of the implicit

method our equations look like

' Pl _ P '
%hg e ; %1, A; % _ paP*? 1Y) (6.32)

o Pl _ oP
3av) (Yt = ey Tk T T o oy
2 Ey'lk. 2 [T

To simplify the solution, we further expand each element of £ and g in
a Taylor serles in time, keeping only terms linear in At which leads
to a linearized set of equations in density and temperature at the new

time, ps1. For example the expansion of f would look like

1. atP, pe1 b ar? _pat
£(aP* 1Y) = £(nP,10) o ank(“r - o o ST - -4 [PSN

(6.33)

As a f"\xrtherb simplificat}on, Ate‘rms tnvolving the transport
.coefriclents are evaluated at the p time step, S procedure that has
been shown to .yleld ,-the same steady state solutlion as evaluéting at
pel an_d‘.linearizingv;. ‘hov.'aever the intermediate profiles do not

represent a correct time evolution. This process of linearizing
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'generally turns each térm. in £ and g into as many as ﬁve teras which

makes the ensuing algebra tedious.

Because the equations are linearized in time, a simplified

analysis of the numerical treatment can be carried out. At each time

step the equations can be put into the form

Agpﬂ = BxP, l - (6.3“)

where A and B are matrices and x is a linear array whose transpose has

the form
P P
< - (n‘,’,rﬁ’,n‘z’,rg,ng,rg,...nN,'r,,)

and because of the choice of time differexicing, the matrix A is block

tri-diagonal which permits a certain economy is the solution schene.

Equation 6.34 is solved for gpﬂ at each time step, and the resulting

matrix :_(P’1 is in turn multiplied by the matrix B, and the process

repeated to solve for the array xP*2. The whole profile of n and T
are generated at each time step in this solution me’t:hod,11 and one
steps_ in time wuntil the profiles at suceeding time steps are
identicalv, a»t. which time the steady state solution has been reached.

The matrix A was inverted using a Gaussian elimination routine

specialized to tri-diagonal matrices.
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As with the steady state program, the experimental boundary

.conditions are imposed at the left and right boundaries at each time

step. Because the algorithﬁ actually calculates the parameters at the
I;IESh points and the physical boundary is located betye_en the .mesh
points 1,2 and N-1,N, we must resort to the simple device of imposing
an average endpoint density that incorporates the boundary condition.

.

Thus for the first mesh point
P
T 8 oo (6.35)
2

where ng is the experimental boundary condition at the left boundary.

One solves 6.35 for n':, the density at the first mesh point

ng = 2n - ng, - _ - (6.36)
which i3 imposed on the algorithm at each time step. Relations like
6.36 are assumed for both the density and temperature equations at
each time step at the left and right boundary. The initial profi-le
assumed -is simply a straight line between the two boundary values.
This algorithm was carried oﬁt in a program written in Fortran on
the P.S.L. Vax computer. Experimentany it 1s found that the 'method
is indeed stéble for any time step', but requires steps of 10'5 sec. or
les; to properiy model equations 6..20 and 6.24. This was determined

by decreasing the time step At until the steady 'state solution
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reached was the same for any time step less than this At. Typically

steady state is reached in 1073 sec. which takes about two minutes of

CPU time. This program was written with the option of using a

variable spatial mesh to more accurately handle regions of large
gradients of density or temperature. The Tektronix Plot-10 plotting
package was found to be most useful to allow the generated profiles to
be viewed immediately and avoid the delays of hand plotti.ng, when
cou;parlng profiles to assess the effects of different scaling
assumptions.
Iime Dependent Code Resultg

Constant multiplying factors are again inserted in the program
before all of the transport coefficients and the various loss terms so
that the magnitude but not the scaling of the terms can be varied. A
factor FC mu}tiplies the conduction term, FD the cross field particle
diffusion terms, FS the parallel loss term for both the density
equation and the temperature equation when the loss term 'of equation
6.23 is used. In both the density and temperature equations, the
characteristic velocity in the loss term is the ion acoustic velocity
and separate multipliers aren't required. In the case that the loss
term of equation 6.22 is used, a factor FSI multiplies the pérallel
loss term in the density equation, and FSE the parallel loss term in
the temperature equation. Here., unlike the previous case, the
parallel velocity is not the same in both equations and a separate
multiplier is appropriate. The actual values of the transport

coefficients used in the program, are calculated with the local self-




. dominated transport, FD=1 means D_‘:kTiV /m @
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consistent valués of density ‘and electron ﬁemperature. When any of

the multipliefa are one, the transport coefficient is one times the

theoretical value. For example, for assumed classical neutral
2 .

o » where T, 1s assumed

uniform at .1 eV, Vv is the collision frequency of ions on neutrals

and the neutral density is the the same as the experimental neutral

‘density, and nic "is the 1ion cyclotron freguency with the local

magnetic field value of the experiment. FS=1 means the parallel loss

velocity is the locai ion acoustic veiocity (ld'e/nl)vz. Bohm
transport scaling does not seem to occur in our experiment based on
the results of the steady state program, and as a result was not tried
in the time dependent case. Recall too that only the ratios of th'e
constant multipliers 1is relevant, and éo only the ratios will be
displayed when the results are given, normalized to FC. The values

given in each case are the values for which the program most closely

. agrees with the experimental data, which is also shown for comparison,

One last topic' is ;n order before the discussion of the numerical
solutions, that relates i:o ‘the choice of the transport coefficients in
the energy equ‘ation. In the particle diffusion equation boi:b tfle
steady stat,;a numerical results and the theory of Simon support the
cholice of 1on_-neut.‘ra1>cc;\llision_ dominated scaling for D;. If one
takes the theory of Simon literally and assume.s that the ambipolal;
electric field 'is completely "shorted out™ by the divertor plate, then
because there is therefore no coupling between ions and eleétrons‘, the

cré.ss field conductivity and convection should have the classical
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eleetrorrneutial .collisiox; dominated values. ~This scaling will
certainly be tried in the energy equation. However, if the divertor
plate doesn't completely 'eliminaté the ambipolar electric frileld,
coupling between ions and electrons through this ‘t‘ield will exist to

some extent, and the appropriate diffusion coefficient scaling in the

convective term may be the ion classical value or some fraction

thereof. Intuitively this seems to be the most likely case. Because

of the finite sheath potential drop (or parallel conductivity), there

has to be scme radial ambipolar electric field that-isn't shorted out.

There is also, however, an electric field due to the temperature
gradient. The divertor plate is an equipotential, so unless the
sheath drop is é constant -(,which it is manifestly not experimentally)
then the ther'e will also be a field‘ due to the temperature gradier;t.
Thus the field due only to the differing diffusion coefficients will
be hard to sort out. (In fact, from the e'xperimental méasurements of
the electric field, we infer that the contribution due to the
temperature gradient and finite sheath potential drop dominates 1in
determining the electric field.) For completeness, ion classical
scaling will also be tried in the conductivity term in the energy
equation, although it 13 not theoretically supportable within the
context of our model. ‘

Coefficients appropriate to ion-neutral collision dominated

. classical transport (henceforth called ion classical tranéport) in

both the .density and temperature equations, and the loss term of

equation 6.23 (to be referred to as the ambipolar loss term) in the
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temperature equation were tried first.i The }oss velocity in the
density equation in this entire section is the ion acoustic velocity.
The best fit results are shown for a high pressure helium case (P.10-3
torr) and for a low pressuEe hydrogen case (P;leo's torr) 1in
Figs. 6.5 and 6.6. In both cases good agreement 1s obtained for
values of the multipliers of less Fhan 5. The data to which the
numerical results are compared is the unshorted array case. As was
seen in Chap. 5, in no case do we have data thaf one could say is
truly ambipolar, but this data is nearer to ambipolar. than the shortea
array case.

Figure 6.7 shows the case of the program with the same
coefficients as the last case, compared to the shorted array case.
Again good agreement 1s obtained with multipliers of less than 5. It
is interesting éhat using the. "ambipolar® program (i.e. that is with
loss terms thﬁt should be appropriate to éruly ambipolar flow) one can
still -obtain agreement with the shorted array case.

Figure 6.8 displays the case where only .the loss term in the
temperature equation is changed to the loss term of equation 6.22,
which we will call the non-ambipolar loss term. The pfogram solution
is compared to the shorted array data. The agreement is again good
for this combination of coeffients for values of the multipliers of
less than 5. Similarly to theiprevious case, the non-ambipolar loss

term can yield good agreement with the array unshorted case.

?18, 6.5¢ The steady-state solution to the time dependent

transport- equation. compared to the-high-pressure experimental -

density (upper curve),and temperature profiles. The data is
unshorted strips, and ion-neutral scaling in K and D, , with

the ambipolar loss term. (FD/FC=3.75, FS/FC=.167)
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Fig. 6.6: The steady-state solution to the time dependent
transport eéuation compared to the low pressure experimeantal

density (upper curve),and temperature profiles. The data 1s

unshorted strips, and ion-neutral scaling in K and D, , with

- the ambipolar loss term. (FD/FC=.33, FS/FC=.67)
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Fig. 6.7: The steady-state solution to the time dependent
transport equation compared to the high pressure experimental
density (upper curve),and temperature profiles. The data is for
shortéd strips, and ion-neutral scaling in K and D, , with the

-ambipolar loss term. (FD/FC=.33, FS/FC=.167)
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transport equation compared to Athe' high pressure experimental
density (upper curve),and temperature profiles. The data ‘is
shorted strips, ion-neutral scaling in K and D, , and the

non-ambipolar- loss term. (FD/FC=.33, FSI/FC=.33, FSE/FC=.33)
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As a ‘testbof the extension of Simon's theory that was described
. ' . . .

earlier, scaling of the transport coefficients for electron-neutral
dominated transport was inserted in the temperature equation, for both
convection and ?onduct.ion terms, with the parallel loss tera ‘chosen to
be non—ambipolax;. Gooci agreément for this case/could only be obtained
by multiplying the cross field thermal conductivity by a factor of 20,
as shown in Fig. 6.9. The same effect could be obtained by
"enhancing®" the neutral density in the program by a factor of 12, as
shown in Fig. 6.10. In all cases the electron scaling in the

temperature equation seems to be too small.

If now only the convective part of the temperature equation has

‘fon classical scaling as discussed, good agreement can again be

obtained for reasonable multipliers (‘i.e. less than five) as is shown
in Fig. 6.11. This scaling i3 also capable of y;elding goéd agreement
with all of the ex}aerimental profiles, excépt one taken at low 'source
gas pressur;e. ”‘l'he program is subject toAnumerical instabilities for
the boundary cc;nditiollxs (1.e. very lo'w densityi appmp;-iate fo this
case. This is believed to be a result of our choice for handling the
transport coefficients in the program, and not'a failure of the model.

‘As- a final example, tl;e sheath potential drop was calculated
self-consistently from the electron tempera£ure, using the condition
of ambipolarity at all radii. ‘fhe progran still converg_ed to a steady
sf.ate solution which, for appropriate cdef‘ficients, c:ould be made to
lqdk like the exp'erimenta_l profiles ‘when t;he ion classical scaling was

used. This-1s shown in Fig. 6.12.
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Fig. 6.9: The st.eadyl—state soiution to the time dependent
transﬁort equation compared to the high pressure experimental
density (upper curve),and temperature profiles. .The data is for
strin shorted, elec:rc‘m-neu‘trél scajsling in K and D, , with

" the non-ambipolar loss term. (FD/FC=.05, FSI/FC=.05, FSE/FC=.05)
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Fig. 6.11: The steady-state solution to the time dependent
transport equation compared to the high pressure experimental - -

density (upper cdrve)‘,and temperature.profiles, The data is for

strips shorted, and ion-neutral scaling in D, and electron-neutral

- s'c‘aling in K, with the ambipolar loss term. (FD/FC=.86, FS/FC=.167)
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Fig. 6.12: The steady-state solution to the time dependeat
transport equatioh compared -to the high pressure experimental

density (upper curve),and temperature profiles. The data is

for strips unshorted, ion-neutral scaling in K and D, , with
the ambipolar loss term, where e = a'r»e, at all points.

(_FD/FC=.5, ps‘/fc=.167)
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In conclus.ion, it seems that the correct’ scaling for the cross
fiei.d"d.iffusion cdef_fi_clen\-:“.in the denisi'ty equation and the convective
part. of the cross field energy transport is’ t:he icn classical value.
mec;tron ciass‘ical scaling works weu' in the conduction term. This
choice of transport coeftiélenta is supported by the éx;stenee of a
coupling eieetric field between'th'e ;t;:ns and the electrons. Electron
scaling in the temperature equation is far too smali. Both forums gf
the energy loss term are capable of yielding good agreemeni with the
experimental data for reasonable values of the multiplicative factors.
Unfortunately this also makes it difficult to choose between the loss
termé-. However, - it does seem clear that the one dimensional flow
model is acceptable- for describing the transport in a divertor, at

least within the context of the parameter range of our experiment.
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Chapter 7

Summary and Conglusions '

Certain of the physical phenomena that will occur in a tokamak
divertor have been simulated in the divertor experiﬁents carried out
in the D.C. machine. The density and. electron temperatgre show an
anticipated fall off with radius due to the particle and energy sink
that the divertor plate pro;ides,: in comparison with the profiles“
before the plate was 1nstai1ed. On ‘those field lines that do
intersect the conducting divertor>plate, we have observed by a variety
of w»eans that the transport along the maénetic field, and thus also
across the magnetic fileld, is non-ambipolar. This 1s contrary to the
assumption of ambipolarity in most theoretical divertor models. We
further expect the phenomena of. non-ambipolar flow to exist is a real
tokamak divertor if the cross field transport is dominatgd by gharged
particle-neutral collisions. Divertor plasma parameters and neutral
pressures in present day experiments are, except -for. higﬁer ion
temperatures, not unlike those in our experiment. Therefore, non-
ambipolar transpori may exist in them. Expected conditions in future
tokamak divertors may also allow the existence of non-ambipolar

‘ ﬁransport. . A
Ve observe a variation in the parameéer n ( ﬂ=e0s/kTe where ¢4
{s the experiﬁentally measured sheath potential .drop and Te Fhe
electron temperature at the same point) that caugses the electrons to

leave the plasma over a narrow width near the divertor plate edge, and
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the ions over a much broader width. This can strongly affect the heat

loading distribution on the divertor plate, causing an electron "hot

spot” where the electrons hit the plate.

By mounting a radially segmented array on the divertor plate, we
tried to remove the non-ambipolar flow by isolating each segment
electrically from the rest of the segments. In effect each segment
was allowed to eiectrically "float™ to its own local potential. Our

attenpts to force ambipolarity were only partially successrui,

_ although the mechanism that allows shorting in the floating array case

i3 not clear. An interesting extension of this research would answer
the question of the existence of non-ambipolar flow in a fully ionized
p}asmé. Furthermore, understanding the physical mechanism that allows
some shortiné begween.array strips when the external shoré is removed
could be relevaqt to the transport in all devices that have magnetic
field lines that tgrmingte on a wall, If it does‘prove advantageous
to be able to eliminate the effects of non-ambipolar flow entirely,
the mechanism of this shorting must be better understood.

Our efforts to measure the plasma flow velocity along tﬁe

.magnetic field and into the divertor plate met only with a measure of

success. By placing a striped particle collector ph the divertor

plate to measure T,, the particle flux incident on the plate, and

‘dividing by n, the density measured at the same point, we hoped to get

the plasma flow velocity. Within large error bars, the flow velocity

does seem to be always heér thé ion acoustic velocity. The behaviour

of the. striped particle collector when the magnetic field is
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ﬁerpen_dlcular to the stripes 1is another potentlal area of‘ research if
it is to bé of diagnostic utility in a sit;xation such as ours.

The theories of Boozer and Simon prediet ion density fall off
scale lengths across the field that agree quite well with the ‘measured

local ion density scale length. Boozer's scaie length seems to be a

factor of two too lai-ge, and Simon's scale length a factor of three

too small,

The numerical solutions to the transport equations are very close

to the observed experimental profiles for the correct choice or
transport coet‘t’lqients. lon classical scaling (i.e. due to ion-
neutral collisions) works best for D;.in the particle equation and the
convective term in the energy equation. .The thermal conductivity
characteristic of electron-neutral éollisions seems t:o be the correct
one for our experiment. The -fac£ that 1ion clﬁsslcal scaling works
best in the convective term means that the divertor plate :do'esn"t.
completelyl "short put.f' lthe . ambipolar electric ‘f'ield, and thus the
electron and ion transport are st:111 coupled through this fiel‘d.A The
ambipolar and non—ambipolar loss terns work equany well in the
.transport equ_auqns. Dgspite these successes, the change 1n the
's'caling of the trans}pont.' from the shorted array 'casé to the unshorted
'case is not’ clear. Further study of all the méchahisms that could
explain _the obse;'ved change tt;at removing .the short has on the
ﬁrofiles, is also indicated for extensior_as.of th.is work. However, the
flowAmodel does seem to b; appropriate for our divertor experiment,

over the whole 'of its operating range.

&
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