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AXISYMMETRIC SCRAPE-OFF PLASMA TRANSPNRY

C. E. Singer and wWilliam D. Langer
Plasma Physics Laboratory, Princeton University

Priaceton, New Jarsey 08544

ABSTRACT

The two-dimensional flow of a collision dominated kydrogen scrape-off
plasma in an axisymmetric tokamak is examined. This flow is described by a
set of equations which contain the dominant terms in a maximal ordering
appropriate to high density experimental divertors and reactor scrape-off
plasmas. Comparison of the theory to estimates of scrape-off parameters in
the Doublet III expanded boundaxy plasmas suggests that analysis of clausical
and necclassical processes alone may be sufficient to predict plasma transport

in high density scrape-off plasmas of practical importance.
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I. INTRODLCTION

Tokamak divertors remove impurities and power by scraping off the outer
layer of the plasma and channeling it along open magnetic flux surfaces to a
plate or wall away from the main plasma. Some of the purposes of a divertor
are to prevent sputtering of impurities and erosion .f the vessel wall., In a
reactorlike de.vice, the problems of sputtering and erosion may then be
transierred to the divertor plate. Fortunately, tokamak divertors have
recently been able to operate in a high density, low temperature mode. This
mode is important for tokamak fusion plasmas for several reascns: (1)
sputtering of impurities and wall erosion are reduced due o the low edge
tempez-a(:ures;'| (2) encrgy can be lost by plasma-neutral interactions (e.g.,
ionization and excitaticn) rather than by collisiong with the divertor plate;
and (3) the overall) plasma confinement may be increased. 2 Alsc, outflux of
helium and fusion power is facilitated by operating with the highest possible
scrape=off densi.ty.3

It itas been shown that the low temperature, high density mode can be
achieved in divertors by eStablishing &z large particle recycling (i.e,, the
repeated neutralization of plasma on the plate, followed by ionization, and
nem;ralizat"um).3"‘S Under conditions of low temperature and high density, the
Coulomb c¢ollision frequency is large, There is, therefore, a need for a
theory of collision-dominated transport in the ecrape-off region. Such a
theory can be used to model existing divertor experiments as well as predict
the scrape-off thickness of reactorlike configurations. In this paper, we
anaiyze the fluid equations appropriate to such high collisionality divertors,
determine the order of a2ll the:terms, and molve the ovdering eguations to find

an estimate for the scrape-off thickness.

We use the welocity mcoments of the Fokker-~Planck equations to obtain a
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steady-state description of the transport for a plasma with a single hydrogen
isotope in an axisymwetric magnetic field. The magnetic field is assumedq to
be determined by currents external to the scrape-off region. We examine only
the part of the scrapecff where the Debye length is small compared to
characteristic scale lengthe, 80 the ion and electron densities are related by
quasineutraliity, and the electrostatic potential cen be determined from the
moment equations.

First, we define a specific ordering which is "maximal,” in the sense
that all of the important physical processes which may contribute to
collision-dominated scrape-off transport appear in the game order. The moment
equations are written as tensor invariants, which can ke readily transformed
to any given coordinate system. The dominant terms are then displayed in
orthogonal toroidal flux coordinates,

We find that neoclassical theory alone should be adaquate to predict the
scrape-off thicknens in sufficiently dense reactor scrape-off plasmas because
neoclassical transport in the radial direction aercss magnetic flux surfaces
increases rapidly with increasinrg collisionality. Also, the radial sgrape-off
thickness is estimated for Doublet-III (D-III} by extending the model +to
conditions found in the D-III expanded houndary divertor configuration. We
find reasonable agreement with the scrape-off thickness measured in D-IIT

during operation in the high densi:y, low temperature mode.

II. TRANSFORT WITH MAXIMAL ORDERING

The steady-state Fokker=Planck equatiorn for ions is

v + & (90 4 mBre)Vgace I, 1

-
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vhere e and m are the ion charge and mass, Vv is the velocity space
derivative, C is a sum over all Coulomb collisions, and I is a sum over all
collisions of ions with neutrals, A similar equation holds for electrons with
7

charge -e and mass Mge The relevant velocity moments are

(n“u]na =8 , (2)

PaB,B + en(guﬁd’,'3 - EaﬂvuaBY/c] =F" 4 x“, (3)
Qa’a + enuawb,a =+ uaFa + Y, (4)
af e Ba 1 of Y aBy A a

R 'ﬁ+a(¢'ﬂp +39 70,0 - ¢ QBBY/C]-G + 2. (5)

Here n is the guasinevtral plasma density, w is the ion flow velocity, § =

J d3_’:£ ic the ion particle source, PaB = nTguB + HEB + mm.lmuB is the stress

> i >

tensor, nT = mfdav [(va - “(‘('a - ug)/3)f is the ion pressure, ﬂaa = mfd3v

[+3

[e® - ua)(vB - us) - g ﬁ(vY - uv)(vY - uTJ/slf is the vigecosity tensor, <;t“B

. , ) afy | P . a_ 133

is the metric <tensor, € is the Levi-Civita permutation tensor, F = Jd°v
[ S ) s 14 3> d.

v C is the force on ions due to Coulemb friction, X = mfd’v v I is the

a a
neutral friction on the ions, Qa = qa + (5/2)nTu + uﬁnﬁﬂ + mnuﬂuau /2 18 the
+
ion energy flux, qa = Ja¥%; (m/2)(vB - uﬂ)(vﬂ - uB)(va - ua)f is the ion heat
> 4 ;

flux, Qp = fd3v (m/2)(v = uu)(va = uy)C is the Coulomk enerdy interchange, Y

= fa¥% (m/2)vuv¢3 iz the ion energy source due o collisions with neutrals,

[v§ -

RuB = fdJK(mvTv.'/ZI':avﬁf is the energy-weighted stress tensor, G = Ja¥s

(nwﬁvB/Z)qu is the change of ion energy flux due to Couloumb collisions, and

Za = de; (mvavBIZ)vaz is the change in ion energy flux due to collisions with

neutrals. Subscripts denoting ions are suppressed here ani throughout this




paper. The covariant derivative i1s represented by a comma, and repeated
indices imply summation, Similar equations can be obtained for electrons.

The ion continuity relation, Bg. (2), provides a starting point for the
derivation of the maximally ordered transport equations. In & right-handed
orthogonal toroidal coordinate system (¢,9,%), where ¢ labeis magnetic flux
surfaces, 9 is a poloidal angle, and & is the toroidal symmetry angle, Bq. (2)

is
- ) 2
g 1/2[-% (nuq’l V¢'q1/2) + 'a'a‘ [nuelV9|gV2)] = g, (6)

where g'/2 = 1/% % V8*VE ig the Jacobian. The radial ion flux, nuy, is to be
found from the torcidal component of the ion momentum balance, Eg. (). The
poloidal ion flow, ug, can be resolved into a parallel component, u, , along

the magnetic field and a diamagnetic component, LYY in the direction ﬁ * Ve

ug = (BE/B)ud + (Ee/B]u|. {7)

uy will be found from the radial compcnent of the ion momentum balance. u,
will be determined {rom the component of the total momentum balance parallel
to the magnetic field. We shall assume that sources in Bg. (6) are not so
large as to allow one of ~he terms in the flux divergence to dominate the
others. (Cases where sources are balanced by one of the fluxes in Bg. (6) are
comparatively simple and have been treated else\\"hv.u:a.)s-s'8

The expression for i1he radial ion particle flux, which can be derived
from the toraidal component of Hq. {3), im considerably simplified by a set of
approximations appropriate to the high—collisionality secrapeoff. It is

convenient to express the ordering in terms of the gedmstric parameter, €, the
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inverse aspect ratio. ¥e order Bg/B ~ ,_.2' gince this relation is generally
valid (except for a small region near the poloidal field null in divertor
tokamaks) for the highest MHD stabl: pressure and current in a reactor
plasma. We choose an electron/ion mass ratio n /m = €8 {wvhich 1is
approximately correct for practical reactor parameters) since this gives the
largest number of terme remaining to lcwest order in €. (In our maximal
ordering; i.e., an ordering where the largeat possible number of terms occur
together at lowest order, it is desirable to have as many terms as pogsible of
order E,) In most of the gpatial extent of the scrapeoff, it suffices to
order the parallel mach number M = uy /vth ¢¢ t, vhere Vip = (2T/m)1/2. Post
et a1.3 have described why it is appropriate to assume M << 1 in the case of
interest here, where a high scrape-off density is maintained by a high rate of
recycling near the divertor or limiter plate. Briefly, the recycling source
near the plate leads to a larger particle flux along the magnetic “ield near
the plate than farther upstream in the flow. Sonic flow throughout would
imply a large gradient in density and in the dynamic head, mnu2|/2. A large
force would be required to drive this dynamif_- head against the plqte, and no
such force is available. Therefore, the flow is subsonic except in the region
of intense recycling near the plate. We exclude this intense r:cycling region
from consideration in the present paper. For the maximal ordering, we take M
~ E; results for smaller values of M are easily obtained once the maximal
ordering reésults are in hand. We also assume that the electrostatic
potential, %, due to voltage applied across the region of interest is civen by
e$/T & 1. Finally, the restriction to high collisionality must be reflected
in the ordering assumptions. We anticipate the large scrape-off thickness
ocbtained in a cool, dense plasma by assuming a small ratio Bp = !“-p/L4, of the

roloidal gyroradius to the radial scale height, Lg. (iere Py = th/Qp’ where
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Qp = eBg/{mc) is the poloidal gyrofrequency.) For the maximal ordering, we
choose Gp ~ M. The generalizaticn to higher collisionality cases with 6? << M

is straightforward.

A, Radial ion flux
With the ordering just duscribed, the dominant contribution to the radial
ion flux can be shown to be the neoclassical flux, which results from the
compenent of the Coulomb friction parallel to the magnetic field. As in the

Pfirsch-Schluter theory for closed magnetic flux surfacea.7 this gives a

neoclassiral contribution

1 B
Tl N I ()
p
UmVJg B
coeel 8 om
Fl = -———e + Bon—B'a-g ,VQ,, (9)
where @ = 0.5129, Bo = 0.711, Vv, is the electron Couloms collision frequency,

and I = en(ul - ui) is the current parallel to the magnetic field.g As shown
in the Appendix, other toroidal forces drive fluxes only of smaller order and
are neglected. By investigating the total toroida) momentum balance. using a
simple analysis of the ordering described elsew‘.here,w it can be shown a
rosteriori that, to lowest order in E,
B B

3 8 1/2 3% 1/2

w (5 31v019'?) = - g5 (5 3, 1701"2), (10)
(i.e., the radial flux is ambipolar to thie order, as showr in the

Appendix. ) The diamagnetic current J3 is determined from thc total radial

momentam balance to be



Jd=-§ﬂ§%1)-|\7¢|. (1)
Note that the total pregsure is twice the ion pressure, as the high
collisionality assumed her; can be snown to force the ion and electron
wemperatures to be approximately ecmal,10 as shown in the Appendix.

The temperature gradient required to compute the thermal force in Eq. (8)
is described by the tota) heat balance. For flows which are subsonic and also
have 5p <¢ 1, the solution for the energy flux using Eg. (5) proceeda as

° Here we present the results

described in the review by Hinton and Hazeltine.
obtained after separating classical and@ neoclassical contributions and
determining the dJdominant contributions assuming maximal ordering described
abov~,

The total heat balance is obtained by summing the ion 2nd ejectron
versions of Eq. (4) and subtracting the mechanical energy.g Clas-ical visceous
heating is negligible for the subsonic flows under consideration, and we alse

negiect any neoclassical viscous heating (cf. Section IIC below). In

orthecgonal toroidal coordinates, the heat balance is
T o, 3 -1/2 1
3nuy, 55 {74 + 5 nlug + u‘.’;)%% |98] + n1g™'/ {2 o5 Loyl lq /2]
2
+ 55 [lug + u§)1v0]¢"/2])

- Po 3 2 i/
= T2 [ (4 55 178 « B se)901g™3) - oF (BT ()2 $Hvig 2]}

- F|J|/(en) + W {12j

neutrals '




where K = "3.1616 nT/(m,V,), ® = eB/(mc), and V is the ion-ion collision
frequency.”? Here ambipolarity has been used to combine contributions from
radial ion and electron flows. The poloidal electron flow velocity, u% = ug -
(J3Bg/B + JyBg/B)/{en), 1is related to the ion flows by Egs. (7}, (i0), and
(11). The dominant contributions to the heat conduction term are due to
classical electron conduction along the magnetic field and classical ion heat
conduction across magnetic flux surfaces. 1Ion and electron heat fluxes in the
diamagnetic direction cancel for equal ion and electron temperatures.
Similarly, neoclassical radial ion and electron heat fluxes cancel (in
contrast to the case for closed flux aurfaces).7 The neutral source term can
be simplified by noting that electron-nentral friction produces negligible
force and that wugy << uy << u,, az described in Section IIB below. Then,
assuming the neutral flow velocity and mean energy per particle are not of

greater order than that of the ions,

e
v =Y+ Y =~ 378
"neutrals ' (13)
where Y° is the energy loss rate due to interaction of electrons with neutrals
(including radiation losses). For subsonic flows, the work due to neutral
friction is negligible (ae 1is dilution of the "ram"™ energy in the directed

flow) and does not appear in the energy balance,

B, Poloidal ion flow
Flows along and across the magnetic field within a flux surface are now
described. The diamagnetic ion flow velocity is given by the dominant terms

in the radial ion momentum balance

A .



|V [ (@ o]
nud = mw (—r(n::) + en ‘r:)c (14}

The potential, ¢, can be integrated in poloidal angle from any specified
boundary condition using the dominant contributions to the parallel Ohm's law,

B
6 d
en 'aEg 98] = -Fy , {15)

where F, is the Coulomb friction given in Egq. (9).
The parallel ion flow velocity, 4y, i8 determined by the dominant
contributions to the total plasma momentum balance parallel to the magnetic

field,

( 3un ) I au“ v ) Bg 3(2nT) ve
mn v, —g 1% + ug -5 |98]) = - - 50— |ve] + Fogg * Xp - mu S (16)
The lowest order classical contribution to the parallel viscosity can be

written

2 Buy Buy 3 ¥
Fos =30 [(- n, g W+, [ve1){vel ] - 5 (n, =55 (7¢l(78] L, uan

9

where M, = nT/R and 7, = 6VT,/(50) are viscosity coefficients,” No comparable

neoclassical contributiona11

to the parallel viscous force are known, bat the
relevant kinetic theory has not been thoroughly investigated for a collision

dominated scrape-off plasma.



-11=

III. DISCUSSION

Equations (6) throngh {17) are a complete set of partial differential
equations which iaclude only the lowest order tevms in the maximal ordering
described above, Here we discuss =auitahle houndary conditions for these
eguaticns, cummarize the naximal ordering assumptio;m. comment on results for
other orderings, and estimate the scrape-off thickness for a high density
Doublet III scrapeoff,

Equations ({6) through (11) contain six Aerivatives in the radial
coordinate, ¢. Thrz» boundary conditions can be provided by extracting the
radial pacticle und energy flux, and by analyzing the plasma rotation with the
usual flux-surface-averasned neoc.agsiczl t’necry""'u applied on a flux
surface far from the ueparatrix or edge of the limiter. Three additional
radial boundary conditions are provided by +the requirement that the density,
tempeicature, and rotation be negligible many radial scale heights outside the

separatrix or innermost edge of a toroidally symmetric limiter, Bguations (6}

through (17) also contain six derivatives in the poloidal angle, 6, A

complete set of poloidal boundary conditions requires specification of: the.

potential difference along a flux tube applied at the plates at each end of
the itube, the net poloidal :urrent emitted at the plates, and the energy and
ion particle fluxes flowing polcidally to each end. While an exact trcatment
requires a kinetic analysis of the region near the plates, rough estimater of

13,14 On closed

end losses are available from simple plasma sheath thaory.
flux surfacea near the scrapeoff, these poloidal boundary conditions are, of
course, replaced by the appropriate periodicity relationsa.

The ma 1a]l ordering assumptions described above can be summarized as
follows: 6p ~ M ~ € Bg/B ™~ €2, ana (me/n)vz ~ €4, The parallel momentum
balance, Eq. (17) (see Appendix) restricts the poloidal preasure drop to be at
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2 where <> denctes the Clux

most of order M2, That is, (nT = AT>)/<nT> & M
surface average. However, the density may increaze and the temperature
decrease by a factor of order 1 when approaching tha poleoidal boundaries of
the regions described by Egs. (6) through (17). This explains the ordering of
Ohm's law given in Bg. (i53) where the pressure gradient is negligible when
compared to the pavallel thermal force and the resistance to the parallel
current (cf. By. 9).

The radial scale height, Ly for the plasma density can be z.iimated from

Egs. (8) through (12)c. 1In terms of dimensionless quantities, the result is
62 — AV s
o M (me/m} R (18)

where the inverse collisionality, & = xmfp/LI s, is the ratio of the Coulomb

mean-free path, "mfp = v.,/V, to the parallel scale height, L, =

(8/Bg)/|¥0|. Equation (18) can be solved for the radial Scale height, Ly

using the relation 5p = PP/L¢. The result, expressed in convepnient units, is

‘ (A/1o)A1/2L n_,)
L. lem) ~ 1.1 (B)[ m 14 172 (19)
(7 10B4 r pip
ev T

where 4 is the Coulomb 1ogarithm.g A is the hydrogen isotope muss in
amu, le is tlz parallel scale height in meters, Mg = n/(lO1 4cm-3), Tay 18
the temperature in eV, and By is the toroidal magnetic field in Tesla. (It
should be noted that we have assumed Ly << 1/|98| in deriving the results in
Section II. From Eg. (9), it can o2 seen that this is not a significant
limitation for a reasonable tokamak scrape-off plasma.)

For practical applications, it is necessary to estim:.te the radial scale

height for plasma parameters which do not satisfy the mraximal ordering
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agssumptions described abova. It is especially important to relax the
restrictions 59 ~ M ~ E in order to treat casez with various recycling rates
and plasma densities and temperatures. In particular, a high density scrape-
off plasma should have a very short Coulomb mean-free path, and small inverse
collistonality, & = )‘mfp/“l . Equation {18) suggests examining cases with ﬁp
£ M £ € four such plasmas. It has been found that Bgs. (18) and (19) also
apply to cases with this relaxed ordering.w Pauations (6) through (17)
remain an accurate description of the plasma transport for this relaxed
ordering.

In the opposite case where ﬁp > M, diamagnetic flows dominate the
poloidal plasma transport. One compiication for large values of § is that
15

loss cone ingtablilities may compromise the validity of aimple kinetic and

fluid theories when the neoclasaical radial particle flux is insufficient to
guarantee & ¢c 1.

Advection of energy by neoclassical radial particle fluxes becomnes
relatively less significant if the maximal ordering is relaxed to allow
(me/m)”2 cc e or Bg/B << 52. The first of these conditiocns never applies to
practical reactor geomrtriea, &znd the second occcurs only in a small region
near the geparatrix of a pcloidal divertor, where Bg/B << €2.

Not all of the physical effecte contained in Bgs. (6} through (17) have
been included previously in fluid models of the tokamak scrapeoff, Several
computational fluid models have contributionsn of paralle]l flows to
conservation of ions, momentum, and enel.-gy."-ﬁ"m“.PG However, diamagnetic
flows and the related momentunm transport have not been considerad in thepe
models. These treatments have also omittod the radial particle flux, nuy, and

the frictional heating, ~F Jy/(en), due the Pfirsch-Schluter return currents

described by By. (10). Viscous forces have alsc been omitted, although the
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first term in Eq. (17) was discusased by Tokar and Nedospaaov.16 Thus, there
ie considerable scope for improving fluid models of the axisymmetric tokamak
scrapeoff at iiagh collimionality.

We have estimated a density scale height of 3 cm from BEq. (20) for the D-
III expanded boundary plasma a%t & point midway between the poloidal field nunll
and the vacuum vessel, The plasma marzmeters were taken at the inflection

point of the radial temperature profiles reoorted by Petravic et a1.'?

(Their
results were obtained by integrating one-dimensional conservation equations
along field lines from a e2. of initial radial profiles chosen to match
estimates of the scrape-off thickness,) To within the accuracy of our
ordering estimates aiid of the experimental data, the neoclasgical theory gives
good agreement with the scrape-off thickness measured for the expa~nded
boundary configuration in D=-III. It would be cdesirable to make more deta.led
numerical computations using Eqs. (6} through (17) and to comparo results with

experimental data on the high collisionality axisymmetric plasmas which have

recently become available.

IV. SUMMARY

We analyzed the applicability of fluid theory for a collision dominated
(low-T, high-n) scrape-off plasma, such as is observed in a number of tokamak
divertors. The fluid equations were cast in a form suitable for numerical
solution, and an estimate was made of the relative importance of the classical
and neoclagsical terms for subsonic flow. An estimate of the radial scrape-
off width was derived from an ordering analys:i:s.

Radial particle flow is primarily due to thermal gradients or resistance
to Pfirsch-Schl;ter return currents. Poloidal flows result from two competing

processes. Poloidal rotation of the ion flow is driven by radial gradients of

e g
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the pressure and electric potential. Poloidal pressure gradients drive a Flcs
along magnetic field lines, and this flow has a poloidal component.

Advection of energy and work done by the flow are modified by heat
conduction parallel to the magnetic field, classical radial ion heat
conduction, frictional dissipation of the Pfirach-SchLEter return current, and
interaction of the plasma with neutral gas. Many of these proces * have been
omi.tted from previous treatments of &crapc~off flows in tokamaks.

An estimate of the radial scrape-off width was derived from an ordering
analysis. Thigs procedure is useful for interpreting experiments and for
reactor designs, In the case of D-III expanded boundary configurations we
find good agreement between the measurements of the scrapecff and our

theoretical estimates.
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APPENDIX: MAXIMAL CRDERING

Here we describe an ordering consistent with the eguations presented in
Section IXI. We demonstrate why the radial particle flow is ambipolar in this
ordering and explain why this ordering leads :to the relations e$ ~ T, ~ 7
(where T, ia the electron temperature and T is the i{on temperature), The
ordering of intereat here is "maximal” in the sense tha: the largest possible
number of terms oc¢ur toaether at lowest order; e.9.,; in the ion continuity
equation:

nu, ~ nay  nug

i i nla (1)

b 1 d
where L = a/iion/0d) | Ve, Ly = Lg = 17|98}, and Ly = Lg8/By. We also order
the neutral-ion friction X ~ m1,S and the energy sources Y =~ ¥ ~ TS, which
assumes a momentum transfer ~ mu, and an enerqy transfer ~ T per ionization
event. '

The ordering is defined by parallel Mach nunber M ~ €, poloida.
gyroradius parameter Bp- ~ E, Bg/p ~ £%, and hence & = BPBB/B ~ €3, e
restriction on mass ratio (me/m}”2 ~ 84. then implies an inverse parallel
collisionality, A ~ €5, which i1s sufficient to make the ordering maximal.
Ambipolar radlal flow results from the fact th»' the dominant term in the
toroidal ion moment balance is enu@g/c = Fp ané that the electron charge and
Coulomb friction are e, = -e and Fy = -Pe| « This relation yields the same
result for ug, for both s .acies. It can be readily shown that other terms in
the toroidal ion momentum balance are of higher order in E than Fy; ~ nT/L;.
{(The c-dering Fy ~ nl/L, is immedir tely evident for the gecond term in Eg.
(9); for the first term in By. (9}, E‘l ~ n'l‘/!.. follows from the discussiaon

of J, given below.) The ordering of the neutral friction is X L,/(nT} -~




|
t
|
|

-1 T=-

u,SL;/(nT) ~ mu, (nug/LpL/tnT) ~ M2 ~ €2

< 1. It can also be shown that
the largest contribution of the toroidal viwvcous force on the ions is of order
52. For example, the toroidal projection of the first term in Eq. (17) is of
order (nT/Q)(V/D:(u./Lﬁ)L./(nT) ol CAWE %0 ) L R YL - 7
565/55 ~ €2, wWhile these forces act +rimarily on the ions rather than the
eiectrong, they neverthuless do not destroy ambipolarity of the lowest order
radial flows.

The result just derived has been uysed to reduce the current continuity
equation to the simple form given in Eg. (10). Equation (10) is an expression
of the result J¢,/L¢ << J!/L. ~ ‘Jd/I'd' This relation follows from the result

of the previous paragraph, since Jy/f . ~ e(nuy - wG) ~ Mzenu Tog, ™~ M2
¥ ¢ ¢ iy

enu /Ly
~ HZJ&/LG << Jd/L « (Here we have used tha maximal orderisg in Eg. (A1), and
noted that § - 5, ~ %8 << S <0 neglect sources of current resulting from the
small difference between the ion source, S, and the electron source, se‘)

That the maximal ordering assumptions are consistent with Bg. (A1) can

“ow be confirmed. We start by noting that Jy ~ envﬂ,ﬁ lfrom Bg. 11) and 3, ~

envth5P ~ envy, £ {from Bg. 10, taking 6p ~ €). The ordering (me/mlv2 ~ ¢t
then leads to (%m V.7, /e)L, /(n®) ~FL, /{nT} ~ 1 in BEq. (9) and & ~ €3,

Bquation (8) then gives ug/Ly ~ Fy /(MQPJ ~ (nT/Ly) /(anPJ ~ bpvthﬂ‘l
Hvth/Ll ~uy/Ly. gince M ™~ 6p ~ & for the maximal ordering, thus confirming
the first relation in By. (A1),

The ordering of the diamagnetic flow given in Eg. {A!) is readily seen to
be consistent with Eqge. (14) and (15). Ohm's law, Eg. {15), yields e$¢ ~ T.
The radial ion momentum balance then provides <the ordering “d"l‘d ~
(T/Lg)/ (@) ~ bv. ., /L, ~ 5pvthﬂ‘l N MY /Ry T u /L. :

The absence of a pressure gradient in the Ohm's law given by Bg. (15)

follows from applying the maximal ordering assumptions to the total parallel
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momentum balance given in Bg. (16). Like the other terms discussed above, the
inertial terms on the right-hand side of Bq. (16) are readily geen to be of
order HznT/Ll . Therefore, By. (16) restrictas the validity of the maximal
ordering to regions bounded by a small parallel pressure gradiery of order
(Bg/B){(3(2nT)/56)| V6] o HznT/LI « Thus we must avoid a small region of
inteneé recycling immediately in front of the material boundary of a high
density scrapeoff, as discussed in Section I.

Finally, we justify the uase of equal ion and elsctron temperatures. This
is done by comparing the Coulomb energy interchange,9 0, = 3nVe(TE - T)me/m ~
(nTvg /L) (mg/m) V2 a7 Vr, - oy ~ (nTvy /L)) e (1, ~ TV/T, to the terms in
the heat balance, B4. (12), which are of order S(nT"th/Ll) . Bguating
(AT, /Ty ) E"1('1"2 - THT ~ EaTv, /L)) implies that there is at most enough
differential heating to produce a temperature difference of crder (T, - /T ™~
52. This has the important consequence that equal ion and electron
temperature gradients along the magnetic field produce equal and opposite
neoclassical radial heat conduction to lowest order in &, as can be shown from
an analysis7 of Bq. (5). Since these neoclassical heat flux divergences are
separately only of order comparable to the other terms in Bg. (12}, no net
neoclassical effect appears in the total heat balance to lowest order under

the maximal ordering.
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