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WISYMMETRIC SCRAPE-OFF PLASMA TRANSPORT 

C. E. Singer and William D, Langer 

Plasma Physics Laboratory, Princeton University 

Princeton, Hew Jersey 08544 

ABSTRACT 

The two-dim#nsional flow of a collision dominated hydrogen scrape-off 

Plasma in an axiaymmetric toknmaJc 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 boundary plasmas suggests that analysis of cla&sical 

and neoclascical processus alone may be sufficient to predict plasma transport 

in high density scrape-off plasmas of practical importance. 

DISCLAIMER 
This report i n prepared » an recount of work sponsored h> an agency of the United Slates 
Government. Neither the United States Government nor nay agency tberwf, nor my of their 
orjaoyr-*. make* any warranty, eaprest or implied, or aitumea any iejal liability or responsi-
bility for t_„ ; -cuiacy. coniplcteiiesi. or incfumcH of any information, apparatus, product, or 
process disclojeu. Of represent! that ill use would to* infrinje privately owned rights. Refer
ence herein to any specific commercial product, rs*>-j»i or service by t w k name, trademark, 
manufacturer, or otherwise dcet not necessarily constitute or imply its eadorsenwnt, recom
mendation, or favoring by the United States Government or any a* Ky thereof. Thn views 
and opinion* of authors e*pics*ed herein do not Decessaiii> state or reflect those of the 
Unitrd States Government or any a) sney thereof. 
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-2-

I. INTRODUCTION 

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. Sons of the purposes of a divertor 

are to prevent sputtering of impurities and erosion «,f the vessel wall. In a 

reaetorlike device, thr problems of sputtering and erosion may then be 

transferred 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 reasons: (1) 

sputtering of impurities and wall erosion are reduced due to the low edge 

temperatures; (2) energy can be lost by plasma-neutral interactions (e.g., 

ionization and exeitaticn) rather than by collisions with the divertor plate; 
2 and (3) the overall plasma confinement may be increased. Also, outflux of 

helium and fusion power is facilitated by operating with the highest possible 

scrape-off density. 

It iias been shown that the low temperature, high density mode can be 

achieved in divertors by establishing a large particle recycling (i.e., the 

repeated neutralization of plasma on the plate, fallowed by ionization, and 

neutralization). Under conditions of low temperature and high density, the 

Coulomb collision frequency is large. There is, therefore, a need for a 

theory of collision-dominated transport in the scrape-off region. Such a 

theory can be used to model existing divertor experiments as veil as predict 

the scrape-off thickness of reactorlike configurations. In this paper, we 

analyse the fluid equations appropriate to such high collisionality divertors, 

determine the order of all the :terms, and solve the ordering equations to find 

an estimate for the scrape-off thickness. 

He use the velocity moments of the Fofcker-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 axisymttietric magnetic field. The magnetic field is assumed to 

be determined by currents external to the scrape-off region. We examine only 

the part of the scrapeoff where the Debye length is small compared to 

characteristic scale lengths, so the ion and electron densities are related by 

quasineutraiity, and the electrostatic potential can 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 same order. The moment 

equations are written as tensor invariants, which can be 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 adequate to predict the 

sciape-off thickness in sufficiently dense reactor scrape-off plasmas because 

neoclassical transport in the radial direction across magnetic flux surfaces 

increases rapidly with increasing collisionality. Also, the radial scrape-off 

thickness is estimated for Doublet-Ill (D-III) by extending the model to 

conditions found in the D-III expanded toundary divertor configuration. He 

find reasonable agreement with the scrape-off thickness measured in D-III 

during operation in the high density, low temperature mode. 

II. TRANSPORT WITH MAXIMAL ORDERING 

The steady-state Fokker-Plsnck equation for ions is 

v'Vf + £. (_7« + wB/c)*V f » c + E , n v d ) 
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where e and n are the ion charge and mass, ' i s the v e l o c i t y space 

d e r i v a t i v e , C i s a sura over a l l Coulomb c o l l i s i o n s , and £ i s a sum over a l l 

c o l l i s i o n s of ions with n e u t r a l s . A s imi lar equat ion holds for e l e c t r o n s with 

charge -e and mass m . The r e l e v a n t v e l o c i t y moments a r e 7 

(nu ) , „ = S , a ( 2 ) 

QB r OEB, aSv i a a 
P v , p + en(g M * r p - E ^ ' u ^ i y c J = F + X , (3) 

0 , a + enu « , a = QA + u ^ + Y, ( 4 ) 

Here n i s the quas inevtra l plasma d e n s i t y , u i s the ion flow v e l o c i t y , S = 

f d vE i s the ion p a r t i c l e source , P = nTg " + n " + m n u u i s the s t r e s s 

f 3 * a" <i n«0 r 3"*" 
t ensor , nT = mJd v [ (v - u ' (, tf - u a ) / 3 J f i s the ion pressure , n r = mJd v 

[ (v - u ) { v P - u P ) - g P ( v T - u T ) ( v ~ - Uy) /3 ] f i s the v i s c o s i t y t ensor , g a p 

ocBy a f 3* 

i s the metric t e n s o r , E i s the Lev i -Civ i ta permutation tensor , F = J& v 

v c i s the force on ions due to Coulomb f r i c t i o n , X = m/d v v £ i s the 

neutral f r i c t i o n on the i o n s , Q = q + (S/2)nTu + uoU r + mnu'upu / 2 i s the 

ion energy f l u x , q = /d v (m/2)(v - u ) (vo - Ua)(v - u )f i s the ion heat 
r 3 + a a 

f l u x , Qi = J d v (m/2)(v - u ) < v a - u a )C i s the Coulomb energy interchange , Y 
= /d v (m/2)v vaZ i s the ion energy source 6ue t o c o l l i s i o n s with n e u t r a l s , 

aB - !-• y a 8 O r 3* 
R = Jd v(rav v « / 2 ) v v f i s the energy-weighted s t r e s s t ensor , G = Vd v 

(mv v g / 2 ) v C i s the change of ion energy f lux due t o Couloumb c o l l i s i o n s , and 

(mv v o / 2 ) v 2 i s the change i n ion energy f l u x due to c o l l i s i o n s with 

n e u t r a l s . Subscr ip t s denoting ions are suppressed here an J throughout t h i s 



paper. The covariant derivative Is represented by a comma, and repeated 

indices imply summation. Similar equations can be obtained for electrons• 

The ion continuity relation, Eq. (2), provides a starting point for the 

derivation of the maximally ordered transport equations. In a right-handed 

orthogonal toroidal coordinate system (41,9, £), where <!> labels magnetic flux 

surfaces, 6 is a poloidal angle, and £ is the toroidal symmetry angle, Eq. (2) 

where g 1 f / 2 = V'* x v6»V5 is the Jacobian. The radial ion flux, mig,, ia to be 

found from the toroidal component of the ion momentum balance, Eg. (*i). The 

poloidal ion flow, ug, can be resolved into a parallel component, u. , along 

the magnetic field and a diamagnetic component, u., in the direction B * V<|i: 

u e = (B5/B)ud + (E 9/B)U,. (7) 

u. will be found from the radial component of the ion momentum balance. u. 

will be determined from the component of the total momentum balance parallel 

to the magnetic field. He shall assume that sources in Eq. (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 Eq. (6) are 

comparatively simple and nave been treated elsewhere.) ' 

The expression for \Jie radial ion particle flux, which can be derived 

from the toroidal component of Eq. (3), is considerably simplified by a set of 

approximations appropriate to the high-collisionality scrapeoff. It is 

convenient to express the ordering in terms of the geometric parameter, c, the 
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inverse aspect ratio. We order Bg/B " E 2, since this relation is generally 

valid (except for a small region near the poloidal field null in divertor 

tokamaks) for the highest MHD stable pressure and current in a reactor 

plasma. We choose an electron/ion mass ratio me/m " E (which is 

approximately correct for practical reactor parameters) since this gives the 

largest number of termB remaining to lowest order in e. (in our maximal 

ordering; i.e., an ordering where the large3t possible number of terms occur 

together at lowest order, it is desirable to have as many terms as possible of 

order E.) In most of the spatial extent of the scrapeoff, it suffices to 

order the parallel mach number M = u, /v._ « 1, where v.^ = (ZT/m) 1^ 2. Post 
3 et al. have described why it is appropriate to assume h « 1 in the case of 

interest here, where a hiqh 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 "rield near 

the plate than farther upstream in the flow. Sonic flow throughout would 
2 amply a large qradient in density and in the dynamic head, mnu(/2. A large 

force would be required to drive this dynamic head against the plate, 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 recycling 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 results are in hand. We also assume that the electrostatic 

potential, $, due to voltage applied across the region of interest is given by 

e$/T f. t. Finally, the restriction to high collisionality must be reflected 

in the ordering assumptions. We anticipate the large scrape-off thickness 

obtained in a cool, dense plasma by assuming a small ratio 6 = fL/L̂ , of the 

poloidal gyroradius to the radial scale height, L<j,. (Here P D = v t h/0_, where 
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Q = eBg/(mc) is the poloidal gyrofrequency.) For the maximal ordering, we 

choose 6_ ~ H. The generalization to higher collision&lity cases with 6 « M 

is straightforward. 

A. Radial ion flux 

With the ordering just described, the dominant contribution to the radial 

ion flux can be shown to be the neoclassical flux, which results from the 

component of the Coulomb friction parallel to the magnetic field. As in the 

Pfirsch-Schluter theory for closed magnetic flux surfaces, this gives a 

neoclassical contribution 

p 

a m v j B R . „ o e e ,
Q o » n | „ 0 , F, = ~ + P 0

n -Bl5v I'6'' <9> 

where « 0 = 0.5129, P c = 0.711, v i B the electron Coulomii collision frequency, 

and J| = en[u| - Uj) is the current parallel to the magnetic field. As shown 

in the Appendix, other toroidal forces drive fluxes only of smaller order and 

are neglected. By investigating the total toroidal momentum balance, using a 

simple analysis of the ordering described elsewhere, it can be shown a 

posteriori that, to lowest order in E, 

w ( ^ J . | w | , , ' a ) - - J i ^ J d | 7 e | g V 2 ) i ( 1 0 J 

(i.e., the radial flux is ambipolar to this order, as shown in the 

Appendix.I The dianagnetic current J d iH determined from tho total radial 

momentum balance to be 
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Jd = f ^ i r 1 l 7 , H - <"> 

Note that the total pressure is twice the ion pressure, as the high 

collisionality assumed here can be shown to force the ion and electron 

temperatures to be approximately equal. aa shown in the Appendix. 

The temperature gradient required to compute the thermal force in Eq. (8) 

is described by the total heat balance. For flows which are subsonic and also 

have 6 << 1, the solution for the energy flux using Eq. (5) proceeds as 
g described in the review by Hinton and Haseltine. Here we present the results 

obtained after separating classical and neoclassical contributions and 

determining the dominant contributions assuming maximal ordering described 

abo'">. 

The total heat balance is obtained by summing the ion and electron 
Q 

versions of Eq. (4) and subtracting the mechanical energy. Clasr.ical viscous 

heating is negligible for the subsonic flows under consideration/ and we also 

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

orthogonal toroidal coordinates, the heat balance is 

a w ^ - g 1**1 + ! n ( u 9 + u ^ - & |V8| + „ T g - 1 ' 2 { 2 - 4 [»<,| V*|«,"2 ] 

- F.J./(en) + H . , , i l"|/ »•=• neutrals (•\2i 
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where <e

t = 3.1616 nT/(m 6V e), Q = eB/(mc), and » is the icn-ion collision 

frequency. Here imbi polarity has been used to combine contributions from 

radial ion and electron flows. The poloidal electron flow velocity, u^ = ug -

(J Q ^ / B + JjBg/B)/<en), is related to the ion flows by Eqs. (7), (10), 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. Ion 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 surfaces). The neutral source term can 

be simplified by noting that electron-neutral friction produces negligible 

force and that u<j, « u d « u (, as described in Section I IB below. Then, 

assuming the neutral flow velocity and mean energy per particle are not of 

greater order than that of the ions, 

V = Y + 1fe - 3TS , (13) 
neutrals 

where Y 6 is the energy loss rate due to interaction of electrone with neutrals 

(including radiation losses). For subsonic flows, the work due to neutral 

friction is negligible (as is 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 
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The potential, *, can be integrated in poloidal angle from any specified 

boundary condition using the dominant contributions to the parallel Ohm's law, 

B8 oA ,„„, 

where Pj is the Coulomb friction given in Eq. (9). 

The parallel ion flow velocity, u^, is determined by the dominant 

contributions to the total plasma momentum balance parallel to the magnetic 

field, 

The lowest order classical contribution to the parallel viscosity can be 

written 

Fvi S = 4 [ ( - ^ T J i 7 * ! + 14-w i v e n i ? * n --W ["4-55 i 7 +ii' e i i . ( i 7 » 

where 1. = nT/0 and Tlj = 6VT1 /(5Q) are viscosity coeff ic ients . No comparable 

neoclassical contributions to the parallel viscous force are known, but the 

relevant kinetic theory has not been thoroughly investigated for a co l l i s ion 

dominated scrape-off plasma. 
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III. DISCUSSION 

Equations (6) thror.gh (17) are a complete set of partial differential 

equations which include only the lowest order terms in the maximal ordering 

described above. Here we discuss suitable boundary conditions for these 

equations, Burmariz* the maximal ordering assumptions, comment on results for 

other ordering^, and estimate the scrape-off thickness for a high density 

* Doublet III Bcrapeoff, 

Equations (6) through (11) contain six derivatives in the radial 

coordinate, <l>. Thr?" boundary conditions can be provided by extracting the 

radial particle jnd energy flux, and by analyzing the plasma rotation with the 

usual flux-surface-averaiea neoclassical theory • ' applied on a flux 

surface far from the ueparatrix or edge of thu liraiter. Three additional 

radial boundary conditions are provided by the requirement that the density, 

temperature, and rotation be negligible many radial scale heights outside the 

separatrix or innermost edge of a toroidally symmetric limiter. Equations (6) 

through (17) also contain six derivatives in the poloidal angle, 8, 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 tube, the net poloidal current emitted at the plates, and the energy and 

• ion particle fluxes flowing polcidally to each end. While an exact trfeutment 

requires a kinetic analysis of the region near the plates, rough estimated of 

end losses are available from simple plasna sheath theory. ' On closed 

flux surfaces near the acrapeoff, these poloidal boundary conditions are, of 

course, replaced by the appropriate periodicity relations. 

The ma lal ordering assumptions described above can be summarized as 

follows: fi ~ M ~ e, B ^ B ~ e 2, and (m e/n) 1'' 2 ~ e 4. The parallel momentum 

balance. Eg. (17) (see Appendix) restricts the poloidal pressure drop to be at 



-12-

2 2 
most of order H . That is, (nT - <nT>)/<nT> C H' where <> denotes the Clux 
surface average. However, the density nay increase and the temperature 
decrease by a factor of order 1 when approaching the poloidal boundaries of 
the regions described by BqB. (6) through (17). This explains the ordering of 
Ohm's law given in Bj. (i5) where the pressure gradient is negligible when 
compared to the parallel thermal force and the resistance to the parallel 
current (cf. Bj. 9). 

The radial scale height, LH,, for the plasma density tan ije ̂ -.cimated from 
Eqs. (8) through (12)= In terms of dimensionless quantities, the result is 

*p ~ H A (V , I"} V 2» 118) 

where the inverse collisionality, A * Nnfr^1'! ' * s t n e r a t*-° o f t n e Coulomb 
mean-free path, \fp • Vth/ V' t o t n e Parallel scale height, L, •= 
(B/Bg)/! 7 9!. Equation (18) can be solved for the radial scale height, L^, 
using the relation 6 = P

p/L<|j' The result, expressed in convenient units, is 

V 2 , 
~ i 1 f B ) \ 'm 14 11/2 

110BJ 1 „ „2 .. J 

eV T 

where A is the Coulomb logarithm, A ia the hydrogen isotope nuiss in 
14 —3 amu, L. is this parallel scale height in meters, n.. = n/(10 cm ), T v is 

the temperature in eV, and Rj, is the toroidal magnetic field in Tesla. (It 
should be noted that we have Assumed LJ, « 1/|'*| in deriving the results in 
Section II. Prom Eq. (9), it can an seen that this is not a significant 
limitation for a reasonable tokamak scrape-off plasma.) 

For practical applications, it is necessary to estimate the radial scale 
height for plasma parameter which do not satisfy the maximal ordering 
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assumptions described above. It is especially important to relax the 

restrictions 4 " M ~ t in order to treat cases with various recycling rates 

and plasma densities and temperatures. In particular, a high density scrape-

off plasna should have a very short Coulomb mean-free patS, and small inverse 

collisionality, A « 'mfo'1*! * Equation {18> suggests examining case* with o_ 

JC M C e for such plasmas. It has been found that Bjs. (18) and (19) also 

apply to cases with this relaxed ordering. Equations (6) through (17) 

remain an accurate description of the plasma transport for this relaxed 

ordering. 

in the opposite case where & » H, diamagnetic flows dominate the 

poloidal plasma transport. One complication for large values of 6 is that 

lass cone instabilities may compromise the validity of simple kinetic and 

fluid theories when the neoclassical radial particle flux is insufficient to 

guarantee 6 « 1. 

Advection of energy by neoclassical radial particle fluxes becomes 

relatively less significant if the maximal ordering is relaxed to allow 

(me/m) ' « e 4 or Bg/B << E 2. ihe first of these conditions never applies to 

practical reactor geomrtrifra, and the second occurs only in a small region 
2 near the separatrix of a poloidal divertor, where Bg/B << E . 

Not all of the physical effects contained in Bqs. (6) through (17) havs 

been included previously in fluid models of the tokamak scrapeoff. Several 

computational fluid models have contributions of parallel flows to 

conservation of ions, momentum, and energy. However, diamagnetic 

flows and the related momentum transport have not been considered in theBe 

models. These treatments have also omitted the radial particle flux, nu^, and 

the fractional heating, -F(J,/(en), due the Pfirach-Schluter return currents 

described by Bq. (10). Viscous forces have also been omitted, although the 
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first term in Eq. (17) waa discussed by Tokar and Nedospasov. Thus, there 

is considerable scope for improving fluid models of the axisymmetric tokamak 

scrapeoff at lugh colliaionaiity. 

He have estimated a density scale height of 3 cm from Bq. (20) for the D-

III expanded boundary plasma at a point nidway between the poloidal field null 

and the vacuum vessel. The plasma parameters were taken at the inflection 

point of the radial temperature profiles reported by Petravic et al. 1 3 (Their 

results were obtained by integrating one-dimensional conservation equations 

along field lines from a S£<. of initial radial profiles chosen to match 

estimates of the scrape-off thickness.) To within the accuracy of out 

ordering estimates avid of the experimental data, the neoclassical theory gives 

good agreement with the scrape-off thickness measured for the expanded 

boundary configuration in D-III. It would be desirable to make more dete.led 

numerical computations using Eqa. (6) through (17) and to compaio 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 neoclassical terms for subsonic flow. An estimate of the radial scrape-

off width was derived from an ordering analysis. 

Radial particle flow is primarily due to thermal gradients or resistance 

to Pfirsch-Schluter return currents. Poloidal flows result from two competing 

processes. Poloidal rotation of the ion flow is driven by radial gradients of 
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the pressure and electric potential. Poloidal pressure gradients delve a /lc-

along magnetic field lines, and this flow has a poloidal component. 

Advectlon of energy and work done by the flow are modified by heat 

conduction parallel to the magnetic field, classical radial ion heat 

conduction, Cricti.onal dissipation of the Pfirsch-SchJjter return current, and 

interaction of the plasma with neutral gas. Many of these procep • hare been 

omitted from previous treatments of scrapo-off flows in tokamaks. 

An estimate of the radial scrape-off width was derived from an ordering 

analysis. This 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 sctapeoff and our 

theoretical estimates. 
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APPENDIX: KMCXMM. ORDERING 

Here we describe an ordering consistent with the equations presented in 

Section II. He demonstrate why the radial particle flow is ambipolar in Lhi3 

ordering ar«S explain why this ordering leads to the relations e$ ~ T e " T 

(where T e is the electron temperature and T is the ion temperature). "flic 

ordering of interest here is "maximal" in the sense tb**_ the largest possible 

number of terms occur together at lowest orders e.g. f in the <.on continuity 

equation: 

m, nu, n B 

L + Ll Ld 

where L^ = n / i (Bn/8<M | V«|t| J, L =» Lg = 1 / | ' B } # and L, <* l.0B/Be. We a l s o order 

the neutra l - ion f r i c t i o n X ~ m u | S and the energy sources y ~ Y e ~ TS f which 

assumes a momentum trans fer ~ mu, and an energy transfer ~ T per i o n i z a t i o n 

event . 

The ordering i s def ined by p a r a l l e l tech number K ~ e, poloidaa. 

gyroradius parameter 6_ ~ e, s^/B ~ E'v and hence 6 = 6 Bg/B ~ e 3 . The 

r e s t r i c t i o n on mass r a t i o (m /mj " " E 4 , then impl ies an inverse p a r a l l e l 

A 5 

collisionaiity, a ~* e , which is sufficient to make the ordering maximal. 

Ambipolar radial flow results from the fact th?' the dominant term in the 

toroidal ion moment balance is enu,iBg/c = F, and that the electron charge and 

Coulomb friction are e = -e and F. « -F^ . This relation yields the same 

result for UJ, for both secies. It can be readily shown that other terms in 

the toroidal ion momentum balance are of hjgher order in E than P ( " nT/Lj. 

(The ordering F, ~ nT/Lf is immediately evident for the second ter» in Bj. 

(9); for the first term in Bj. <9», F, ~ pT/L, follows froo the discussion 

of J, given below.) The ordering of the neutral friction is XiI^/CnT) ~ 
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u,5L, /{nT) ~ mu, ( n u , / L , ) L , / ( n T ) ~ M ~ E 2 « i . i t can a l s o be shown that 

the l a r g e s t c o n t r i b u t i o n o f the t o r o i d a l v i s c o u s force on the i o n s i s of order 

E . For example, the t o r o i d a l pro jec t ion of the f i r s t term i n Eq. (17) i s of 

order (nT/0)( v /Q^Uj /L^Lj /JnT) ~ Iv^/iSX.^))2 (u i / ^ ' C I ^ v / v ^ ) ~ 6 2

H / A -

E 6 e / e 5 ~ e 2 . w h i l e these f o r c e s a c t t r i n \ a r i l y on the i o n s rather than the 

e i e c t r o n s , they n e v e r t h e l e s s do not des troy ambipolar i ty of the lowest order 

r a d i a l f l ows . 

The r e s u l t j u s t der ived has been used t o reduce the current c o n t i n u i t y 

equation to the s imple form given in Eq. ( 1 0 ) . Equation (10) i s an express ion 

of the r e s u l t J(j/t<(() << J , A | ~ J^ / L a* This r e l a t i o n f o l l o w s from the r e s u l t 

of the previous paragraph, s ince J<p/I ^ ~ e(nu,j, - uu^,) ~ M^nUjj/Iig, ~ M 2 enu d /L d 

~ M Jg/J'g « J JJ/ I * ( J" (Here we have used the maximal osrderi ig it\ Eq. ( M l , ajyd 

noted that S - S e ** Gs « S to n e g l e c t sources of current r e s u l t i n g from the 

small d i f f e r e n c e between the ion source , S, and the e l e c t r o n s o u r c e , S . ) 

That the maximal ordering assumptions', are c o n s i s t e n t with Eq. (A1) can 

-.NOW be confirmed. He s t a r t by no t ing that 3$ ~ e n v t h ^ t f r °™ Eg. 11) and J | ~ 

e n v t h 6 p ~ e n v t h E < C r o " E 5 * , 0 » taking 6 ~ e ) . The ordering ( m e / m ) 1 ' ' 2 ~ e 4 

then l eads t o t a

0 » e

v

e J | / e ) L , / (nT) ~ F , L | / (nT) ~ 1 in Eq. (9) and A ~ E 5 . 

Equation (8) then g i v e s uyT.,,, ~ F , /(nmO p) - (nT/L,) /(nmQ pJ ~ * p v t h / ' L l ~ 

M v . h / L | ~ U | / L | , s i n c e H ~ & ~ e for the maximal order ing , thus confirming 

the first relation in Eq. (A1). 

The ordering of the dianagnetic flow given in Eq. (A1) is readily seen to 

be consistent with EEJB. (14) and (15). Ohm's law, Eq. (15), yields e* ~ T. 

The radial ion momentum balance then provides the ordering Uj/t. ~ 

(nT/L̂ /lnmO) ~ Sv^/iy ~ SpV^A, ~ MV^/L, ~ u,/Lr 

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

follows from applying the maximal ordering assumptions to the total parallel 
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momenturo balance given in Eq. (16). Like the other terms discussed above, the 

inertial terns on the right-hand side of Bq. (16) are readily seen to be of 
2 

order M nT/L| . Therefore, Eq. (16) restricts the validity of thd maximal 

ordering to regions bounded by a small parallel pressure gradler.'t. of order 

(Be/B)(d<2nT)/&6)|V9| 4 M2nT/Lj . Thus we must avoid a small region of 

intense recycling immediately in front of the material boundary of a high 

density scrapeoff, as discussed in Section I. 

Finally, we justify the use of equal ion and electron temperatures, iliis 
Q is done by comparing the Coulomb energy interchange, Q a = 3 n V

e < T
B - T)me/m ~ 

(nTvr^/Li) ( m e / m ) 1 / 2 A - 1(T e - T)/T ~ (nTv^/L,) e - 1(T e - T)/T, to the terms in 

the heat balance, Bq. (12), which are of order e(nTvJ./L.) . Equating 

(nTv^/L.) e" (T - T)/T ~ MwTv^/L.) implies that there is at most enough 

differential heating to produce a temperature difference of order (Te - T)/T *• 
E . 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 E, as can be shown from 

an analysis of Eq. (S). Since these neoclassical heat flux divergences are 

separately only of order comparable to the other terms in Bq. (12), no net 

neoclassical effect appears in the total heat balance ta lowest order under 

the maximal ordering. 
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