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Abstract

PLASMA TRANSPORT IN & SIMULATED MAGNETIC DIVERTOR CONFIGURATION
Clifford M. Strawitch

Under the supervision of Professor G.A. Emmert

The transport properties of plasma on magnetic field iinea that
intersect a conducting plate are studied experimentally in the
¥isconsin internal ring D.C. machine. The magnetic geometry 1s
intended to simulate certain aspects of plasma phenomena that may take
place in a tokamak divertor.

It is found by a variety of measurements that the cross fleld
transport 13 non-ambipolar; this may have Important Implications im
heat loading considerations in tokamak divertors. ‘The undesirable
effects of nonambipclar flow make £t preferable to be able to
eliminate it. However, we find that though the non-ambipolarity may
be reduced, it is difficuit to eliminate entirely. The plasma flow
velocity parallel to the magnetic field is found to be near the ion
acoustic velocity im all cases, The experimental density and electron
temperature profiles are compared %o the solutions to a one
dimensional transport model that is commonly used in divertor theory.
Solutions to both the steady state density, and time dependent coupled
density and temperature equations of this model, agree well with the
experimental profiles, for cross field diffusion coeffleients that

scale Iike the classical coefficlients due to fon-neutral collisions,
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cross fleld conductivities that scale like the classiecal
conductivities due to electron-neutral collisionz, and parallel lcss
terms that scale like the ion acoustic veloclty. The ion-neutral
scaling in the conv-ective term of the electron energy eguation is
believed to be due %o an Iincomplete ®shorting® of the ambipolar

electrie field by the divertor plate.

G.A. Emmert _
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Chapter 1

Introduction

One of the most pressing problems to be faced in the magnetie
controlled thermomuclear fusion program is the control of Ismpurities
in the next generation of experiments. Whatever confinenen£ concept
that ome believes will demonstrate fusion feasidility, it is agreed
that its spccess will rest on the implementation of some concept of
impurity comtrul. The effects of impurities on Tokamak discharges has
received considerable attention, and the propozed methods %te control
these impurities are many. Pecause my purpcse is teo discuss the
properties of one such method of control in Tokamaks, I will limit
this brief review Lo Impurities Iin Tokamaks, However, it should be
noted that most of the concepts relating to the effects of Impurities
and their production mechanisms exbend easily tc other devices. For a
much more detailed review of the effests of Impurities on Tokamak
discharges, =and their production mechanisms, than can be presented
here, the interested reader ls referred to the excellent review paper
by HeCracken and Stc:t:i:.1
The Effects of Impuritlea

Perhaps the wmost severe effect of impurities in =z Tokamak
discharge is the greatly enhanced energy losa due t¢ line and
bremsstrahlung radiation, The energy radiated due to electron

bremastrahlung 152

172 2
Elassw Te negnizi s {1.1}

and due to line radiation 152

o =1/2 b
Eloss™ Te nezgnizi s (1.2)

where the sums extend over all &tike ion species, Ti {s the ion
temperature, Te ig the electron tesperature, o, iz the ion density,
and Zi {is the ion atomic number. .These equations for radiative snergy
icss are strictly applicable for coromal eguilibrium only. The
problem is greatest for those impurity ions that are not completely
stripped of electrons. For example, it has been shownal that 28 little
as 2 .1% econcentration of tungsten triples the required ut for
ignition, where =n is the feel fon density and T the particle
confinepent time. An Increase to only .2% can preclude ignitico
zltogether. These jmpurity concentrations are not at =il unreasonable
heczuse in a typieal ignitiom experiment one ¢an expect a 5% nicbium
concentration in the plasma from the bombarded walls of the vacuum
vessel if the walls had been nicbium corted. From eguaticms (1.1) and
{(1.2), the radiation problem is less severe for low-I Iimpuritles
especially if they are fully stripped of electrons 1n which case, of
course, there is no line radiation. However, even for & low=Z
impurity like carbon only a few percent jz alliowable before the same

problems occur that ceccur at high-Z.



Due to an effect predicted by neoclassical transport tkeory,
under the right conditions impuritiea should be transported to the
central section of a Tokamak discharge where they will buildup =nd do
the most damase.u Even at the discharge center, high-Z impurities will
not be fully stripped. This effect has been observed in many
experimentss's’7'8 from the T-3 Tokamaic? to, most recently, the ISX-A
e.‘xperimentq, but only on the outermost flux surfaces of the discharge.

Observations on the ST tokamak show no bulldup of impurities fm the

center of the discharge. Radiation measurements on TFR indicate

gentral impurity peaking would not be consistent with Lthe measured
power out of the center of the device, 7The TFR group postulates that
only a small fraction of the inward diffusing impurities in the outer
layers actually reaches the center, thus Impurity recycling occurs
cnly in the outer layers.7 .ﬁ?.- present the question of the imward
diffusion of impurities is unresoclved. Interestingly enough, this
szme  phenomena may, under properly tallered conditions, provide 2
methed of impurity control. This will be discussed in the section on
the control of impurities.

Radiation losses are not the only deleterious effect of
impurities on a Tokamak discharge. Even a swall concentratiom of
highly stripped fons at the center of & discharge can cause 2
substantial diiution of the nucle-.ar fuel and a consequent increase In
the required nt', Each highly charged impurity fon can take the place
of many fuel ions for a2 given electron density, resulting in a lower

fuel lon density as impurities diffuse im‘:al"c!.1 Furthermore, radiative

e¢ooling of the discharge periphery can cause Iinstabilities with
at.!:epdant enhanced transport, as well as disruptiona due to the
shrinking of the eurrent cham'zel.2
Solutions ta the Impurity Problem

To the many problems posed by the presence of impurities in
Tokamak discharges have come a variety of answers. One solotion is
the use of material limiters to define the plasma shepe and prevent
contact of the hot plasma with the vacwum walls., At present this
seems only to move the source of the Impurities from the walls to the
limiter. ¥ith megawatts of power being deposited on the limiter even
in present day experiments, severs heating followed by release of
impurities is ::maw'oiciable.1 One proposed cowmpromise is to use low.Z
coatings on the limiter so that at least ‘the released impurities will
pe fully stripped.

Another solution is to surrcund the plasma with a gas blanket to
ineunlate the vacuun walls f{rom the plasma, A =similar solution
propogsed for the JET Tokamsk is a cold plasma blankel that is
impermeable to charge exchange neutrals and cold enough to be below
the sputtering threshold (i.e.:‘!OeV('re(E‘OeV). As of yet the blanket
has only been simulated pumerically, and there rewain questions on the
stability of the blanket—plasﬁ:a interface,

One imaginative solution to the problem of the neoclassical
inward transport of lmpurities was proposed by Obkawa of General
Atomic.g Ohkawa showed ¢that in the Pfirsh-Schluter domain of

transport, a2 poloidally asymmetrie scurce of protons can reduce or



even reverse the lmward transport of impurities. Subsequently, other

authors have generalized the theory to include the effect of

asymuetric heat sources, lower collisionality regimes and general flux
5,10,11

surface geometries. Theoretleal calculations have shown that in

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

impurities I‘I of charge Zr isn

where

K=20°n,/(21eBy wyy Ty1).

The subscript i(I}) refers to the protons{impurities}, q is the safety
factor, Ty1 12 the proton-impurity collision time, W, is the proton
cyclotron fregquency, B 13 the toroidal field, R and r the major and
minor radii, e the electron charge, and P the pressure. The A's are
numerical factors of order unity that depend on the collision model

used. i

The first term in brackets in equation 1.3 is the neoclassiczl
effect responsible for the inpward diffusion of impuritiss, namely the
impurities d¢iffusing up the the gradient of main plasma ion species.
The sescond t.e;-sr.; is responsible for impurities diffusing down their own
density gradient.

The last two terms are the proten particle source

CITE and the heat source arqe and shqw they can effect the direction

and wagnitude of the _mpurityr fiux. These existence of these terms ls
responsible for the Ispurity reversal effect.

A poloidally asymmeiric source of EE gas was therefore installed
onn the ISX experiment to test these predictlions, Resulis consistent
with the theory were obtained for neon injected as an Iimpurity; the
invard diffusion of neon was significantliy reduced. Similar tests on
aluminum as the injected impurity gave incoansistent results. Various
explanations=, such as the higher thermal velocities of the injected

aluminum, have been advanced for this ci:Lsu:.)r'.c.-pa.ru:y.12 Higher thermal

. velocities may allow the zluminum to penetrate the layer where the

flow reversal effect exists., Attemptzs to reproduce these results on
IS]@B have naot, as of this writing, been suecesst‘ulw, however it
would certainly seem that it merits further study., It remains to be
seen if actuzl reversal of the flow can be induced.

Perhaps the one solution with the molst promise is the magnetic
divertor. The idea of the divertor is to shift the problem of the
plasma-wall interaction away from the n-lain containment vessel to an

area that can be beiter eguipped tc handle the probiems. The device

14

was first proposed in 1951 by Lyman Spitzer as a means of preventing

contact between plasma and first wall., Fig. 1.7 shows the Spitzer
divertor. BHowever, it was socn realized that the device could screen
the plasma from wall evoived impurities as well. Coils external to
the plasma create a null in one componsat of the confining field; from
the component that is nulled comes the usual nazme given to the

divertor (i.e.:toroidal or poloidal divertor}, Field lines inside the
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separatrix remain in the torus, while those outside are conducted to
an external chamber with Lthe plasma that is on them (thus the name
"serape—of f* zone for these field lines). Fig. 1.7 shows all of these
features. Here the plasma is neutralized by allowing it to strike a
material plate. Return of the neutralized gas to the main chawber is
restricted by reducing the flow conductance. The flow of plasma back
to the main discharge may be restricted by ambipolar electric
fields.}s To handle the heat and gas load £o the divertor, the
neutralizer plate may be cooled and the chamber pumped on by a vacuum
pumping system. Tne heat load per unit area may be reduced by fanning
out the field 1lines with appropriately placed ceils, Damages or
erosion of the divertor plates may be dealt with by continually
refreshing &the plate surface by getterlng or even =mechanieal
replacement. In zll cases one 15. allowed greater flexlibility in
handling the plasma wall interaction problea.

The purpose envisioped for divertors then is a threefold one.
The first is to be z magnetle limiter that defines the plasma shape.
The divertor will not define the plasma edge in the sense that the
density will go to zero there, but 1t will defipme a boundary layer
where the fall off of density and temperature will cccur 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 1t to e
pumping chamber. The third function is to sweep up wall evolved
impurities by the plasma flowing to the divertor and thus prevent then

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



as in purpose two, one requires a rapid fall off of density to
minimize plasma and first wall interaction and its resultant damage
- and impurity ewvolution. Purpose three requires a scrape-off layer
thick enough to assure a high probability of ifonizing an incoming
neutral and carrying it tc the divertor, Therefore, the last two
divertor functions cam not be simultaneously optimized and one must
settle for scme reasonable eompromise.1‘6 Finally the extent to which

the divertor can act as a limiter is determined by this tradeoff.

An additional benefit of divertors has been realized. " Evacuation

of the reaction chamber $t¢ the regquired low pressures will demand
presently unattainable pumping speeds. However, if the divertor
chazber is 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 technleally
feasable pumping speeds.
Divertor Experiments

Shown in Fig. 1.2 is a schematic of the types of divertors that
have received experimental attention, and illustrates the salient
differences between them. The first experimental test of the divertor
was dopme in 1957 on the B-635 steliarator.w This divertor was found to
reduce the impurity concentrations by a factor of two to three with an
attendant increase in the lon temperature. A divertor was next tested
on the model ¢ stellarator in 1963 and found to reduce impurities by

an order of mgxlitUGE.18 & major disadvantage of these torcildal

Divertor .
cutrent Diveried

fietd line

Current
feops

Diveried
fluz

bundie

Seporatrix

TOROIDAL DIVERTOR BUNDLE DIVERTOR
{ Top view of forus )}

Current

Separgtrix

Projecticn of a
diverted field line

Projection of o
diverted field line

SINGLE NEUTRAL POINT DOUBLE NEUTRAL POINT

{ Currents not shawn ) { Not all currents shown ]}

POLOIDAL  DIVERTOR
{ CROSS~SECTION OF TORUS )

Fig. 1.2: The different types of magnetic divertor that have
received experimental attention.
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divertors, as with all tercidal divertors, is that they destroy the

axisymmetry and cause large field perturbations, both of which can
lead to enhanced radlial plasma 1055.’9'20 Perhaps the sole advantage
of a toroidal divertor lies in the fact that it does not require the
existence of a plasma current te¢ operate. This point will be expanded
upon shortly.

Another divertor of the toroidai type 1s the so called buadle
divertor first reported in the Iiterature in 1972.21:%2 The colls used
to divert the "bundle™ of toroidal flux are a higher order multipole

j.han those of the above mentioned divertor, As a result the field

falls of £ much faster than in the toroidal case, resulting in magnetic
field perturbations on axis of typically a few per cent. 1In this
senze it 1s an improvement on the toroidal divertor, umfortunately,
this device still destroys the toroidal axisymmetry. In addition, teo
handle the anticipated heat loads in pext gensratlon experiments pore
thar one such divertor may be necessary. The first experimental test
of the bundle divertor occurred on the D.I.T.E. tokamak and met with
encouraging r'esults.23 The diverter received 50% of the particle [lux
and 60% of the energy flux that normally hit the walls. The amount of
metallic impurities was reduced by a large factor as evidencéd by ao

order of magnitude decrease in the HO+21

+16

radiation and a factor of

three reduction in Fe radiation. The total radisted 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 lmpurity.

12

Figure 1.3 shows a schematle representation of the D.I.T.E. bunule
divertor. -

4 third divertor concept 1is the poleidal divertor, which was
first conceived of in 19562!; and has received the most zttention in

recent years. Because the poleidal field im a tokamak Is 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 regquire the existence of a plasma
ocurrent that creates the poloidal field bdefore 1t can work. It
therefore follows that impurities released 1ln the start up phase of a
tokamak discharge, before the torcidal ecurrent is estabiished, may be
free to enter the plasma. A poloidal divertor also differs from &
toroidel divertor in the length of a typleal field line in the scrape
zone before it enters the divertor. In a toroidal divertor a particle
is npever more than one toreidal circumference away from the pumping
chamber. On the other band, in a poloidal diverter a particle may
make several trips around the major axis before being diverted.

The first experimental test of the poleidal divertor occurred on
the FM-1 spherator device at the Princeton Plasma Physics Labs. A
plasma capture effliciency of 80% was obtained on this device.25 A
poloidal divertor was also tested on the DIVA tokamak.28 This divertor
was found to receive 75% of the energy loss and 33% of the particle

loss. The total radiation decreased by a factor of 2 to 4 and
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Typical field lines
non-diverted

/Separclrlz

Diverled

) Stognalion axis

Schemarie of the first bundle divertor, as used on

Fig. 1.3:
the DITE tokamak.

14

shielding of at least oxygen was ouserved. The number density of both
low and high-Z impuritiers was decreased by the divertor action.

Ia the construction andfor initial operation phase are three more
iarge poloidal divertor experiments. PDX at Princeton has bégun
operation, as has the ASDEX experiment at Carching.27'28 Initiat
results fromw PDX show = significant decrease in the total radiated
power over the non-diverted cilrcular case, and a Zeff of one in the
diverted case, which 1s one half that of the circular diacharge.29

Still another divertor concept was originated here at Wisconsin
by D.W. Kerst.30 It was suggested that an externally applied electric
field could be used to produce an ExE drift that would augment or
initiate plasma [low to the divertor chamber. The existence of this
effect was shown in 2 series of experiments carried out by E. Strait3!
on the large Octupole device, Additionally, an applied electric field
in conjurction with z 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 zlone.

Theeries of Divertor Qveration

The thecretlical problem of plasma transpert in a .divertor is
essentially two dimensional, znd the physical processes that govern
the cross fleld and parallel to the magnetic field flow are very
different. If cne includes the effects of the magnetic geometry the
preblem is complicated further. The first theoretical attempta to
prediet such divertor parameters as the density and temperature

profiles simplified the problem considerably by adopting a phencmenc-



logical ﬂpproach.16'3z’33 In these analyses the plasma flow into the
ccllectors is medeled by replacing the parallel part of the continuity
equation by an "absorption® term, thus reducing the equation to one
dimension. Then, depending on one's prejudices sbout the governing
physies in the scrape-off zcne, choices are made a3 o the value of
the cross field diffusion coefficient and the form of the parallel

"absorption” term. This simple model has proven useful in developing

an understanding of the consequences of the various physics

asswmeptions one can make on the operation of a divertor.

Az an example, consider a simple siab model divertor as shown in
Fig. 1.4. The steady state continuity equation in tihis gcopetry,
ighoring sources for the wmoment {a more formal derivation will be

glven later), can be written as

Vol = Vy Ty + ¥y oIy =0, (1.%)
where , and , refer to x and z in Fig. 1.4. We make the replacement

Vp *Iy= Tu/Lz nva/l= n/ T, (1.52
For the slab model shown in Fig. 1.4

oo 8
Ve Taz S Ty (1.6)
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point for the flow model and the theory of Boozer.
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an
Assuming a Fick's law type <iffuszion, Ty =-DL—3;' one gets for the

1

continuity equation

-2 p, 3®,B _g (1.7
3x * Bx e

If we assume that Dy is independent of x, then the soiution is

n=n_e . (1.8)

-where A=z(D, 'r.)”z a;:d ng is the density at the separatrix.

The density has an exponential fall off with an e-folding Iength A.
If one allows for an additional source in the scrape-off zone due to
collisiomal ionization of neutrals, A becomes

NP LIS Uz

' (1.9}
1-1:0 av Ty

where ng ¥ i= the total production rate of lons due to electron and
ion eollisions. In a similar way, 6ne can add terms which model other
processes that ome believes may occur in the scrape-off zone and
choose values for Dy and 1Ta _again as .a function of the physical
proceszses one belleves are relevant. Having chosen these values, one

can estirzaze the partlcle flux incident in the first wall as

18
atr=- D ‘%%ir=wa11v , (1.10}
and the plasma flux to the divertor
11 “I%E dz. {1.11)

where z 1s in the direction of the magnetic field.

The choice of the various governing parameters within the context

of this model has been the subject of considerable theoretical

attention. The value and scaling of D; appears to be uncertain at
present, but ctneerning the value of T, there is more certainty. For
example, one c¢cholee of +t, is the time that an lon might take to

travel along a field line <:_;f ‘length L. to the collector plate“,
T.,-v_l;. _ (1.12}
One choice for Vn is the ion acoustle speed

Vo = ¥, (kT /M2, (1.13)

This assumption i= based on the treatment of the sheath problem
carried out by S.A. Self35, and assumes cold ions and asbipolar flow

of lons and electrons in the presence of the long range elecirostatic
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potential. {The assumption of ampipolarity in these models is one of

the subjects that this thesis examines experimentally.) There is
experimental justification for this assumption as well in that both
the Div336 and F8-125 divertor experiments measure flow velocities at
about one third the ion acoustic value. Based on anaiyses that treat
the more relevant case of hot ions, one may expect a different long
range potential and thus a different Vr,.3? in this case the proper
chotce for Va is 2(kT;/2mi,)%/2,
ions.

& second cholce for T, comes from the consideration of =aingle
particle dynamics in the scrape—off zone. As plasma particles follow
field 1lines to the divertor they must move through an increasing
magnetic field.% In this case, if the partiecle veloclity vector is
outside the loss cone of the mirror,it will .be confined to a reglon
cutside the colle.ctor. {Of course,those particles with their veloeity
vector ingide the loss cone will flow freely to the collector with a
time TaTl/¥s.) The maximum time that the remaining miri"or confined
plasma could be trapped is of the order of the 90 degree scattering

time for ions38 to scatter into the loss cone,

172, 3/2
m, Vo3

—_— =, {1.14)
WAL e“zani

(Twdgax = Ty1 =

for a maxwellian distribution of

20

In addition to the classical processes discussed above, the loss
cone distribution38 of Vt_he .mirror confined fraction of plasma can
drive a wealth of high frequency instabilities that can break the
adiabatic finvariance of the magnetic moment and increase piteh angle
seatiering. Thus, 1n the presence of such modes, the best estimate of
the parallel fiow time may still be (T")min of equation 1.13, and ‘the
plasma layer in the scrape-of 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

'frequency mde339 drivea by the density gradient or bad field

curvature can lead to enhanced cross field transport without inceasing

the rate of pitch angle scattering, thereby inereasing the fiux to the

wall.

Aa an illustration, for parameters typiecal of a next generation
experimental tokamék with divertor,

Ty= ¥ keV, T = 200 eV,

L= 3 m,

ne=1012-1{}13 em™3 (at the separatrix),
the ratie (‘{"'max/;r‘min) 2 may vary from 10 to 3G, and therefore
can vary as much. Considering the peossible variation in D; leads to
even greater uncertainty. Again the final wvalues must rest on

experimenf. .

40

A,T. Hense considered the effect thls large range of T, and D;

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

1.7, with the boundary conditions:



.

3n _ -
{a) ‘D-l.“‘i;=x=0‘ I't,'ep flux ocut of the core.

{b) 1im n{x)=0 as x goes to infinity (le: wall very far away)

The flux at the wall is then given by

_ an
L S ALl BEPS L

The resuits for the indicated coefficients were as follows:

(1} vaneoclassical’ T T,y (pitch angle scattering)

r e
(2) 9,%D, = —-ne(d e to instab.) =
1™ Dponm™ 18 oB - =45 TeTT44 pitch angle

1"w=(.915) I*o; almest all particles escape the divertor.
(3) Py*Ppinelassical’ T T*min

I‘HEO an overly optimistic case.
(8) Dy =Dp T npin

I‘“=.25 Toi 8 marginally effective divertor.

In light of Mense's later transport equation soluticn it is found
that too high a value of 'I'e was assumed in this earlier calculation.

Thus alzbsohm i1s far tco high and with more realistic values of Te’

shielding efficiencies of 95% are found.

The shielding efficiency of the plasma in the scrape-of ff zone can

be assessed from a continuity eguation as well, If I‘O(x) is the

neutral flux at any x,

22

ar (x})
ax

= -n(x)no(x)( av}, {1.15)

where n{x} and ov have the same definitfons as before and o (x) is
+]

the neutral density as a functlon of x. For 2 given plasma density

profile and some neutral flux coming off the wall, the probabllity

that an incoming reutral will be ionized is

- £ gv>
1
£, = 1- exp[—TzL [n d¢x1, (1.16)
[+

where n is the plasma density, V,i and <cv>o_i are the impurity
veloeity and the Impurity lonization rate respectively. Thus one sees

that the shielding depends on the line fntegral of the plasma density

across the scrape off zone. Based on the simple flow model outlined

above, if <ty is not a function of x, the line averaged density can

easily'be shown to be
[mnoax = 1o Tgep (1.17)

where rsep is the plasma flux that crosses the separatrix. So as
indlcated above, a knowledge of the parzliel flow time is' not enough
to specify the shielding, one needs to know the the plaspa flux that
is crossing the separatrix as well. The shieiding efficiency is found

to be greater than 99% (for Timp:5 eV)E“ ir:
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D, t,{n_ra)
= t e > 1013, cm™2 {1.18)
(1-n, ov Tut

Here np is the average plasma density in the core, and a the minor
radius of the torus, ané the line averaged density has been
approximated by mh .

&4 more careful analysis of the plasma particle and energy

transport in the divertor, and the effect of various boundary

econditions {at the separatrix and first wall) on = tokamak discharge
has been carried out by several authors 41'42'43.

The group at Princeton“ aumerically solved detailed particle and
energy balance equations for the electrons and icns. They iIncluded
such energy loss and galn mechanisns as radiation, ionlization, charge
exchange and neutral beam hezting. The effect of the divertor on the
main core was assessed by solving these equations with boundary
equations at the separatrix supposedly appropriate to the PDX
experiment.

Comparison of the parameters of the PDY discharge with and
without the divertor were made using their code. For the divertorless
case, the coefficient R, the fraction of neutrals recycled back ints
the plasma is chosem to be 1 -( Z.¢p is chosen to be B.} For the
discharge with divertor, H is chcsén to be .2 and zeft' =1 {due to the
expected reduction in impurity Ievel.) The principal difference

between the sclutions to these two cases 1is the higher electron and

24

ion temperature in the core {i.e. divertorless: Ty = 2.7 kev, TQZLB
keV; diverted: '1‘1:3.9 ke¥, TEZ 3.8 keV) for the diverted case, and
smaller losses due to charge exchange.

A better treatment that does not rely on diverter type boundary
conditions at the separatrix was done by Mense.uo In this treatment,
the transport equations were scived consistently 1n the core and the
scrape-off zone. The only "boundary condition"™ was that D, was
continuous across the separatrix. At the edge of the core npear the
separatrix the diffusion cocefficient of the trapped ion mode was
chesen. An adjustable parameter e, was inserted intoc the assumed Bohm

diffusion coefficient in the scrape-off zone:

T
- 1 e .
DL = Ebj—g (E) {1.19)

to assure continuity of D (eb: .25 toe .1). Various boundary
conditions at the first wall were tried, and it was found that the
transport equation soclutions in the core and most of the diverior were
insensitive to these boundary conditions.

In the secrape-ofl zome, the contlnuity equations as well as the
electron and lon energy balance equations for cross field diffusion,
parallel flow to the collector, and neutral gas effects were solved.
In addition, 10% of the plasma neutralized at the collectors is

recycied to the scrape-off zone. { Various deposition profiles of
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reflux were tried in the scrape-off, aﬁd found to have minimally
different effects.}

The results of this code typlcally show a rapld fall off in
density in the scrape-off zone as coppared to the core profile. The
temperature profiles of the ions and electrons show that TiZTe
threughout much of the core region {(due to rapild equilibration between
species) but that T, falls off much more rapidly than T; in the
serape-off zone. The important effect that causes this difference is
the sheath that forms at the particle collectors. This sheath forms
“to repel the majority of electrons that approach it, to assure that

I‘i= 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 rapld c¢ooling of the electrons than the ions.
However, secondary electron emission from the ccllector can reduce the
potenﬁial drop across the sheath and cause even larger losses to the
electrons.uz hs we shall see iIn the deascription of the experiments
that follows, a similar enhanced electron cooling can be the result of
non-anblipolar diffusion. It should be noted that this effeet will
invalidate the assumption of lon accustic flow Into the divertor plate
which is based on the existence of ambipolar fiow. Therefore, anoiher
impertant area of experimental investigation needing further research
is sheath formation in the presence of secondary emission, and its
effect on Vy a‘nd electron energy loss, in one of the next generation

divertor experiments.
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A group at Princeton have applied an analysis similar to lhe
method used by Mense to the case of a divertor for the INTOR tokamak.
Tuo Dimensional Divertor Models

The first two dimensional analiytileal study of the divertor was
carried out by Hazeltine and i-!intf.'.u-x.";3 In their model, 1t is assumed
that the distribution function of both fons and electrons are
Scltzmann distributions. The dons are further assumed to be
collisionless and the electrons collisional in the scrape off zone.
Their fundamental definition fs that the ifon density is simply the
integral of the ion distribution functionm over that portion of
velocity space where the ion single particle orbits are contained, and
that the distribution funcition is zero on unconfined orbits. Using
the Tokamak drift orbits for the untrapped particles, those orbits |
that pass beyond a certain wminor radius {i.e. the separatrix at the
collector) are taken to be lost to the poleidal divertor, in an
ideaiized magne_:tic geometry, When this integral 1s evaluated and the
result combined with the quasineutrality condition, they find the

density scale length in the scrape-off zone to be

{1.20},

where Ppi is the lon gyroradius evaluated with the poloidal field
intensity and a/R is the inverse aspect ratio. This analyesils yields

singular results, however, for poloidal angles approaching the
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location of the divertor ;lates, which is an artifact of the
collisioniess asswmption, (That is, the density profile approaches a
step function at poloidal angles near the locatlon of the divertor
plates.)

In a later section of their paper, the authors extend t%the
znalysis to the region where the collisionless model breaks down.
Eased om a neoclassical anaiysis of particles diffusing inte the
divertor loss regions, it is shown that the density scale lengths
cbtained in ithe celiisionless Jimit are valid everywhere except aeax:
poloidal angles of € =:iw/2, the location of the divertor plztes. At
@=25/2 the boundary layer analysis yields a more gentle fall off of
density than the step fumction of the collisionless analysis. They
conclude their paper by calculating the pariticle and enargy lozs to
the divertor based on these results.

The importance of including the barely trapped ions in the energy
and particle losses te the diverier, left out in the previous paper,
was shown by EL-I\lac:U.mz in 2 similayr analysis based on the drift
kingtie eguation.

& further refinement of the Hazeltine and Hinton paper is carried
out by Daybeige and Beinus, Uzing the full Fokker-Pianck colliisicon
operator in the ion drift kinef:ic equation, and aceounting for the
variation of the less region as a function of position, the particle

znd energy losses to the divertor are calculated.
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There 13 one final divertor model worth mentioning that 1a quite
1}
different from the models discussed previously. Fig. 1.4 describes

the two dimensional model of Boozert?

schematically. The mwmodel
assumes plasma is deposited into the ; directed magnetic field with
some given profile T{z). The divertor iz assumed t¢ accept any.and
all plasma given to it{common to all the divertor models discussed
except the numerical models of Henseue and Meadelu et al), the plasma

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

collector plates, and neutrallzing itself on the target plates, (This

‘progess is assumed to depend only on x and z; ¥ is 2 symmetry plane.}

i general set of eguaticmns given by Sr‘aginskii38 are used Lo
solve for the plasma transpori. These equations are esseatiazlly the
two fluid eguations, with a term R incliuvded to acccunt for imter-fiuid

"2, Sclution

"frictional™ Coulowd forees, and energy balance equations
of these squations indicates once agaln that plasms flow parallel to B
#ill be at the ion acoustice speed. However, here the similarity to
the flow models ends, VWhile the flow mcdels predict egual fiow of
ions and electrons across field lines with a proflle nze'xn‘ , this
model predicts different characteristic A's for each species, It
indicates that the electrons flow tc the ecllector over a narrow
region of width X = pel../ }‘e { po= electrom gyroradius, le=electron
mean free path,L the field line length to the collector.) The ions
will have a A = p+('i'e), the ion gyroradius caleulated with the

electron temperature. The latter is wider than the predicted A from

the flow wmodels, which for comparison purpeses in these units is
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370 o, pel/ A2, The flux of plasma is aobipolar only in the
zense that equal fluxes of electrons and ions enter the sheath if
integrated over the width of the particle collector. Interestingly
enough, the F¥~1 divertor experiment did note an lon cutflow .width of
p+(TE}, and a large potential change acress the scrape-off zone, as
if the electrons and ions are separated, The existence of such
ton-ambipoiar flow has alsc been cbserved in the experiment to be
described. Boozer's model assumes cold ions and eclassical transport
in the scrape-off zone. These are unlikely occurances im Tokamak
“reactor plasmas, but may have relevance for our experiment.

The final choice among these wmany theories can only rest on
experiment. The large divertor experiments that are presently coming
on line will hepefully answer thig guestion. It is the humble hope of
this avthor that the experiments described in this thesis will shed a

ray of light on a small area of the divertor probles,
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Chapter 2

Experizental Apparatuz

A schematie of the D.C. machine, the device u=ed for these
experiments, is shewn in Fig. 2.1. This apparatus was constructed in
the years 1970-71 by Dale Meade, Tom Jernigan and Ronr Prater and used
by Prater and Jernigan as the main experimental device for their
Ph.D. thesis. *2 Subsequently R®. Richards obtained his Ph.D. fer
experiments carried out on the same device.3 -

The center secticn of the vacuum tankK was constructed by roiling
3/% inch 5083 aluminum into a cylinder and welding the seam. The end
flanges are cut from 1.5 inch 5053.aluminum and are sealed te the
cylindrical section with large Viton O-rings. The entire device is
supported on a stand, with the center line (see Fig. 2.1} in a
horizontal plane. The tank is 66 cm. long and 92 em. in diameter.
Ports are provided In the tank for six internal ring supports,
diffusion pump, ion gauge, and the current feed to the internal ring
as well as numerous other diagnostic ports. &1l port seals are either
indign or Viton O-rings.
Faguu Systeg

.A base pressure in the mid 10-7 ﬁange is obtained with an oil
diffusion pump, topped by a Frecn cooled baffle and a water cooled
cold cap, backed by a mechanical puwmp. The il diffusion puvmp 1= a
six inch PMC-6 Consolidated Vacuusm Corp. charged with DC-TOH4 silicon

base oil. & small Tecumseh Corp. refrigeration unit cools the

Fig. 2.1 A schematic of the D.C. Machine showing: A-Lisitamno
coil; P-internal ring; G-Helmholtz colls; H-wirror coils; B,C,
D-typical field lines for the chosen magnetic configuration,

34
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Consolidated Vacuwum type BC-61C baffle to about -60 degrees farenheit
to reduce backstreaming of diffusion pump oill. 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, whosze
purpose is to reduce backstreaming of mechanical pump oil. A
Leybold-Heraeus DK-U45 mechanical pump, with a puzping speed of 650
1/3, 1s used toc rough the system down from atmospherie pressure
through a separate port.

Analysis of the residual gasses in the system with a Molytek
Spectramass 80 mass specirometer showed the dominant partial pressure
in the system was that of water. In addition smaller peaks were
observed at mass to charge ratlos in the range 41-50 and were thought
to be hydrocarbons from the diffusion pump oil. Fig. 2.2 shows
typical R.G.A. traces when the base presstre was 5x1077 torr. The
dominant peaks at m/e=18 {partial pressure= 3.3x10“7 torr.) and mw/e=28
(partial pressure=1.,7x1077 torr.} are evident. Both substances are
undesirable in a plasma experiment because of potential changes in
work function they can cause on probe sur'facesu, 28 well as adding
effective capacitance and resistance in series with the probe. An
additional effect 1= due to the silicon base pump cil. On surfaces
that bhave been continually 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

spectrozscopy has shown they consist largely of silicon and carbon with
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Tip. 2.2: Residual gas analyzer traces of the D.C. machine
vacuum before the installation of the cryopanel. The
horizontal scale is mass to charge ratio of the Impurity,

and the vertical scale is proporticnal 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 ara_chemically
cracked pump oil. Build up of this same cocating has been observed on
probe surfaces, where it can change the effective collecting area of
the probe,

To eliminate or reduce a3 much as practical the bad effects of
these impurities, a liquid nitrogen cocled cryopanel was conétructed
and installed on the D.C. machine. The crycpanel is nearly identieal
to one that has been shown to be effective on the ocl:.upole and was
designed by Jon Twichell. Fig. 2.3 shows the H.G.A. ‘traces aftef
installation of the panel. The water peak has been reduced to
1.2x1077 torr. and the oil peaks have been reduced by about a factor
of three. The erycpanel has two scuare feet of baffled, cooled copper
plate with 2 pumping speed for water of zbout 2000 1/s.

The preasure Iin the system i3 monitored in the 1 atm. to 1
wmieron range with varian type 2531 thersocouple gauges. For pressures
below 1 microm, a Varian 563 Bayard-Alpert type ionization gauge is
used and monitored by a Varian 843 ifomization gauge controller. To
control the pressure during experiments, gas is bled Into the tank
through a needie valve while the system is being pumped on.

Hagnetic Fleld Coils

The criginal intent in the desalgn of the magnetlie fleld structure
of the D_C. machine was to modelucertain properties of multipoles in a
steady state device.1 To this end, and the desire for flexibility in

the available configurations, the coll arrangement Iin Fig. 2.1 wasa
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Fig. 2.3: Residual gas analyzer traces after the installation
of the cryo-panel. Note the reduction of the water peak at nfe=18,

and the reduction in the high m/e peaks attributable to pump cil.
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"arrived at. For maximum flexibility there are three different séts of
colls, and the current in each set .can be varied independently.

Formj.ng the fleld are a set of five coiis. The largest coils
external to the wvapuumr chamber are in a Helmholtz configuration.
..'I‘heae coils are made up of 18 T"pancakes™, each "pancake" having 12
turns of copper tubing and measuring 56.5 cm. in major radius, 10
cm. in thickness and 4 c¢m, in length. The successive turns in each
®pancake™ are insulated from each other by fiberglass tape and potted
Vin epoxy. The power supply for these colils is a modified Lerain
Products Flotrol magnetic amplifier, capable of 400 amp$ at 70 volts.
These coils are usually coperated at about 70 amps per turn, which
preduces an on axis field of about 25¢ G.

Carrying current in the same direction as the Helmholtz coils are
the small end coils. These colls provide the rescnance field
necessary to opefate the Lisitanc source, as well as pinching the
field down to form a magnetic mirror. The end coils are wound from
100 tﬁrns of the same copper tubing a8 the Helmholtz colls. The
"cube™ power supply for these ¢oils is capable of 275 amps at 36 volts
but is normally run at 180 amps. The machine's field maximue of 1200
G. occurs at the throat of these colls.

Finally the internal ring of tﬁe D.C. mach_ine Is a magnet that
was originally 1roaned ta the éxper'iment by the Princeton Plasma
Physies Lab., and only. recent.iy became pro;)ér‘ty of the Universit;’r of
Wisceonsin, The magnet had been uszed in the Sphérator 3.P.-1

experiment.. This coil has twelve turns of copper inside a stainless

————
——p
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steel Jacket with an inside major radius of 33 cum. Supporting the
coil inside the vacuum vessel are six 1/8 inch diameter stainless
steel rods, and both rods and coil are electrically lsclated from the
main vacuwh chamber. The current supply to the ring -is a surplus
Magneflux metal flaw detector supply that can supply 4 wA at 12 V but
until recently only in a step-wise fashion. It was found during the
preliminary investigations of this thesis that a continuous

variability of the current was Decessary. Therefore T. Lovell,

C. Strawitcn and D. Grubb designed and installed the ecircult shown inh

Fig. 2.4 that allows the current to be nearly continuously varied
between the taps on the autctransformer.

The two most useful configurations for divertor studlies are shown
in Fig.2.5 , and the third is egsentialiy a simple wmirrer
configuration when the internal rirg is not energized., The lower
mzgnetic configuration in Fig. 2.5 1s most similar to a2 divertor [leld
plot, but for reasons outlined later the upper configuration was
chosen. For the configurations shown 1m Fig. 2.5 the current in the
internal ring is run opposite the currents in the Helrholtz coils.

The outputs of a2ll three power suppiies are highly capacitively
filtered in addition to the irherent curreat stability provided by the
inductive loads of the magnets. Al of the magnets are cooled by a
closed loop cooling system that pumps a distiiied water anti-freeze
mixture (to prevent corrosion} through the coils at approximately 140
Psi. and seven gal./min. In turn 2 heat exchanger itranafers 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.
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allows power to be applied to the coils only when the ecooling water is
clrculating.
Piasma Source

The plasma source used throughout these experiments waa a so-
called "Lisitano coil®™ slow wave structure similar to ones found im
transmission lines in microwave tubes.5 The coll, 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 1is

terminated in a short eircuit. The slots are one half wavelength long
and there is a 180 degree phase shift between similar points on
adjacent slots, The fringing field from Q‘;:ir:e TEM wave propagating in
the siots forms a fileld pattern similar to a TE0,1 mode of a
cylindrieal resonant cavity, and will be stronger on the inside than
on the ocutside due to the cylindrical shape. A 'I'Ec’,.E mode has its
electric field vector in the & direction of the cylinder, and changes
direction on each half ecycle of the applied R.F. and similarly so
does a Lisitzano coil. The advantage to using a Lisitano coil over a
cylindrical resomator is that the internal fleld configuraticn is
independent of its diameter and reiativély independent of the
frequency of the applied R.F. Therefore the size of the source can
more easily be tailored te the regirements of a given experiment.

¥hen an axial magnetic field is applied, one can mzke use of the
resonznt nature of the orbit of electrons In a magnetic field by

appiying R.F. at the cyclotron freguency to achieve breakdown at a

Fig. 2.6: The slotted cylinder Lisitano coil, showing the

microwave power feed and the orfentation of the magnetic fleld.
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lower electric fleld than if no magnetic field were present.6 Source
gas 1s bled into the base of the coll, and a breakdown can be achieved
from 10~% and up to 1673 tore.

Once the plasma is fermed, power iz absorbed at the upper hybrid

rescnance frequency

s oo (r 2.5 H/2
f= fope (Fpe £ /2 =

Lotme?
2n

+ ()22
Be Do

=2.8(n(ca-311.03x10" 1 L3¢k, 1) /2

£

where fa is the applied frequency, fuh is the upper hybrid frequency,

fpe is the electron plasma S€requency, and fce is the electron .

cycloetron frequency. For plasma densities less thgn 1{111 c;n's this
reduces to fa=fce‘1

Care must be taken to awid higher order ccaxial modes that wiil
compete for the available power with the desired mode in the cosl.?
From Fig. 2.6 it will bde observed that the coil holder, with the
attached cooling lines, and the coil form a coaxial transmission line.
Bigher order coaxial modes therefore can exist in the gap between coil
and holder. For example, the 'I'E:.l"t mode has the lowest cutoff
wavelength

AT w{b+a}/2

where Ac 13 the cutoff wavelength, b Is the inside diameter of the
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holder and a the outaide diameter of the coil. For our paraceters
Ac=19 em. and the R.F. wavelengths used are near 2 cm indicating
that the TE1'1 mode will exist. In fact breakdown between the holder
and the coll teo 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 = smooth
radius on the end of the holder where a sharp edge had been. Both

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

Breakdowns with as little as 5 W of input power have been achieved in'

the desired mode after these modificatieons.

The microwave power for the coil 1s supplied by a Raytheon RES609
magnetron capable of up te TO W at 2.95 GHz. To prevent reflected
power from the coil from adversely affecting the magnetron & P and H
Laboratories model B1-526317 eirculator is interposed between coll and

mgnetron source and provides 20 db of isclation.
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Chapter 3

Diagnostics

A1l of the data for the experiments described in this thesis were
taken with 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
iraw po net electrical current. Implementation of probes as a
siagnostic Sthen i3 a simple matter 1in general; however, the
interpretation of the probe characteristie is far from simple and
3till 2 subject of active research. 35ti11l another complication arises
whep a layer of impurities resides on the probe surface, which is
aimost unavoidable in wmost lal.aoratory plasmas. Since Langmuir1 first
gdeveloped the electrostatic probe technique im 1824, there has
developed a very extensive literature on prebes. The work of Chen2
was the first systematlc account of probe theories through 19865.
Swift and Schwar3 apdated the work of Cher to the year 1969. Finally
Chung, Talbet, and Touryan” summarize the state of the art up te 1975.
Spherical Single Tip Probes

The so called I-V characteristic of a probe contzims all of the
information =about a piasma that one can obtain from a probe.z's The

6

simple probe theory of Bohaz® predicts an ifon current, which, at

voltages sufficiently negative with respect to the plasma potential to
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repel the majority of electrons, ls independent of voltage. Based on
the so called "Behm sheath ceriterion” from this same theory, the ion

current to the probe is given by

kTe /e
Ioi = nieﬂ(—:;;') ¥ (3-1)

where 4 is the probe area and Ioi the ion zaturation current.
Cbtaining T,, the electron temperature, from the exponential part of
the I-¥ characteristic enables cne to calculate B, the ion or plasma
density. 4 typical I-V characteristic from the D.C. machine plaswa is
shown in Fig. 3.1. The lack of saturation of the ion eurrent is=
obvious and leads one to suspect the simple theory of Bohm. The
analysis of Laframb01397 is applicable to the case of non-saturating
fon collecting probdes, for the case when the ion mean free path is
much greater than the probe radius, which certainly is the case in cur
plasmas. The numerical work cof Laframboise takes into account the ion
orblts that will occur in the attracting potential weil of the probe,
and calculates the lon current by noting which orbits will intersect
the probe surface. EKnowing the floaling potentizl and the electron
temperature, the wvalue of Ioi from the I-V trace is unigquely
determined in his theory, and from this follows the lon density, It
is worth pointing out that the paper by Scmi::l8 waz very useful in the
actual applicaticn of the results of Laframboise's theory, for reasons

described in Ref. (4).
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1

A typical probe characteristiec in the D.C. machine, i1llustrating ‘the lack

of ion saturation current.
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The theoretical resuits of Laframboise are derived under the
assumption that there are no magnetic fields present. However, if the
ion gyroradiusz is much rgreater than the Debye length, one has =a
reasonable expectation that the results of this theory are still
applicable. In this 1limiting case, the ion orbits on the sheath
spatial scale are very nearly straight lines outside the sheath, 2a is
implicitly assumed in Laframboise’s theory. For our paraneters: _BZSG
G, pi'_'2.5 em , J\D: .2 mm, and obviously p1)> AD' In fact the
results of Chen et 319 and Brown et al"’ support this conclusion by
experimental comparison of density obtained from probes, interpreted
using the theory of Lafracbolse, and a microwave lnterferometer.

The electren retarding portion of the I-V characteristie can
stiil be used to determine the electron temperatwre ir this parameter
regime. As in simple probe theory, the ocurrent {dominated by

electrons) to the probe in the retarding region varies as

e(‘?-'u'p)

kT,

I« exp (3.2}

where V is the probe woltage and Vp the plasma potential. A program
that carries out an exponential least squares fit to the I-V
characteristic was writtem for a HP-29¢ programmable calculator and
used to deduce Te- In all cases the curves are very close to an

exponential with a coefficient of determinaticn, Rz, of .95 or greater
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(Bzﬂ is a perfect exponential). The program then ilmpliments the
theory of Laframboise to determine the density. ’

Having determined ‘Ee and Vf, the floating potential, as the
voltage on the probe at zero current {the point where the I-v

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

plasma potential from the relationship

Vo= Vo4 G'Te‘ (3.3}

where the value of the constant & can also be obtained from the
theory of Laframboise. 1t is convenient at times to use these same
probes to measure the fleating potential without the necessity of
sweeping the probe through its I-V characteristic. In this case the
probe must be terminated in a resistance much larger that the sheath
impedance.s in our case Rsheathz(kTe}(llIoi) = 50 x ohms, s¢ a
Tektronix 10 M chm balanced attenuator probe is more than adequate.
It is interesting to note that the sc called "probe ;:::;u."adox“s1 that i=
observed in the Octupole 1s not cbserved in the D.C. machinres. This
refers to the experimental observation that z high impedance probe
indicates a different value of the flcating potentlal than a low
-impedance probe in the Octupcle. The difference is attributed teo
unequal rates of impurity coat buildup on the probe surfaces in the

two cases.’
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Shown in Fig. 3.2 is the circuit used teo obtlain the I-¥
characteristics. Typically the entire characteristic can be generated
in a few seconds when the bias vcltage 1s swept Dy hand. The
differential amplifier 1is used as a high impedance voltmeter and
allows ease in scaling over the voltage range that is necessary to
measure maximum and minimum densities.

l Impurities on probes have been shown to cause the measured Te
value to be higher than the actual T, as well as affect the value of
Ve that is measured. '© 13 1n an effort to minimize the effect of
Impurities on the probe characteristie, the probe tips are first
cleaned with acetone and then alechol before imsertion into the vacuum
chamber. Once inside the chamber, the probe 4is bissed to ion
saturation to c¢lean the surface of vacuum evolved impurities. Both
electron and ion bombardment have been reported in the literature as a
method of cleaning ;)1"<>bes3.12"456 During data acquisition, the probe is
maintained at ifon saturation and only sawept briefly through its I~V
trace. This method has also been reported to maintain 2 olean probe
surface under constant ion bombardment desorption of impurities. This
is also supported by experimental observatien in both D.C. machines,
Probes maintained at the floating potential or electron saturatiocn for
periods of days of accunulated run time develop black ash-like
deposits. These deposits have been shown by Auger spectroscopic
analysis to consist of silieon, carbon, and sulphur all of which may
have come from cracked diffusion purp oii. On the other hand, probes

kept at ifon saturation do not develop such deposits, and remain
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remarkably clean and free of impurities. A probe biased to electron
i

saturation in the D.C., machine will glow cherry red, which would

certainly seem to be enough to boill away impurities. However, the

observations don't support this idea, but apparently imparting

momentum directly to the impurities by ion bombardment is more
effective.

3 Profiles of the various plasma parameters are made by simply

99
e moving the probe threugh the plasms and taking I~V traces com a2 peint

> Xix

e Q3 by point basis.
gii The error bars shown on the density data are based on
— i

experimental comparisons of the density measured with =2 microwave

interfercmeter and a Langmuir prcbe interpreted with the theory of

Laframboise.9’10 For the very weak magnetic field that exists in our

experiment, the theory of Laframbolse predicts densities that are less

than 20% 1lewer than the true density as measured  witk an

interferometer. This is expected tc be the dominant error

contribution, and thus we conservatively place error bars of *20% on
the density data.
The dominant error source in the electron temperature measurement

1s due the resistive Impurity cocat that forms on the probe surface,

and causes Indications of higher electron tewmperature than is actually
14

Tektronix AM-502 differentlal amplifier and the HP-7035B x~y chart recorder.

present. (Because the probe 1s swept slowly through its I~V

Plasma

characteristie, the capacitlive portion of the impurity layer model is

ignored in the analysis that follows.) The resistance of the impurity

Fig. 3,21 Schematic of the circuit used to obtain the proba cheracteristic, showing the

coat is typlcally estimated to be of the corder of 200-300 k ohms, but
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a better eatimate upon which to base an error estimate is available.
By subtracting off the ohmic voltage drop that occurs acrogs the layer
wheno current is drawn, one cbtains the true voltage that the plasma
sees at the surface of the impurity layer. For an assumed impurity
layer resistance, the plot of collected current versus true probe
voltage should obey an exponential Boltzmann relation, the best
exponential being given by an assumed layer resistance that eguals the

actual value., Thils 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 typically 20% too high. Once again this
appears to be the dominant error as reproducibility is not a probleam
in the D.¢. machine plasmas, and thus a conservative estimate on the
error in T, is about +20%.

The measured floating potential can differ from the correct
floating potential due Lo secondary emission enhanced by work function
changes of the probe surface again caused by an impurity layer. (The
cholce of platinum as the material of our probe tips reflects efforts
to minimize these effects, as platinum has a high work function.)
Typical errors on the floating potential are reported in the
iiterature’ to be + 10%.

The methods used for probe Fccnstr-uction are a loeczl standard and
are adequately described elsewhere.15 It was s3con discovered that the
standard method of sealing the probe stalk to the vacuum feed through,

namely high vacuum epoxy, would not stand up to 1 kW. of continuous
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microwave bombardment from another experiment on the D.C. machine.
Therefore, for probes that couldn't be withdrawn from the vacuum
chamber, another method of probe constuction had to be arrived at.
Fig. 3.3 shows the probe that stood the test of microwaves, and is the
probe used to take most of the data io be discussed later. (Not shown
is the angled probe tip that made withdrawal through a vacuum feed
through impossible.) The probe stalk 1s structurally supported by £31
Sauereisen high temperature cement. This cecent is porous so a hole

iz drilled near the tip to avoid virtval leaks. The vacuum seal is

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

prebe support is made of anodlzed alumvnum. To prevent the probe
support and the wire t¢ the probe tip from acting like a coaxial wave
gulde and conducting microwaves to this outer seal, the center wire is
wound into a large inductor. To further prevent arcing from the wire
to the aluminum support, the coll is surrounded with alumina tubling.
A similar probe without the irductor socon saw the outer seal reduced
to ash. The D.C. voltage drop across the inductor is pegligible as is
necessary for accurate I-V traces.
skriped Particle Celleqtor

For measurements of the plasma {lux to a given surface striped
particle «collectors llke those used by Czwallc:"6 and treated
theoretically by Mak'! and Mosberg'® were used. Neither of the latter
two authors treated the case of magnetic field lines perpendicular to
the collector surface, hoWever, s¢ We used Lhe analysiz carried out in

the field free case. Plasma motion aleng a uniform magnetlc field &=
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Cross sectlonal view of the uicrowave resistant probe, showing:

3.3y

i

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

hole,C-aluminum probe stalk,D-alimina iuner support,E-inductor,P-vacuun

seal ,G-microdot coaxlal connector.

NO SCALE

unaffected by the presence of the fleld. So, as long as the curpent
drawn from a given tube of flux 1s much less than the cross fleld
current that fills that trube, any field free probe analysis is valid.
If the current drawn does approach the filling current, then one
presumably begins to encounter magnetic field effects as plasma wmusat
now move across B teo get to the probe. Experimental observations,
both in our experiment and the experiments of othersg, support the use
of the field free analy=is as well. A plane probe oriented

perpendicular to the magnetic I'ield in the D.C. machine gives an I~V

© trace that 1s very similar to that predicted by the field free theory,

exhibiting good lom saturation current. On the other hand, a plane
probe with its face parallel to B exhibits a severely distorted I-¥
trace in both the electron and ion collecting regions. The analysis
of Mak, for the field free case, uses simple probe thecry for plane
collectors. Therefore, we felt the application of the field free
analysis to the collectors oriented perpendicular to B was justified,
Shown is Fig. 3.4 is a typical I-¥ characteristic from one of the
striped particle collectors used, and 1s in fact similar in shape to
the trace expected in the magnetic field free case. Also shown is the
elrcuit used to bias the collectors. Below a certaln plasma density,
the I-V traces bear 1little resegblance to the traces shown in
Fig. 3.4, 80 much 3o that application of the theory 1is impossible.
The traces become highly asymmetric, and cross and recross the voltage
axis in an irreproducible fashion. It seems likely that this may be a

Debye length effect because for proper operation of the collectors the

———
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Fig. 3.4: A simplifiled schematic of the striped particle collector I
and bilasing circuitry. Also shown is an actual I-V characteristic.
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Debye sheath of each strip should only overlap the adjacent strips.
for the densities where the traces become asymmetric, the Debye
sheaths overlap several strips. 7o avoid this effect, the plasma
density had to be kept above this critlezl density for the space cf
the flux peasurements. This unfortunately limited the useful range of
the striped partiele collecltors.
Elecirostatic Enersy Analyzer

The ion temperature in the plasmas studied was measured using a
voltage swept gridded electrostatiec energy analyzer that was
~onstructed and desceribed by Nawa%:il.‘lg Measured ion temperatures
were found to be a function of the neutral pressure and range from
about .5 ev at Bx10~> torr., to .1 ev at 3x1(}"a torr., the operating
range of most of the experiments to be described. These results were
for a helium plasma but similar results were founé for a hydrogen
plasma. These numbers are in rough agreement with the resulits of
anzo who also worked with a Lisitanc source of about the same power
input.
Lollector Array

The collector array, used in experiments to be described, i=
shown in Fig. 3.5. The array strips are simply copper strips attached
to mica insulators with spoxy, with each strip having a wire soldered
to the back that is eventually-' brought out of the vacuum vessel. To
=~sasure the current out of each strip, one strip s shorted to the
rest of the array through a small resistor and the voltage measured.

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

et i e e

Fig. 3.5; Diagram of the collector array used to measure the
extent of the non-ambipclar cutflow. There are fewer strips shoun

than actually exist in the real array.
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weasured {usually tens of microamperes) the voltage offset int&mduced
to the colleector strip monitored iz at most a few thousandths of a
volt. VYoltages of the or;:‘.er of volis would be necessary to seriousiy
perturdb the measurements, The array waz chemiezlly cleaned before
mounting in the machine.
Electron Sun

An electron gun that could be inserted through a probe port was
consiructed in the early phases of these experiments, as 2 method of

following certain characteristic field 1lines. The gun £is shoun

“schematically in Fig. 3.6. 4ccelerating voltazes of up %o 400 volts

could be tolerated before arcing betwesen the twe cylipders oceurred,
with about 10 wa of current out of the gun. Firing the beem through 5
microns of neon gas was easily visible as a bright orange trace that
followed the magnetic field lines. This gun is modeled after an

earlier gun that was constructed by Paul Komn.



Fig. 3.6: Cross sectional view of the electron gun showing
A- the filament,B- the inmer and outer accelerating cylinders,
C- the support stalk,D- epoxy vacuum seals located as far away
as poessible from the hot filament,EB- machine ground,¥- alemina
tube o support bilasing wires,G- set screws so that top may be
remcved B~ blasing wires,I- Sauereisen cement as a high

temperature insulator between cylinders.
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Chapter 4
Initial Investigations
A= discussed in the first chapter, an essentlal ingredient in
understanding the operation of a divertor and beirng able to prediet
its performance iz the physies governing plasma flow in the scrape—off
zope. In this zone plasma is mot only diffusing across magnetic field

lines but is also flowing pzrallel to the magnetic field into a

neutralizing plate. These processes are common to 21l types of

divertors; the purpese of the experiment decseribed here I3 to
investigate these features. Wwhile the plasma in our experiment has
Te»ri’ which is the opposite of what cne expects in a large Tokamak
divertor experiment, and the neutral pressure is uniform {but roughly
the same in magnitude as the pressure expecied in the pumping chambers
of these same Tokamaks) the results can contribute to the general
understanding of the problem. In fact phenoéna which ecan not be
observed with diazgnosties that only yield line averaged parameters,
can be seen in our experiment because of our capability of using
prebes. On the other bhand, rphenomena such =23 unipoiar ares, ion
sputtering, secondary emission or neutral pressure buildup resulting
from piasme neutralization are beyond the scope of thils experiment.
Qur 1nitial cbiective was z:he cholte of an appropriate magnetie
field configuration from the two described in chapter two, and to this
end the configuration shown in Fig. 4.1 was 1pitially chesen. The

reason for the choice ifs twofold:

Fig. 4.1: Schematic of the magmetic configuration chosen for

the divertor experiments. Indicated are the field nuells, and the
initial eollector plate locatiom at E. The profile scans for the

oull leak experiment were also made across the field lines at E
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1. The confisuration with the addition of the particle gollector
at E of Fig. 4,1 simulstes a divertor, Some of the plasma diffuses
across the separaktrix, €, onto the field lines encireling the internal
ring, F. These field lines intersect the metal neutralizing plate at
E. This area simulates the scrape~off zone, whbile the field lines at B
conpected to the source simulate the main plasma regilon of the
Tokamak. Our configuration iz, in a sense, ®inside~cut® in comparison
to the usual arrangement of the scorazpe-off zone on the ocutside 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 lines intersecting = neutralizisg plate ia wmedeled by our

configuration.

2. The confisuation iz M.H.D. steble and the gcroszs field
giffusion poefficient has been measured. According to M.H.D. theors'i,
a low beta plzsma-pagnetic field system Is stable to iInterchange

ipstabilitie= if

dp d dl
— ) (—( >0 k.1
g G Y (5.1}

where P is the plasma pressure. A guelitative plot of P and §S§. is
shown in Fig. 4.2 which =shows the stable nature of -this
configuration.( This diagram is based on the measured densiiy profiles
and the caleuiated field line integrais. The magnitude of each curve

has been adjusted so they coincide for ease of compariscon.) The



Fig. 4.2; ualitative plot of P and §d9./13 versus ¥ taken at

E of Fig. 4.%L.
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logarithmie divergence of §9.B?‘. at the s.epar'at.rix is the result of
carrying cut the line integral; aver the field nulls on the separatrix
surface.

Further verification of the stable nature of this configuration
comes from earlier work done on the D.C. machine.a The perpendicular
diffusion coefficient was determined from an analysis of the measured
steady-state density prof"iie and from measurements of the radial
plasma. loss. The diffusion coefficient was found to be within a
factor of two of the classical ambipolar coefficient for a pa,rtialls;
ionized gas, indicative of the lack of.instal.nility driven diffusion.
Experimentaily, the absence of low frequency fluctuations confirms the
stablity of this coanfiguration.

An M.H.D. stable plasma configuration is an obvious necessity ii’
one wishes ta Vstudy diverior rhenomena and not gross
M.E.D. instabilities. From a practical experimental point of view,
the large fluctuations asscciated with ¥.H5.D. instabilities would
greatly complicate the acguisition of data by any means. Furthersore,
future devices will be designed to have M.E.D. stability at least.
(Removing the plasma with the divertor plate may invalidate the

concept ©of average good curvature, becauze it ean interrupt the

.pzralilel electrical current between regions of good and bad curvature.

Thus evaluation of the M.H.D. stability of a given configuration may
await experiment.) Alsc knoewing Dy from Ref. 2 enables one to

attribute any change in the diffusion coefficient to the interactien
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of the particle collect?r -;Et.h the plasma and provides a basis of
comparison.
Fileld Null Plasma Leak Eaéger;'mgn;g

Prior to the installation of the divertor plate and the start of
any divertor experisenis, the effect of the field nulls on ércss field
plasma transport to private field lines was assessed. Field nuils are
also a feature of bundle divertors and toroidal divertors have a near
nuil, in that the weaker poloidal field 1= still present at the
torcidal nuil. Field nulls have been shownd to allew cross field
transport due to nenadiabatie particle moticen at the zero of the
field, which =might concelvably De greater than the crosa fleid
transpert over the separatrix magnetic surface.

It was decided fhat the easiest way of experimentalily assessing
the magnitude of the plasma leak through the null would be to
eliminate it and observe the change on plasma prefiles inslde the
separatrizx. If the nulls provide a source of plasme inside the
separatrix that is a large fraction of the crosz field diffusive
source, the profiles should change substantially if the nuils are
shielded from impinging plaswa. Our method cof achieving this wag
sinply to insert wetal disks between the null and the plasma source
cutside the separatrix so that plasma could not reach the field nulls.

The first order of businesz was the locaticen of the field nulls
inside the device. Initlally the null was roughly located using the
eleetron gun fired through a background of neon gas. when the gun sat

orn the separatrix, becauvse of the finite width of the besm, a trace
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could easily be observed following field lines on either side of the
nuli. The null was roughly half way belween the iraces. &K more
precise null location was obtained by letting the machine wp to air
and searching for sisultaneous zerces in the axial and radial fields
with a Hall probe. 7The null located in this f'asiﬂicn was compared with
the null leocation predicted from a computer routine that searched for

the null on axis. At first the two didn't agree, but 1t was

discovered that the front panel meter of the Magnafiux was reading

140% of the actual current value. V¥hen this was corrected the two
agreed to withino a few mm, an error easily explain-ed by eoils that are
not the sanewhat jdealized current filaments that are used in the
oode.

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 was under vacuum. The disk was
3 ¢m in diameter and centered on the nuil. The largest leak near a
field null occurs at the mell. However, even near the null particle
orbits are such that they may cross the separ'atr‘:b:."E Te affect the
null source as much as possible, the disks? were made large to block
those particles whose orblts make large excursions across the
separatrix according to the theory of Schmidt in Ref. i.

Piasma paraseter scans vith and without the null blocked where
made across the'magnetic field at E of Fig.¥4.1. The density profiles
in these two cases are shown in Fig. ¥4.3. The im-por'tant point to note

is that the shape of the profiles is the same, which 1s nct whal one

Fig. 4.3: Density scans 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
ﬁuspected that the Lisitanc source was perturbed by the disk's
supporting stalk where it crossed the separatrix; this would explain
the lower relative density, To insure that this was indeed the case,
a probe was constructed with a stali of the same size as that of the
null blocker support, but that waes Just long enough to cross the
separatrix with no disk at 1ts 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 Is not well understood, but the
stalk may short out electrie flelds inside the source that are
critical to its operation.

fhe wvalidity of coneluding that the null is act acting like a
plasma scurce can alsc be seen by a rough caleulation. The particle

current ?1 escaping through a point cusp is giver byu

kT
Ty=nmopy pe(H_i"W?, (8.2

where Py and pg are the ion and electron gyroradius evaluated at the
cusps field maximum, n iz the ion density, '1‘e iz the electron
temperature, My is the ion mass, and k is Boltzmann's constant. (This
calculation assumes that in the steady state, the cross field

transport into the cusp balances the flow out.) For our parameters
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: u o _
(85100 G, py p,=.05 @, T,35 o¥, T,=.1 eV} [y=3x10'> particles/sec.

The diffusive particle current, I‘z, iz given by

I'z = {“'D‘_ Vn)ﬂsepv (5.3)

where D; 1is the perpeadicular diffusion coefficient and Asep i= the
area of the separatrix uagnetle surface., Using c¢lassical diffusion
due to ion-neutral collisions with our experimental garameters,
I‘2=?x1015 sec"1. Thus the diffusive transport is better than zab
order of magnitude greater ihan the nob-adiabatic transport for =
conservative cheice of paramgiers.

Having determined that the nulls are a negligible source of
plasma, ccllsctor plates were installed arcund the outer periphery of
the internal ring, as shown at £ of Fig, 4.1, The collector was made
of aluminum and electrically 1sclated from the internal ring.
Alignment of the edge of the collector was again accomplished with the
nelp of the electron gun. Measured profiles on field limes that
interseect the collector showed a significant change from the prefiles
taken before mounting the collector, and behaved consistently with the
coliector aecting as a particle and energy sink as expected, Qur
investigations of the plasma behavior in this arrangement of the
eollector ended here for a number of reasons. First of 211, the
profiles in the scrape-off{ zone evolve in the space of only zbout a
centimeter, wnioh i3 about ten probe tlp diametera. Thus gradients in

density and temperature zre not negligible over the diameter of the
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probe, and some spatial averaging is inevitable. Secondly, the high
magnetic field (800 G.) i_n this area makes the applicability of the
theory of Laframboise doubtful ({i.e. P4=.6 mm, f=-1 mm, and
itherefore pe< pi<<l}p the probe tip diameter). Firally, because so
few points are obtainable in the ocourse of completing a profile,
experimental uncertainty makes the profile shape less determinate,

The solution to 211 of these problems is to allow the same field
iines to intersect the collector plate, but to place the collector

plate inside the internal ring as shown in Fig. 4.4. Now the average

‘magnetie field strength drops to around 20 G, {pi=2.5 o, pe=1.1

oz, apd importantly pi>>Dn') In addition, the resulting spreading of
the field lines means the profiles evolve in tens of centimeters
instead of just one centimeter. The preblem of aligning the collector
plate with ihe separatrix magmetic surface is avcided entirely, as the
magnetic field now defines the serape-off zone.

The plate itzelf is again sclid aluminum, ecleaned with Qakite
before insertion into the vactum chamber. Electrical isolation is
provided by Teflon supporis inside the internal ring, that also hold
the plate in place, and sliow the pilate to be biased with respect to
machine ground. To completely eliminate any effects of null scattered
particles, a ten centimeter hole was cut in the center of the plate.
Those fieid lines nearest the null, and thus most likely to have null
scattered partieles on thems, do not strike the piate and they nust
2gain be diffusively transported te the experimental region in front

of the plate. An additional advantage of the hole is that the
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Fig. 4.4: The final configuration of magnetiec field and collector
chosen Tor the divertor studies_. Showm are: A-Lisitano source,
88D- source plasms on non-diverted field lines,C-separatrix
magnetic surface,E~collector plate location,F-internal ring,

G-Belmholtz ceoils P-end or mirror coils.
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juxtaposition of field iimes that do and do not sirike the collecter
plate allows study of phencmena that ocecur in the trensistion of
diverted to mon-diverted plasma. This tramsitlon from clesed to open
field 1lines also better models a Tokamak divertor, where thi=
transition occurs too. All of the data presented’ in the rest of this

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

ert Experiments

For reasons di.scussed in the previcus chapter, the configuration
of magnetic field and collector that is used throwghout these
experiments is the ore shown in Fig. 5.1, All of the parameter
profiles to be shown were taken between the arrowheads ‘ar, letter I in
Fig. 5.1, parallel to the collector plate and about 2.5 om away from
the plate axially with a spherical tip Langmuir prcbe. The center
iine shown in Fig. 5.1 is the origin of the coordinate system used,
and the edge of the colléctor plate is at r= 5 om with increasing r as
one moves towards the internal ring. Hydrogen and Helium plascas were
used for the majority of the data to be presented, and because the
result= obtaised did not differ.qualitatively, but only quantitatively
in ways attributable to mass difference, the plasma used in each case
iz specified only when such a mass dependent difference occurs. Shewn
in Table 5.1 are typleal parameters in the experiment region. The ion
temperature for the experiments discussed was measured with a gridded
electrostatic analyzer, and found to range from .1 to .5 eV and depend
depend cnly on the neutral density. This is in rough zgreement with a
previous speciroscopic determipation of 'I‘i.‘i

For comparison purposes, a profile of denzity, n, and electron
temperature, Te; was taken before the installation of the divertor
collector plate and 1is shown in Fig. 5.2. Figures 5.3 and 5.4 show

profiles of the electron temperature, floating potential, ¢f, 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.
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; Iable 5.1
Plasma Parameters in the Experiment Resion

v

Neutral Density ~ 1012 - 1013 o3
Piasma Density ~ 10° - 109 o3

\ Electron Temperature - 5 - 10 eV

Ion Temperature ™ .1 - .5 eV

Electron-Neutral Mean Free Path = 300 em

A
T

Ion-Keutral Mean Free Path ~ 18 cm

Debye Length ~ .2 zm

Eilectron Gyroradius 1.7 mm

Ion Gyroradius ~ 2.5 om

Average B 7 50 G




Fig. 5.2: Density and electron temperature before installation

of the divertor plate.

97

1]

(A%) dWIL NOYWID313

DIVERTOR
PLATE

EDGE OF
CENTER HOLE

| t 1
45 65 8.5

H
12.5

]
105

RADIUS (CM)

i I O I A

mC) )

(e-W2) ALISNIQ

10

5 25 45 65 85

98



99 100

: | {S110A) TVILN3LOd ONILVOTd
: S oor® v e - 0o
o | 7717 7T 7 v T

-122

1
i85

6.5

14.5

\ | :

125

Fig. 5.3: Electron temperature and floating potential after the

installation of the plate.
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Fig., 5.4: Plasma density after the installation of the collector

plate.
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density in the experiment reglon with the divertor plate in place.
These profiles are symmetric about the axis of the wmachine and are
ldentical on opposite sides of the collector plate,

The density and temperature show %the expected decay, due to the
collector plate acting az a particle and energy sink, ir comparison
with the no collecter case. The " =ignificance of the floating
potential contour is most easily seen if one considers the difference
.¢fp— $po Vs. radius, where bep is the fleating potential of the
probe and ¢rc is the potential the plate assumes. This difference i;
i pletted in Fig. 5.5. On a given field lipe, when ¢fc= ¢fp’ equal
fluxes of lons and electrons strike the collector plate where this
fieid line passes through the plate. (We are assuming here that the
probe floating potential on a given fleld line is a good measure of
the potential that the cellector would have to assume on this same

field line so that it too would loecally cellect no net electrical

current. The potential which a body Ilzmersed in the plasma nust -

assume so that the fluxes of ions and electrons are equal is the
definition of the flcating potential). To lewest order, when
$po $ro” 4 is not equal to zero, unequal fluxes of lens and
electrons will strike the plate and the par;allel flow is nonambipolar.
when A¢ >0 more ions than electrons flow along field lines to the
collector, and vice versa for :!\do <0. These ama.s are indicated in
Fig. 5.5. F¥henever there is non-ambipclar parallel flew, the steady

=tate continuity equation impiier that there is 2ls¢ nen-ambipelar

cross field transport.

Pig. 5.5: The quantity Ad vs. radius with the plate installed.
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Sevef‘al assumptions are implicit in the above giiscussion. These
assunptions will add small corrections to Fig. 5.5 but not change the
conclusions of this _section. ne éasumption is that the eleciron
temperature is constant along the portion of the magnetic field line
that passes between the probe and collector. This is certainly true
because the electron mean free path (= 300 cm) is much greater than
the 2.5 com distance beiween ecollecior and. probe. {Thia was also
verified by meaéurement of the electron temperature at the cellector

plate,) Two 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 offset could be caused by impurities om

the surface of the probe or collector. The second is that the
spherical probe tip will assume the same floating potentlzl con a given
field line that a plane collector would. In othber words it 1s assumed
that there are no geometrical effects that will cause a spherical and
planar probe to float at different potentials in the same plasma, Of
course, both of‘ these effects d¢o exist but the question to be answered

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

large enough the existence of pon-ambipolar flow 13 in question.

Pérhaps the easiest way to assess the magnitude of these two
effects is to attempt to remove them., In order tc eliminate these
sources - of ér‘ror‘, it was decided to try to measure the net current to
the colleqtor plate as a funetion of radius rather than infer it from

the Ficating potential with all of its possidle errors. To preserve

oversll charge neutrality, the collector plate must tconduct excess

f
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electrons from the electron outflow reglon to the area of net loan
outflow. This neutralizing current was detected directly by mounting
an array of conducting strips on the divertor plate but imsulated from
it; this is shown schematically in Fig. 5.6. The array of strips was
intended to aet as any typical section of the collector plate would,
with the added feature of zllcwing the current that flows within the
plate to be measured. The separation between strips is less than the
loecal Debye length. Each segment could be individually shorted to the

rest of the array through an ammeter to measure I the net current

net”
to the segment. This concept is iliustrated in Fig. 5.7. Flgure 5.8
shows the net current measured by this method as a function of radius,
and Fig. 5.9 shows the current depnsity to the strips. The latter is
shown to compensate for the differences in the areas of the individual
collector strips, One notes that this pethed of wmeasuring the
non-ambipolar parzllel current has the same gross features as the plot
of Ap vs. r. {There are however small differences that will be
discussed shortly.) It is found that the current cutflow sumped over
the array equals zero as expected. & measure of the degree of
non-ambipolarity of the parallel flow in regions of a given sign of
I et ¢an be indicated by the ratlo I>/I<, where 1> is the dominant
current of one species and the I< the smaller current of the other
species. {For example wnere I__,>0, I> is the fon current and 1< the
electron curre.nt.) Using simple probe theory to infer I> and I< from
the locally wmeasured plasma parameters and the mpeasured sheath

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

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

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

ds a function of radius.
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One consequence of this unegual charge outfllow is a monotonically
increasing value of the parameter 0 { n=sheath potential
drop/electron temperature) =3 one moves deeper into the acrape-off
zone. The experimentally determined sheath drop is deduced from the

relationship
bp = $rp aTes -1

where ¢, is the plasma potential, ¢g, the measured probe floating
potential anda a constant that depends on the ion and electron mass,

and the shape of the probe.3 The sheath drop ¢3 is then
¢3 = d’p" d’fs ' (5.2)

where ¢p. is the potential of 'the ecilector segment that the probe is
in front of. In the present.case all the strips are at the sane
potential., Dividing by the measure& value of Te givea n , and this is
shown as a function of radius is Fig. 5.10. The electron flux through

the sheath is determined by

- ¢s
Xp(-—i'(“;rﬂm—) o (5.3}

and thus the electron flux through the sheath 1s exponentially

dependent on n . The horizental llne in Fig. 5.10 fs drawn at the

Fig, 5.10: o= ed?/k'fe vs. radius.
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valllae of n where the electron flux equals the ion flux, and thus
again the electrons cap reach the plate in greater nusbers than the
lons at small radli, but are electrostatiecally constrained from
reaching the plate at large radii. (The pre-sheath potential drep is
relatively unchanged across the scrape-off zone, and thus so is the
ion acoustic velocity of the ions. Theperore the ion motion is
relatively unaffected as compared to the ambipolar case.) One =still
has charge npeutrality outside of the sheath in this region. The
location of the horizontal line is determined by the value of ¢ for a
plane collector, and it is only when the curve of 1 vs. radius

intersects this iine that ambipolar flow oceurs. That is when

E( ¢rp+ uTe) - ¢f$}

Te

= a' {5.4)

where o is the value of the constant appropriate for a =pherical
ccllector, and a* for a plane collector. To understand equat;on 5.4
note that if an array strip is floating, then eguztien 5.1 1is
applicable to both collecter strip and floating probe on the sawme
field line if the zppropriate values of o are used for each. That is
either can be used to deduce the plasma potential when the proper

value of ¢ 1is used. In this casze cne can write

bp = et a'T, = bpp+ al . (5.5}
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Subtracting ¢pg from both sides, and dividing by Te yields the _value
of « feor a fleating strip, which 1s equation {5.4}. The predicted
outfliow regilons as measured by thisz method agree well with the values
shown in Fig, 5.8.

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

value of o in the simple probe theory equation

kT
= ey1/2 e y1/2
Trhet = Mhgprypel{—s - (—Z“Ee) exp(-n )1, (5.6}

i

kT
o,

which =azsumes collection of the iens at the Ioeal ion zcoustic
velocity. 1In this formula the density, n, the eléctron temperature,

T and the floating potential,q;f, are measured by sweeping each

e’
strip through its I-V characteristie, as it is allowed to electrically
float away from the array. Table 5.2 shows the comparison of ‘the
measured net current and the calculated current using the measured
value of the sheath potentizal drop. The correct value of . . is again
calculated using equaticn 5.1. The value of @ can be experimentally
determined by varying a in eguation 5.6 until a best fit with the

data is obtained; the best it value is found {¢ agree well with the

value of ¢ from simple probe theory

120
Table 5.2 .
mgmﬂmmgm o the
Array Stripg Vs, Calculated Net Current
gollector ¢ Measured Current (A.) Caloulated Current (A.)
2 -6.68x10™3 -8.09x10™%
4 ~1.15x1073 -1.5x1073
6 “1.7Tx1073 ~1.28x1073
8 -1, 17x10°3 -1.4x1073
9 -4.83r107% ~1.64x1072
1 +2.02¢1073 +1.67x10°3
14 +1.88x10~3 +1.28x1073
15 +1.42x1073 +1.28x1073
17 +5.0x107% +3.30x1074



It is interesting to return briefly to the method that compares
the - floating potentlals of probe and array to detect non-ambipolar
flow, and compare 1t to the direet current measurement that is not
subject to the errors of the former. Comparison of Figures 5.5 and
5.8 reveals that the two methods don't agree as to the exact spatial
extent of the cutflow regions. Because the current measurement method
detects the unegual outflow directly, possible sources of error in
this technigue are external to the experiment (i.e. in the measuring
apparatus) and can be eliminated. Therefore it 1s natural fo ask
where the sources of error arise in the methed that rellies cm the
comparizen of floating potentlals of the array and prebe. Of the
peesible sources of error that were mentloned earlier, let us consider
the effects of impurities first. First, no amount of ion bDombardment
cleaning of the probe or array caused the observed offset in these two
methods of detecting non-ambipolar flow to decrease. Cleaning was
often trisd for periods of twenty minutes or wore with no effect.
Electron bozbardment cleaning was tried as well,often heating the
probe to incandescence, with no effect. Sweeping the probe through
its I-V characteristic rapidly has been mentioned in the literature as
a means of detlecting the presence of impurities on a probe Surface.u
Any discernable hysteresiz in the characteristic indicates zn impurity

layer on the probe. The probe was swept at various frequencles and no
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hysteresis was observed. There are undoubledly sone impurities on the
probe and array, but we conclude from the above observations that they
have a negligible effect on the measurement of the floating potential.

Geometrical differences can aliso cause two objects inm the same
plasma to float at different potentials. Fig. 5.1% is reproduced from
Laf‘rambo;‘\snzz:'J and shows a dimensionless ion current i% to a spherical
probe on the ordinate vs. dimensionliess probe potential on the
abseissa., Each curve is parametrically dependent in addition on the
ratio Rp/ Ad' the ratic of the probe radius to the Debye length. Also
plotted on the graph, shown wlth = dashed line, iz the electron
current in the retarding region that is ziven In eguatien 5.3, The
intersections of these two curves mark the dimensicnless potential
where no net current strikes the probe.  This valve of e qbf/kTe is
nothing more than the value of a for a given Rpf %4+ Note too that
as Rp/ hqy gets large, the intersectlon of  the electron and ion
currents moves teo the right on the curve, and approaches the value
4.22 which is the simple probe theory estimate for alpha. This i=
exactly the limit that one would expect Intultively. Thus the correct
alphaz to choose for z given dimension of one's p-r'obe tip depends on
the comparison of this dimension to & characteristic scale length of
the plasma, namely the Debye length. A spherical pr&be beéomes, in a
sense, like 3 plane as far as the plasma 1= concerned only when the
probe slize is much greater than a Debye length. To see if this sort
of geometry effect could cause the observed offset, the array strips

themselves were used %Yo measure the Ilocal flcatine  potential by
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Fig. 5.11: Ix(dimensioniess ion current) vs. dimensionless probe
potential with respect to the space potential for cold lons, for
various values of the ratio of the probe radius to the Debye lemgth
for a spherical prebe tip. Shown alsc is the electrom curreat

(dashed 1ine} to the probe vs. the same dimensionless potential.

{Taken from Ref. 3)
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isolating each strip in turn electrically from the rest of ‘the array,
and measuring its potential. Becaﬁse each strip is a plane collector
the geometrical effect should be eliminated. In fact, exact agreezent
is observed between the potential and the current methods of measuring
the outflow if the array strips are used. That is, the spatial extent
of the nonambibolar fiow that one would deduce from this measuvrezent
of n i3 the same as the current diagnostic. This is shown in
Fig. 5.12, and compariscon with Fig. 5.8 does indeed show agreement as
to the spatial extent of the non-ambipolar flow. One can conclude
that the observed offset is due entirely to the spherical geometry of
qur probe tip.

This result allows one to experimentally measure a value of alphz
for a spherical probe tip. FHearranging equation 5.5 allows one Lo

write the condition for ambipelar flow as
brp =~ $rg = (@’ alT, {(5.7)

where the symbols have the same definitien as before. In Fig. 5.5 the
assumption a'z o was made 30 the condition for ambipolarity was
'¢fp“ ¢eg = 0, or where the experimental curves crossed the x-axis.
The correct condition for ambipolarity, that takes into acccunt the
geometrical effects discussed ‘above, would plot the experimental
bpp~ brg versus (o'~ a)T,, and now the intersection of the two
curves correctly indicates equal charge outflow. ¥henn this ism

actually done with the experimental data, the current measuring method

Fip., 5.12:

A% taken with the iadividual array strips vs. radius.
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T ; T T . agrees weu' with the floating potential method, a=z shown in Fig. 5.13.
—'-Ka However, the uncorrected curve provides a measure of alpha for the
prche. Typieally when the current diagnostic indicates a crossover to
_ﬁ ocpposite charge outflow, the uncorrected floating potential diagnostic
reads a positive .5 volts, Therefore the value of alpha for a probe
_‘O for the case of 2 Heliwn plasma of electron temperature 3 e¥ at this
™ point must satisfy
—= {a-alT, = (4.22-2 )3 =
—‘9__\ or solving for alpha gives o =4.0%, where the value 4.22 i= the szimple
© __g probe theory estimate for the value of alﬁha for a plane probe. This
_ig agrees well with the predictions of the thecry of Laframboise,
g (Rp/ ?\d>10 for most of our plasmas.)

_NQ: Theory of Non-ambipoiar Piffusion
The theory of non-ambipolar diffusion was first presented in a
- paper by A&. Simon® to describe some experimental findings in arc
e plasma experimentsz that were Zincorrectly attributed to instability
driven c!if‘f‘tmion.6 The possibility and effects o©f non-ambipolar
- diffusion in a divertor were first discussed by A.H. Boozer, but from
a different theoretical Etandpoint.T As an aid to onme's intuition
i e about this phenomena, presented here is a brief deseription of the
ulg L{i? . ;_j)_ J-, o t}) ,_L uj; W underlying physics based on Ref. 5. & mere forzal derivation can be

Py ¥ T

found in Ref. 8. in a plzsma with no magnetlie fleld, the electrons
(snw\) Oy | ,

tend to diffuse ocut of a system faster than the ion species. 4 space
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charge buildup occurs with a resulting electric field that reduces the
electron current and wmaintains space charge revtirality. There resuits
the famiiiar ambipolar diffusion coefficient, which 1s the same for

both ions and electrons approximately given by

2 b
D= TD‘::E:T’ (5.3}

where D and D_ are the lon and electrom diffusion coefficients.
Inpoging 2 magnetic fleld has the effect of reducing the diffusion

acress B to the values

D o
+*
Dy, = 5 {5.10}
1 f @, 'L’+}
D Q
Dyo=__ —
Tel @ 1'_}2

where the superseript =zerc indicates the field free wvalue, and
we=eB/Mse and  + is the mean free time between collisions for lone
and electrons. The diffusion ccefficient along the field is the sarme

23 the B=C value. In our experizent w_ 1_> @, T+>>% so the ordering

Dy_<< Dy, <€ D+° = Dsq (5.10)
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applies. One might think that, since the ilons diffuse more rapidly
across the field than the electrons, an ambipolar eleciric field would
result that would speed up the electron diffusion so that the overall )
diffusion c¢eefficient would be D‘.‘,_:-ZD“_. When the magnetie field
intersects an end wall or a divertor plate, a= in our case, this is no
longer true. Because the parallel and perpendicular conduetivities
obey relaticns similar to equatien 5.9 and inecualities similar to
5.10, {i.e. Tng>> O3, where 0 1s 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.'(, any eleciric field buildup
can be counteracted by an enhanced electron flux to the plate at one
location, and an enhanced ion flux at another locatien to preserve
quasineutrality. The plate Itsell participates in the conduction by
carrying electrona from the region of enhanced electron outflow to the
area of enhanced lon outflow. Thus, this "short circuit” eliminates
the need for an ambipolar electric field in the perpendicular
direction. Furthermore, because there 1s ™o electrie field te siow
down: the ilon diffusion, the lons diffuse at their own characteristie
rate.

The phernomenon of non-ambipolar transport may be of interest in
tokamak divertors where a conducting target plate is placed across
field iines as in this experiment. Vhether or net it will oceur in a

tokamak divertor depends on whether v1n> Vias where \Ji is the ion

]

neutral cellision freguency and Vie is the ion electron collision

freguency. For example, the collision frequencles can be shown Lo be’
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8(2 'nme)“‘?n gnhet ( )
- 5.11
Vie = 172
3“113 Ty
T .

1,172

Vin = %y Uoi(Ti'} (5.11%)

where 1 is the plasma density, n, is the neutral density, £r A is the
coulomb logarithm, a, and @, the electron and ion masses, Te and TI
the electron and ion temperatures, and G531 the ion neutral collision
‘eross section. For parameters typical of the PDX device: Ti=50 ev?,
T,720 eV, o 25x107'Yen’, g A 716, m=1.67x1072 g, pz.91x10727 g,

the =mcaling with neutral density and plasma density are

n(2.28x10710) gee™!

Vie

1

13

Vi nn(3.56110-8) sec”

Therefbré, unless nn/n is 6.6x1073 or lessz, neutral driven transport

will dominate 1n compariscon to classical diffusion. Neutral pressure

m

in the divertor chamber may be as high as 107 torr or higher. For

plasma densities of 1012 cm'3 neutral transport will dominate. IT

L
Vie> Vig charged parﬁicle trapsport will dominate the transport and
the c¢ross field flew mway be avtomatically ambipelar due to

conservation of momentum in charged particle collisions. (This may

net hold up in plasma systems that have a finite lensth along B.) It
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is interesting to note though, that the theory of Boczgr7 is for =&
fully ionlzed plasma and yet still predicts non-ambipolar diffusion.
If, on the other haﬁd, instabilities dominate the cross field
transport, the flow may again be ambipolar because the time averaged
§x§ 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 dominate classical ion-neutral collision driven
transport. However, for pressures above this number, ilon-neutral
ela=sical diffusion can again become comparable to Bohm.

If the flow 1is non-ambipolar, one tan expect most of the
electrons to exit the plasma where the separatrix intercepts the
divertor plate. An electron "hot spot” will result as nmany wmore
electrons will deposit their energy there. The ion energy flux will
also be present, but its deposition profile will be unchanged fros the
ambipolar case. The energy flux to the collector plate from the
electrons is given by

KT
Q= n exp(-e ¢s/kre)(ﬁ)”2[e $ +2kT ] (5.12)

assuming a Maxwellian distributien of electrons, where again ¢s is
the sheath potential drop, and n 1s the density at the sheath edge.
Kssuming that the density and temperaiure profiles remain the same in

the ambipolar and non-ambipolar case, the ratie of the non-ambipolar
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to the ambipolar heat flux varies from 1.5 to 1.7 for our experimental
parameters, That is, in the regjon of the electron "hot =pot™ the
heat flux from the electrons 1s 50% to 70% greater than in the
ambipoiar case.

it might also be thought that the larger diffusion coefficient
that occurs for non-ambipolar diffusion might chanwe the chielding
efficiency because the coross field partiele flux will change.
However, reference %to ecuation (1.17} indicates the shielding to be
enly a2 funetion of t, =nd the plasma flux that orosses the
separatrix. The actnal profille wmay change, but the sghielding
properties don't depend on D;.

The adverse effects of non-ambipolar flow make it desirable fo be
able to eliminate it. To this end each strip in the collector array
was zllewed to separately electrically fleat to eliminate the shorting
path from electreon to lon cutflow region and hopefully force ambipolar
cross field 2nd parallel to the field flow. A&n insulating layer was
placed on the back side of the divertor plate te prevent shorting
there, where the same field lines that intersect the array also strike
the collector plate.

Figure 5.18 shows the profile of n before and after the shorting
path through the plate was removed, for a hydrogen plasma. {The
data shown in Fig. 5.10 was for a helium plasma.)_As is evident, the
seale of the éhe outflow has been chesnged but the fact remains that
the parallel flow 1s =till non-ambipolar. The magnitude of the

cutflow imbalance has also been reduced. At radii smaller than 17 om,

Fig. 5.14: 0 with the array strips shorted together and indiv-

idually floating.
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the outflow still shows the characteristic net electron outflow
followed ﬁy net ion current. At radii larger than 11 cm, the flow is
probably ambipolar. As to why the transport becomes ambipolar at
large radii we can at present only speculate. The lower plasma
density at these radii may not provide enough charge carriers to allow
shorting on the surface of the array to occur. The mechanism that
ailows some shorting to occcur in the regions of non-ambipolar f{low is
also unclear, and time limitztions don't allow further investigatiom.
Perhaps photoelectrons ejected from the ultravieclet Ilight that is
certainly present from the plasma, or charged particles that reside on
the array for short periods before being neutralized, may allow
shorting to occur across the face of the collector array. In any
case, it appears that a greaster effort is in order to eliminate the .
shorting that does occur, at least wmore heroic than simply allowing
the array strips to ficat. BR. Neidigh carried out the experimental
verification of the diffusion coefficient scaling predicted by
A. Simons, and apparently alse found that non-azbipolar diffusion was
hard to eliminate. Further indication that the individually fleating
array doesn't eliminate the shorting comes from the observation that
the density profiles don't change substantially in the array shorted
and floating cases, as shown in Fig. 5.15. Thiz is evidence that the

diffusion coefficient is virtually the same in both cases.
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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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Plasma Floy Velocity Measurements

| Ancther quantity of interest in the understanding of divertor
plasma physics iz the net plasma flow veloelty inte the collecter
plate. Measurements of this quantity have been carried cut in the
past by preopagating ion ascoustic waves parallel and anti-parallel to
- the plasma flow. The difference ip the transit time between the
propagation in the two directions is proportional to the flow

velocity.m Typical velocities measured are about cne third the local

jon acoustic veloeity. A different diagnostic approach was adopted

nere in the interest of testing the resultes of previous experimenters
by an independent means. The striped partiecle collector diagnostic
peasures +the plasma flux T incident on its fTarce, and s0 a
simpultaneous peasurement of the density at the collector vields the
fiow velocity via the eguation Va= r'a/n. At the same time that the
characterstic of the striped particle collecter is cbtained, a probe
located in front of the collecior measures the density. The measured
flow velccities ranged from .3 to & times the local ion acoustice
velocity with an average over thirty measurementz of 1.6 times the icm
acoustic veloolty.

The reason for the large scatter in the data is net clear, but it
is certain that it is not a real effect. For reasons sentioned
previously in Chap. 3, all of the measurements were taken at nearly
the same opef‘ating conditions by necessity. The measured [low
velocities defied .r‘eproducihiiity at seemingly identical conditions of

neutral pressure, microwave inpul power, field settings, a2 well as
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measured eleciron temperatures and densities at the collectar. In sll
cases I-V traces of the collectors appeared exactly as the theory said
they should look, above a certain neutral pressure. Below this
threshold of neutral pressure the traces becawe unsymzetric about the
ecurrent axis. This could very well be a magnetic field effect and its
disappearance above a certain neutral density caused by increasing
coliisionality that imereases in turn the cross fleld diffusion. When
the cross field transport is great encugh, the parallel current 1o the
collector behaves as it does in the fieid free case, and iz ne longer
iimited by the cross field transport. This is the sazme effect that
complicates the use of probes in magnetic fields.” 411 of the data
were obtained above this threshold, however, data was often taken on
days widely separated in time. Data taken on the same day are closer
to the same value of the flow velocity than data taken on different
days. The last possibiiity that is unexpiored 1z the effeet 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 collectors were mounted on, and
thus change the characteristie. For these reasons, the measured flow
velocities have large error bars which are impossible to estimate. IR
appears that there is some truth here though, for the measured flow

velocities are always near the ion acoustic velocity.



143

Comparison Lo the Theories of Boozer and Simon .
It is of interest to compare the experimental scale lengths with
the scale lengths predicted by Boozer! ard Simon.5 Both theories treat

the case of uniform magnetie field, znd prediet an exponentizl spatial

W

dependence of the density with a characteristie scale length. [
paper by Simon uses ithe zame f[low model that was described iIm the
fipst chapter, howsver, based on his idezs about non-acbipolar
diffusion, his cheice for the coross [ield diffusion coefficient i3
Ejs_:f}ifz}, 4z is cloazr by pow, the density profiles im the 2xperiment
are not exponential,{evidencsd by the non-iinesar semi-loparithmic
plots) a reflection of the fact that the field Increases in magnitude
az a fupeiion or r, and thus Dy decreases. ilse, the volume per unit
fiuxz iz changing and the tesperature is changing. These alsc offsst
“he profiles from an e:xponen%:ial dependence. However, & comparison
can 5tiil be made by comparing & sort of "loczl® measured zcale length
with the theoreticzl local seazle lspgth. That is, for some smail
length dr along the radius, Dy 1s approximately constant snd eguation
1.7 ean be scived at this point to give a local density dependence as
in equation 1.8. Within thisz dr, centered at Tyt the scale length is

given by

1 dn
m dr

A= I )]ro}'1 (5.13}

which is to be compared fo the theoretical predicticon at r.

outfiow isg
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The scale length of the electron ocuiflow according to Boozer's
theory is pe!.f Ae‘ For parameters typical of this experiment: Bg=.5
CoR, Ae=300 em, L=30 cm, this scale length is approximately

.12 em.
Beczuse this is considerably less than the electron g¥roradius Por
the fiuid theory useg by Boozer iz cleariy not applicabla. {In faet,
Boozer specifically asssumes that L/ .‘—\e»‘i, and thus one would not
expect the electron scale iepgth $o bhe valid iIin our experiment.}
Therefors comparison of the electron ouiflow scaling %o experizent is
not wvalid. Om the other hand, Boozer's scale length for the icn
pi{?e}., the ion gyroradius evaluated a2t the electron
temperature, which is obviously zuch greater than the actual ien
gyroradins a2t ail points. The scalisg from Simon's paper for both
speciss ig LDifz'v'i, where '%Ti is the ion acoustic velocity, L is the
divertor length, and Di isr the ion diffusion coefficient dus %o ion
neutral collisions. These two thesretical scale lengths were
caleoulated and compared to the experimental =cale lengths at the
extremes of the D,C. machine's operating range. Table 5.3 shows %his
comparison for the high pressure limit with Helium gas (?n=10-3 Torr)
and low pressure with Hydrogen gas (Pnzsﬂl}'S 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 thecretical scale
length at each point. Interestingly, the theoretical predictions seen

to bracket the experimental values (except at one exceptional point

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



Comparison QI.EIBQIimﬁnLBl.IQn.QE&ﬁlQHAﬁﬂﬁlgngﬂzﬁhﬁ

Jable 5.3

to Theorstical Scale Lenath

Helivm- Bish Presgure

Radius (em) Aexp./ ABoozer hexp./ *simon

1.0
11.0
13.0

15.0

gadivs (cm) Pexp./ Moozer

6.0
10.0

12.0

.578 1.45
.537 2.60
373 2.72
L4T3 z2.39
Bydrogen- Low Dressure

.337
.605
23
LT8O

)‘exg,( 7\51@99
.596
1.45
2.3

1.73

145

146

of Boozer being typically a factor of twe larger, and Simon's theory
being less than a factor of three swmaller. Considering the errors
that enter the theoretical predictions from the measured paramelers,
for example errors in Tj. Te» the ion neutral collision frequercy, and
the error inherent in sketching a ecurve through the experimental data

points, the agreement 1s excellent.
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Chapter 6

ans Lodes

In an effort to further understand the transpert in the scrape-
of {f zone, it was decided to solve the one dimensional flow wmodel that
was described in Chapter 1, for our particular geowetry. By varying
the transport ccefficients in the eguatiom uptil z bDest fit to the
experimental density and electron temperzture profiles is obtained,
cne gains some knowledge of the magnitude and scaling of the transport
epefficients within the 1imite of such a simple model. Additionally,
one tesis the feasibility of the flow model for diverteors over the
parameter range that cur experiment covers.
Steady-State Diffysion Eguation

As a first step, the steady~siate particle diffusion eguation wuzs
solved with the experimental electron temperature as an input
parapeter. The intenticn was to solve the more difficult time
dependent problez of the coupled diffusion and energy iransport
equationsg as familiarity was gained with the numerical techniques from
this zimpler problem. It is also easier to change the traosport
coefficient scaling with Jjust one eguation, se the knowledge gailned
about the particle trapsport should eliminate the need to experiment
with different scalings in the more complicated case.

To derive the relevant eguation, consider the two adjacent flux
surfaces shown in Fig. 6.1, which is the actual magnetic configuralion

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

coordinate system used to derive the transport equation.
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aurface for the cross field particle flux { Ty= -0y yn)}, the
eontinuity equation for the volume between flux surfaces ls written a3

followa:

E4
_g_t-(n av) = 5fd8 $ae (Dy Yn)R (6.1}

where the A indicates the difference in the integrals evaluated on
adjacent flux surfaces, &V iz the volume between the ¥ and Y. i)
surfaces, 9 is the azimuthal angle, R is the radius, and ggd!. is the
integral taken along a field line. Dividing both sides by Ay and

taking the limit as A0, we get

F1d
3 .3 .
2(n w) am (J:de $a8 (b, Vn)R) {6.2}
Now mote:
3n
v =

X LS
b = Ide [BR dR
Q

Wy = 2r RB

Therefore equation (6.2) can be written as

an,dy 2 n
= R
=t db) (2m) -—I(édl 2p,) aw] {6.3)



151

Bespite the intentien to model the steady state situation in our
experiment, the time derivative term has been retalned te phenomeno-
logically model ihe loss term due to neuwtralizaticn at the divertor
plate. Consequently, we make the replacement:

In n

L i (6.4)
Bt Tm

where, as in Chapter %, Tz is the characteristic time for flow

parallel to B. This replacezment can alsc be thought of more formally
23 arising froe the parallel part of the divergence of the particle
flux Vel = ¥V -T; + VeoT,. The right hand side of eguation {6.3) is

the perpendicuiar part of the divergence of the particle fiux. The
Wy

n s
I ; can be thought of a3 being the result
T

of averaging Vy-l, 2long a fiesld line’

substitution ¥.°T,»

10e) . l"n{ia(?)) (6 5)

because .30 at £0 by symmetry (equal fluxes in both directions}.
In either case, making the substitution of equation (6.3} into (6.3}
yields

n

Yy e (2023 0%%5(0)] = o, (6.6)
Tn aWb d:i’
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where J(¢l)=§d9.‘82§DL, and we have assumed that :@_n is independent of

pozition along the field line. If one makes the assumption that 7,
is proportional %o L/Ve, where Vy, i3 the lon acoustic veloeity,

{appropriate to our case of Te>>‘1'i) and L is the field line length,

then

Ty = L(g)

S — (6.7}
1/2°
(KT, /u, ) s

where L{®)} = %éﬁﬁ. . At this point let us take the functionmal form of
B, to ber Dy = CaIIT O(0)8(F). Different choices for the
exponents a,b,c allow us to conslder various scalings for D;. Then

equation (6.7) becowmes

172
n(k'}'e/mi) dv

— 3 b a0y L \
- D) (Eb_) * C?_Twucﬁbne Win @)W] : 0, (6.8}

where C1 is 2z collection of constants, and zgain we have assumed that
the density and tewmperature are independent of positlon along the
field 1line. In eguation (6.8} note that JQ(IP):;di stc'ﬂ. The
electron temperature is certainly a constant along a field line
because of the long eleciron mean free path., It is anticipated that
the density gradient along the field line will be puch swmaller than
the gradient across the field, and this is in fact bora out by the

experiment., For a simple Boltzmann relationship betiween the depsity
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and the potential along the field iine, where the potentlal drop is n;
the order of T,/2 over the length of the whole fleld line, {i.e. the
86 called pre-sheath drop) the density at the sheath edge is 6§1% of

the density at the center of the slab. Booz'erz

predicts an even
smailer change, the density at the sheath edge being about T0$ of the
density at the center of the slab model divertor. {n the other hand,
the gradient across the field iine is at least an order of magnitude
in a distance about half'- as long as a field line. For this reason the
density change along the field line will be neglected. Alternatively,
one can think of the demsity on a glven ¥ surface as being an average
density for that particular surface.

To aliow for the case that flow inte the collector plate may
ocecur at sore fraction of the ion accustic speed, a multiplicative
factor S can be inserted beforé the paréuel loss term. Similarly, a
multiplicative factor- F can be included to alleow for diffusion that
seales like a given diffusion coefficient, but may Dbe numerically
different. The effects of these two factors is not separable however;
they are lumped with Co into the coefficient C*i‘ Unly the ratio F/5
affects the equation.

Humerical Selution Technique
Equation (6.8) is a linear_ partial differential equation in the

flux space of the D.C. machine of the form

3 dn
S - = 6‘
'_[fw)dw] gPintd) = 0, (6.9}
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here £{y) and g(y} are known functions of ¥ . OQur cholice of a method
of sSolution was a numerical one by necesslity, involving finite
differencing in space. The finite differencing scheme 13 one that is
particularly appropriate for transport equations because of its
desirable property of conserving particles. One constructs a sﬁatial
mesh in flux space, not necessarily uniform, as shown in Fig. §.2.
The boundaries between mesh zones are taken to be equidistant between
adjacent mesh points. Equation 6.9 is integrated across a mesh zone

"% dn. R F
i-ﬁtf(wmid@ - [eWnWiay = o, {6.10)

ap it
and then each of the two iIntegrzls 1is approximated with finite

difference schemez. For exzmple, the first term becomes

i o -0 oy~
P td YRSt ol M R YR PP SY i M L (6.11)
d'# '] wj+1— ij ‘pj“’ wi_1

where the subscripts j+m indicate that the density is evaluated at a
mesh point if m is an integer, and at the midpoint between two mesh
points if m is a half integer. The two functions £ zre further

approximated by

£(4+1/2) = -,:;[f(JH} + £(3)3 (6.12)
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. 6,2: The mesh spacing scheme used for the finite

differencing of the transport equations.
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£03-1/2) = 00D + €3V
The second term in equation 6.10 is approximated by
glding &ys - {6.13)

" .
where AJ—E( ¢j+1 wj-i)‘ £11 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 encugh. When 21l of these approximations
are inserted inteo the original equation, one has a linear algebraiec

equaticon for nj+1 if nj and nj_1 are known. The resulting eguation is

y£03-172) Cgaq= ¥y
I-VE(EATE ¥y “’3-:)

n3+1 = nj + (nj—n + {6.18)

@) o S¥seim v

£{3+1/2) ] 2 (¥

JREL B)

Needed also, of course, are the various field line integrals for the
chosen fileld configuration. These are obizined numerically using an
existing #rogram'. Therefore to solve for say ny, the density at the
fourth mesh point, one needs to know ny and ny. Enowing ny, one can

in turn sclve for ng also using ny- This so ealled "shooting® method,

— e
Special thanks are due to Dr. L.P. Mai for htis assistance in

generating ¥{(R,Z) and the fileid line integrals.
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sc named because one shoots for the g point from the known By and
By e is carried cut until the entire profile i= generated.

Two preblems have been swept under the rug inm the above
treatment. The first is how one siarts the aigorithm. That is, to
generate n; one needs to know np and n4q. The value of ny can be
chosen to be the experimental density at the left hand boundary which
will also hetter f{acilitate the eventual comparison of the generated
profile to the experimental profile. One could then conceivably pic_k
ng arbitrarily and proceed to generate the rest of the profile until
the right hand boundary wvaliue Dy is reached. However there is a
»etter way, ome that uses equation 6.9, the diffusion equation. Our
object is to generate ny, the density at the second mesh point. To
this end, let us divide the space between the first two mesh points by
adding ancther mesh peint midway between these two and call it 34 /2
¥We further divide the space between 3y and 31/2 in two again, and calil
it jy,y- HNow again we integrate equation 6.9 from 3y to §q sp and

approximate the terms as before

iy
dn P2 - Uy
229 - ) e *1
{rh“d‘p]. E(.ﬁ!u n”i‘( 3

B

1.

Now, we approximate the second term by a Taylor series

( Y2 - %1}}

83y ydny = 843y ) mq + g i . (6.15)
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and the Cirst term
dn dn -
tidgls,, - tUdgly, ©
' i
1
2 1
where ni' i3 the derivative of the density at the first mesh point.

Combining these results yields

Yy - ¥ by - ¥ Uy - ¥
n, =ny + —f%}Tg} [£(3y0my" + 2Dy g5 ) ing + 2" (2101

{6.17}

Therefore knowing ny and n;‘ the algorithm can be self-consistently
started. It appears at this point that we have merely traded
uncertainty im the choice of np for uncertainty in the cholce of n1‘,
but this teoo can be self-consistently remedied. As with the left hand
boundary, one desires the numerical results to agree with the
experimental results at the right hand boundary. One procedure would
be to diteratively adjust the value of n1' until the value of the
density generated at the right boundary, ny, agrees with the

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

an easier approach is available. The density at the right hand
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voundary, ny, is linearly dependent on the gradient at the left hand

boundary, ty'.

g = ang' + b, {6.18}
or equivalentliy,

n{¥yr = an'( ¥4} + b,

whers the constants s and D are to be deherzined. Scme inmitial choice

for n'{ ¥,), eall it ny°( @}, will yield a unique n;{ yyl}. & second
1 1 < 1 ®
cheice for a'{ P;J, say =',l ¥d, will yileld =z second nal Pyl

Writing cut these two eguations

o€ Pyd = any " ) = b

ool Yyl = aﬂ'z{ Pyt b, ’ (6.19}

and by the aoluticn of these simulilaneous equations, the constants 2
and b are uniguely determined. Thus by inverting equaiion 5.18 the
correct n'{ ‘411) to yield the experimental right hand boundary values is
determined on the third pass through the algoritha.

The imposition of the experimental boundary values on the
numerical solution at first seems 1iks an arbitrary step to force a
peasure of agreement betwesn lheory and experiment that is hard to
justify. The alternative would be to write z diffusion equatiom for

the plasma on field lines cutside the separatrix as well as ingide, as
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has been dc:ne,i and insist on the continuity of the density and 1ts
derivatives at the separatrix. This last condition would replace the
boundary conditions th-at we imposed. However, a degree of
arbitrariness would exist again, in that the plasma scures strength of
the experiment would have to be imposed on the code. Thisz seems like
an obviocus necessity, uniess one intends to model the source as well,
that defines z starting baseline for the code. Beyond the imposition
of this baseline, the numerical sclution must be allowed to evolve
independeniiy lof the experiment if & true comparison between theory
and experiment.is to be obtainmed. After defining the density and its
slope at the first mesh point, the numerical soiution evolves
accerding to eguation 6.%. The critieal point of cempariscn te the
experiment is the shape the numerical seolution assumes belwzen the
soundary values., Onily when the numerieal sclutlon shape and the
experizmental shape agree in this region can one argue for a theory
that describes the physical processes in the experiment accurately.
inherent in this is the understanding that the multiplicative factors
F and S will not be far from unity when agreement is obtalned, or
serious questions as to the zpplicability of = given transport
coefficient scaling should be raised.

The indicated eguations wers iIncorporated into a program written
in Rebel Basic3 and run oh a DEC PDP-11 computer. To zssure that the
numerical approximations accurately medel the differential eguation,
profiles generated on a given mesh were compared to profiles generated

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

Bohm diffusioﬁ was chosen as a first case sinee thiz azsumption
has been used in some of the phenomenclogical divertor studies!. Bohm
diffusion scaling is a=0, b=t, ¢z -1. The best fit solution for this
case is obtained with (F/5)=.03 and is shown in Fig. £.3 alonz with

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

been measured to be near the ion acoustic 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 iom-neutral collisions is of interest. For neutral
collision dominated transport in a magnetic [ield one has a=0, b=0,
c= -2, The best fit profile is shown In Fig. 6.4, and occurs for
F/SZ1. A comparison of the two cases treated thus far shows that the
plassical diffusion 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 walue of Tiz .1 e¥ i3 assumed independent of radius in these
scluticns.

These profile compariscns have been carried out over the full
range of the operating conditiogs of the D.C. machine, and in each
case the results are similar. The numerical results agree with the
experimental déta for small f{ractions of the Bohm diffusion
coefficient, and for values near the classieal diffusion coefficlent.

Admittedly the agreecment given by the choice of classical scaling
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Fig. 6.3: The numerical solution te the steady-state diffusion
equation compared to the experimental demsity profiles for Bohm

scaling in D,, and F/S=.03.
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gives only marginally better agreement than Bohm scaling within the

uncertainty of our derisity profiles, Although classical scaling is

a« B“z

-=B"1; this probably explains why we can't more clearly resolve which

and Bohm is mc'I'GSB"“, the experimental T, profile is roughly

scaling is present. However, the cbserved absence of fluctuations in
the experiment and the high neutral density indicate that the choice
of classieal scaling is probably the bett:er one.
Tizmg Dependenk Transpocrt Equationg

In 1ight 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 equations. The
hope was again to learn wmore about the type of transport 1in the
scrape-off zone and test the applicability of the one dimensional flow
model to the energy transport a's well as the partiele 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 evoive to
steady state. Comparison is then made between the computed steady
state profiles and the experimental results. The experience of Mense®
in such cases indicates that this often the best way to obtain the
solution to noniinear differential equations, and avoid numerical
stability pr-oblem;.

The particle transport equation is, for the most part, the same

as ¢quation 6.8, except that the time dependent term in the continuity

equation 1= retained
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on, dv

5€(55J (2m)2 itﬁdl R°D,8)32 wl ] {6.20)
1/2
) SE{B(kTe/mi) )
& L{p}

The electron energy transport equation can be derived in a manner
similar to the derivation of the particle  transport equation, by

performing an energy balance on z tube of flux

) %t.fz—m Jav + k AIdB ban i- K VT, +—I‘T SR = - (5, aV),  (6.21)

where the A again indicates that the line integral is to be carried
out om the ¥ and b+dd surfaces, and subtracted, and k is
Boltzmann's constant. The ternm Se includes energy scurces and sipks.
The KETe term accounts for thermal conduction , where K is the thermal
conductivity, and the term %{Te apcounts for convective energy
transport. We will assume in all that follows that K:%Dn and
= -D Vn, where the first is the ciassical thermal conductivity for a
diiute gas5 and the second is an assumption of Fick’s law transport.
We will assume classical scaling for the diffusion coefficient bhased
on the solution of the steady st;te equaticn that agrees most closely.
The dominant electron cooling mechanism {to be proved shortly) is
parazllel flow through the sheath to the divertor plate. For =z

Maxwellian distribution of electrons, this lecss is
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- o 1 2
Qn = 2nn [V,av; fava{cava IV, £{V) =
A e 2
kT
(=—23"2[eh + T, In expl-eby/kT,), (6.22)

Zﬂ'n

here V3, 1s the lowest electron velocity that can traverse the sheath
and reach the collector plate, and ¢, is the sheath potential drop.

In the event that the parallel particle flow is ambipelar, one can

" write the loss as

Qn = (kT/m;) /%[0 + 2T, In. (6.23)

Within the context of the flow model, the parallel loss term is Qn/L,
with the same L 28 in the particle eguation. When the differentiation

of the first term in eguation §.21 is carried out and eguation 6.20

substituted in for the m%% term, the energy equation becomes
8T
3k, d¥ e 3 an
= k(2 = J .
5 22— st 2 tz2m? [ { (¢} }] _ {6.24)

3% 2.3
- EE(QH) f— w{J(wJ(n§$— + Tome a¢ 2331 =

1/2
d¥ (kTe/mi)

1
‘a; -———W—“‘](E kTe + e¢s)

where we have wused the same definition of J{¥}, namely
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Jip) = ﬁdER2§D_L. Equations 65.20 and 6.2% are the equait.tons ta be
solved simultaneously. One notes that the energy loss terms contaln
the sheath potential drop. In the absence of a third equation that
determines ¢,. the value of the experimental sheath drop will be
inserted. ‘

gp to this point;,, flow to the divertor plate has been assumed to

be the dominant particle and energy ioss mechanism. That this is

indeed so can be seen by comparing it to other potential source or

joss terms for some typical experimental parameters. The particle and

energy loss rate for particle flow to the divertor piate 1s

nVey

Nyoes © (T) (6.25)
nVu

Bioss = (T)Eav

where n and Vy are typical plasmé densities and loss velocities, L is
the length to the plate, and Eav the average energy loss per particle.
For a copnservative estimate of this term, let us choose Ve to be the

ion acoustic velocity, and E from equation 6.22, 30 6.25 becoumes

KT - :
o, ey1/2
Eloss = _i.‘.(_m_;.} (ebg+ che). (6.26)
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Choosing some typical parameters: Te'-‘lD e?, miﬂlxi .6Txt 0_2“ g, n=lxt 09

-cm—3, L=%3 cm, e = u‘I‘e for ambipolar flow, one finds

Njoss = 311013 particles/sec.

E geg = 2X10'7 eV/sec. {6.27)

In the diffusion equation, cross field diffusion 1s the only source
term that balances the particle loss. Other source terms that are
pessible are ion production due to electron impact ionization, and ion
loss due to charge exchange. Of thse iwc processes, electron
ionization is by far the larger for our cold ions (Ti:'1 eV}, so we
will consider this one only. The Maxwellian averaged reaction rate
for 10 eV electrons on hellum gas is < gv>2ix] 0'19 em3/sec.’ Therefore

the production rate of ions due to ionization is

2

na < ov> = 3xi0’

p particles/sec, ' (6.28)

foniz

for plasma gnd neutral densities respectively of np=1x109, and
nn=3x1 0?2' This source term 13 at least as order of magnitude 1e§s
than the loss due to neutralization at the plate, and is thus
negligible.

In the energy equation we have ignored the energy loss- processes

of ;nelaatic collisions of electrons with neutrals and ions. The

dominant of the these two is loss due to electron-neutral ceollisions,
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8

which includes ionization less. 3Based on the ireatment by Patau®,

this total loss rate rate is

g

1
a0 RC ovhons, = 2.22210 7 e¥/see (6.29)

P
where R is the total energy loss per ionization, dgain this loss term
is small compared to the zssumed lozs term by about am order of
magnitude, and i=s therefore justifiably mot included.

Kumericel Selution Technigue .

The numerical solution technigue that we follow closely parallels
the treatment outlined in Ref. §. The spatial finite differencing is
acecaoplished by the same method that is cutlined for the steady state
aplution earlier im this chapter. The differepcing is carried ocut in
a way that will allow arbitrzry spatial meshes to be imposed later.
A3 with the particie sguation, this method of implementing the finite
differencing 2120 preserves the heat fluxes as .well as the particle
fluxes, since the Flux leaving one spatisl mesh is the same flux that
enters the next. Upon the complietlon of the finite differencing, the

equations appear io the foliowiag functional form

d_v‘k ( Vo1 = Ve, zn: = (n,T,) (6.30)
ab z _
3T
3 av; ) Pret = Vg T
pan, ez ben Ty
z ayik 2 5 - 8(mT,
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where f and g are complicated expressions invelving the density and
temperature at nelghboring mesh points as well as the kth mesh poing,
and of course the field Aline integrals and constants. Equations 6.30
are valid at each mesh point. It is our desire to perforz some sort
of temporal {inite differencing scheme that , will enable us to step
ghead in time from the known values at a previcus Lime, thus aliowing
the prefiles of density and temperature to evolve. If we make the

replacement

5t (6.31) -

vhere the superscript indicates a time step, and the unnecessary
subseript 'e' has been dropped on the eiectron vemperature to aveid
confusion. How note that knowing n and T at the pth time step, and
the value of f and g, we can calculate n and T at the p+1 time step.
Such an algorithm is started fror known boundary and initilal
conditions. One possible solution technique would be to evaluate f
and g using n and T at the p time step. This wmethod is called the
explicit or Eulep techniquem which, while having the virtue of
simplicity over other techniques, is plagued by stability problems if
the time step is too Iarge. A solution technique with no stabiiity

problems and other advaﬁtages” is the 30 called implicit method,
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where f and g are evaluated at the p+l time step, and is the mgthod ?e
chose. Whether or not the finite difference approximation correctly
podels the differential equation for a given time step is z separate
problém that must be investigated. With the choice of the impliclt

meihod our equations lock iike

pe1 -]
o Pt~ Wty T T T P pP (6.32)
ay 'K 2 At
Pl P
3 av ( wk+1 = ¢k-1) Tg = Tk . s(np+llrp+1)_
Z o z At

To simplify the solution, we further expand each element of £ and g in
a Taylor series in time, keeping only terms iinear in At which leads
to a linearized set of equations in density and temperature at the new

time, p+i. For example the expansion of f would look like

MJ:,('I'{:;+1 5 % IO

p
p+l L Pe af p+1 P
oy 1’Ik 1) = f(ni,'rf:} + £ (“k - nk) + "3?‘:' X

Bnk

As a further simplificat}on, terms involving the transport
coefficients are evaluated at the p time step, a procedure that has
been shown to lyield the same steady state solution as evaluating at
p+1 and linearizing; however the intermediate profiles do mnot

represent a correct time evolution. Thisz process of linearizing
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generally turns each term in f and g into as many as five terms which

makes the ensuing algebra tedious,

Beczuse the equations are linearized 4in time, 2 simplified
analysis of the numerical treatment can be carried out. At each time
step the equations can be put into the forw

P o e, (6.34)
where & and B are matrices and x is 2 linear array whose transpose has

the form

Ep = (ng,Tg,ng,Tg,ng,Tg,...nﬁ,’}:g}

and because of the c¢hoice of time differencing, the matrix & is bdlock
tri-diagonal which permits a2 certain econcmy 1s the socolution sacheme.
Equation §.38 is solved for :_:‘H'1 at each time step, and the resulting
matrix :5p+1 is i turn omultiplied by the matrix B, and the precess
repeated to sclve for the array §p+2. The whole profile of n and T
are generated at each time step in this seolution method,” and one
steps in time until the profiles at suceeding time steps are
identical, at 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 staie program, the experimental boundary
conditions are imposed at the left and right boundaries at =sach time
step. Because the algorithm actually calculates the parameters at the
mesh points and the physical boundary is located between the mesh
points 1,2 and R-1,H, we must resort to the simple device of imposing
an average endpoint density that incorporates the boundary condition.

Thus for the first mesh polint

D
SR 5 (6.35)
s,

whers ny is the experimental boundary conditicn at ihe left boundary.

Cne solves 6.35 for n%, the density at the first mesh point

o = 20, - o5, | (6.36)
which is imposed on the aigorithm at each time step, Relations like
£.36 are assumed for both the density znd tempsrature eguations at
each time step at the left and right boundary. The initial profile
azssumed is simply a straight line between the two boundary values.
This algorithm was carried out in a programr written in Fortran on
the P.S.L. Vax computer. Experi..mentally it iz found that the method
is indeed stable for any time step, but requires steps of 16'5 sec. or

tess to properiy model eguations §.20 and .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 lesz than this A%, 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 &
variable spatial mesh to more accurately handie regions of large
gradients of denslty or temperature. The Tektronix Plo:-10 plotting
package wag found Lo be most useful to 2llow the generated profiles to
be viewed immediately and avoid the delays of hand plotting, when
cou;paring prefiles to assess the effects of different scaling
assumptions.
Time Dependent Code Resultg

Constant multiplying factors are again inserted in the program
before all of the transport coefficients and the varicus loss terms so
that the magnitude but not the scaling of the terms can be varied. &
factor FC multiplies the conduction term, FD the cross fileld particle
diffusion terms, FS the parallel 3Ioss 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 eguations, the
characteristic velocity in the loss term is the ion acoustic veloeity
and separate multipliers aren’t reguired. In the case that the loss
term of eguation 6.22 is used, a factor FSI multiplies the parallel
leoss term in the density eguation, and FSE the parallel loss term in
the temperature eguation. Here, unlike the previous case, the
parallel velociiy is not ibe same in both equations znd = separate
muitiplier is appropriate. The actual values of the transport

coefficients used in the prograa, are calculated with the local self-
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consistent values of density and electron tem_peratz.'!re. When any of
the multipliers are one, the transport coefficient is cne times the
theoretical value. For example, for assumed classical neuiral
dominated transport, FD=1 means Dy=kTyV /m mc?', 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 w, is the ion cyclotron frequency with the local

magnetic field value of the experiment. FS=1 means the parallel loss

velocity is the Iocal ion acoustic velocity (kTefmi)Uz. 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 casze. FRecall too that only the ratio= of th-e
constant multipliers is relevant, and so only the ratios will be
displayed when the results aré 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 alsoc shown for comparison.

Cne last topie is in order before tﬁe discussion of the numeprical
solutions, that relates to the choice of the transport coeffielents in
the energy equation. In the particle diffusion equation both the
steady state numerical results and the thecry of Simon support the
chelce of fon-neutral collision dominated scaling for Dy. If one
takes the theory of Simon literally and assumes Lthat the ambipolar
electric fleld is completely "shorted out” by the divertor plate, then
because there 1s therefore no coupling between ions snd electrons, the

cross field conductivity and convection should have the classical
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electror-neutral collision dominated values. This scaling will
certainly be tried in the energy equation. However, if the divertor
plate doesn't completely eliminate the ambipolar electric field,
coupling between ions and electrons through this field will exist te
some extent, and the appropriate diffusion coeffiéient scaling in the
convective term may be the ion elassical value or some fraction
thereof. Intuitively this seems to be the mwost likely case. Because
of the finite sheath potential drop {or parallei conductivity)}, there
has to be scme radial ambipolar electric field that isn't shorted ocut.
There iz also, however, an electric field due to the temperature
gradient. The divertor plate is an equipotential, so unless tihe
sheath drop is é constant {which it is manifestly not experimentally)
then the there will alsoc be a field dus to the temperature gradient.
Thus the field due only to the differing diffusion coefficients wiil
be hard to sort out. (In fact, from the experimental wmeasurements of
the electrie field, we infer that the contribution due to the
temperature gradient and finite sheath potential drop deminates in
determining the electrie field.) For completeness, ion eclasslezl
scaling will also be tried in the conductivity term in the energy
equation, although it 1is not theoretically supportable within the
context of our model.

Coefficients appropriate %o lsn-neutral collision dominated
classical transport {henceforth c¢alled ion classical transport) in
both the density and tewmperature eguations, and the _1oss term of

equation 6.23 (to be referred to as the ambipolar loss ters) in the
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temperature equation were tried first. The }oss velocity in the
density equation in this entire section is the ion accustic veloecity.
The best fit resulis are shown for a high pressure hellum case (P-10‘3
torr) and for 2 low pressure hydrogen case {P-5x10-5 torr) in
Figs. 6.5 and 6.6, 1In both cases good zgreement is obtained for
valyes of the muitipliers of less ;han 5. The data t¢ which the
numerical results are compared is the unshorted array case. As was
seen in Chap. 5, in no case do we have data that 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 s=ame
coefficients as the last case, compared to the shorted array case.
Again good agreement is obtained with multipliers of less than 5. It
is interesting that using the "ambipolar™ program {i.e. that is with
logs terms that should be appropriate to truly asbipolar flow} one can
stiil 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 program solution
is compared te the shorted array data. The agreement 13 again good
for this combination of coeffients for values of the multipliers of
iess than 5. Similarly to the‘previous case, the non-ambipolar losas

tera can yleld good agreement with the array unsherted case.

Pig. 6,57 The steady-state solution to the time dependent
traqsport equation compared to the high pressure experimental
density (upper curve),and temperature profiles. The data isg
unshorted strips, and ion-neutral scaling in K and D, , with

the ambipolar loss term. (FB/FC=3.75, FS/FC=.167)
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Fig., 6.6: The steady-state solution te the time dependeat
transport equation compared to the low pressure experimental

density (upper curve),and temperature profiles, The data is

unshorted strips, and jon-mentral scaling in K and b, , with

- the ambipolar less term. (¥FD/FC=.33, FS/FC=.67)
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43 & test of the extension of Simon's theory that was described
:

earlier, scaling of the transport coefficients for electron-n.eutral
domirated transport was inserted in the temperature equation, for both
convection and conduction terms, with the parallel loss term ‘chosen to
be non-ambipolar. Good agreement 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 seem= to be too small.

If now only the convective part of the temperature equation has
ion classical scaling as discussed, good agreement can again be
obtained for reasonable wmultipliers {i.e. less than five} as is shown
in Fig. 6.11. This scaling i3 also capable of yielding goéd agreement
with all of the experimental profiles, except one taken at low source
gas pressure. The program is subject to numerical instabilities for
the bdoundary conditions (i.e. very low density) appropriate to this
case. This 1s believed to be a result of our choice for handling the
transport ¢oefficients in the program, and not a faiiure of the model.

Az a final example, the sheath potential drop was calculated
self-consistently from the electron temperature, using the condition
of ambipolarity at 21l radii. The program still converged to a steady
state solution which, for appropriate coefficients, could be made to
look like the experlmental profiles whenm the ilon classical scaling was

used, This is shown in Fig. 6.12.
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Fig. 6.9: The steady-state solution to the time dependent
" transport equation compared to the high pressure experimental

density (opper curve) ,and temperature profiles. .The data is for
strips shorted, electron~neutral scaling In K and D, , with

" the non-ambipolar loss term. (FD/FC=.05, FSI/FC~.05, FSE/FC<.05)
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Fig. 6.10: The steady-state solution to the time dependent

transport equaticn compared wo the high pressure experimental
density (upper curve),and temperature profiles. The data is for
strips shorted, with electron-neutral scaling in K and Dl , and
“the non-ambipclar loss term. (ALl coefficients~l, neutral density

a factor of 12 above the experimental neutral density.)
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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 curve},and temperature profiles, The data 1s for

strips shorted, and lon-newtral scaling in D, and electron-neutral

“scalipg in K, with the ambipolar loss term. {FD/FC=.86, FS/FC=.167)
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Fig. 6.12: ﬂe steady-state solution to the time dependent
transport eguation compared-te the high pressure experimental
density (upper curve),and temperature profiles. The data is
for strips unshorted, ion-neutrsl scaling in K and B, , with

the ambipolar loss teri, where e = che at all points.

{ FD/FC=.5, FS/FC=.167)
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In conclus-ion, it seems that the correct scaling for the cross
('ield_‘ diffusion coefficlent in the density equation and the convective
part of the cruss field energy transport is the ion classiecal value.
Eiectron ciasaieal scaling worka well- in the conduction term. This
choice of trans:port. coeffiéients is supported by the existence of a
coupling electric fleld between the ions and the electrons. Electron
scaling in the temperature eguation is far too small. Both forms of
the energy loss term are capable of yielding good agreement with the
experimental data for reasonable values of the multiplicative factors.
" Unfortunately this also makes it difficult to choose between the loss
terms. However, it does seem clear that the ome dimensional flow
model is acceptable- for describing the tramsport in a divertor, at

least within the context of the parameter range of our experiment.
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Chapter T

Symmary and goggqugggng

Certain of the physicél phenomena that will cceur In a2 tokamzak
divertor have been simulated in the divertcr experiments ecarrled out
in the D.{. machine. The density and electron temperature show an
anticipated fall off with radius due to the particle and energy sink
that the divertor plate provides, in comparison with the profilesh
before tLthe plate was installed, On these field iines that do
intersect the conducting divertor plate, we have observed by a variety
of weans that the transport along the magnetie field, and thus also
acrcss the magnetisc field, is non-ambipclar. This iz contrary to the
zssuzption of ambipolarity in most theoretical divertor models. We
forther expect the phenomena of non-ambipolar flow to exlst is a real
tokemak divertor if the cross field transport is dominated by charged
particie-neutral coliisions., Divertor plasma parsmeters and neutral
pressures in present day experiments are, except for‘ nigher ion
temperatures, not unlike those in our experiment. Therefore, non-
ambipolar transport may exist in them. Expected conditions in future
tekamak diverters may alsc allow the existence of nop-ambipoiar
transport. B

¥e observe a variation in the parameter N { n=ed /kT, where ¢,
is the experiﬁentally measured sheath potential drop and Te the
electron temperature ai the same point) that causes the electrons to

leave the plasma over a narrow width near the dlvertor 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 Thot

spot™ where the electrons hit the plate.
By mounting a radially segmented array on the divertor plate, we

tried to remove the not-ambipolar flow by isolating each segment
electrically froz the rest of the segments. In effect each segment

was allowed to electrically "flozt®™ to its own loeal potential. Our

attempts to force ambipolarity were only partially successful,

although the mechanism that allows shorting in the floating array case

is not clear. &n interesting extension of this research would answer
the guestion of the existence of non-~zmbipolar flow in a fully ionized
plasma. Furthermore, wnderstanding the physical mechanism that allows
some shorting between array strips when the externzl short is removed
could be relevant to the transport in all devices that have magnetic
field lines that terminate 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 veloeity along the
magnetic field and into the divertor plate met oniy with a measyre of
success. By placing a striped particle collector an 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 veloecity. Within large error bars, the flow veloelity
does seem to be always near the ion acoustic velocity. The behaviour

of the striped partiecle collector when the magnetic field 4s



201

perpeqdicular to the stripes iz another potential area of research if
it i3 to be of diagrostic utility in a situation such a3 ours.

The theories of Boozer and 3imon predict iem density fall off
scale lengths across the field that agree gquite well with the measured
local ion density scale length. Boozer's scale length seems to be a
factor of two too large, and Simon's scale tength 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 of‘
transport coefficients. lon classical scaling (i.e. due to iof-
nentral collisions) works best for D; in thg particle equation and the
convective term in the energy equation. The thermal conductivity
characteristic of electron-neutral collisions seems to be the correct
one for our experiment. The fact that ion e¢lassical sealing works
best in the convective term means that the divertor plate doesn't
completely' "short out®™ the ambipoiar electric field, and thus the
electron and iom transport are st::lll coupled through this fiel.td.. The
ambipciar and non-ambipolar loss terms work equally well in the
transport equatiqns. Despite these successes, the change in the
scaling of the transport from the shorted array caﬁe to the unshorted
case i1s not clear. Further study of all the mechanisms that could
explain the observed change th‘at removing the short has on the
profiles, is aiso indicated for extensions of thris work. However, the
flow model does seem to be appropriate for our divertor experiment,

over the whole of its operating range.



