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The edge plasma of a tokamak is affected by atomic physics processes and can have density and
temperature variations along the magnetic field that strongly modify edge transport. A closed system
of equations in the Pfirsch—Sclhdu regime is presented that can be solved for the radial and
poloidal variation of the plasma density, electron and ion temperatures, and the electrostatic
potential in the presence of neutrals and a poloidally asymmetric energy radiation sink due to
inelastic electron collisions. Neutrals have a large diffusivity so their viscosity and heat flux can
become important even when their density is not high, in which case the neutral viscosity alters the
electrostatic potential at the edge by introducing strong radial variation. The strong parallel gradient
in the electron temperature that can arise in the presence of a localized radiation sink drives a
convective flow of particles and heat across the field. This plasma transport mechanism can balance
the neutral influx and is particularly strong if multifaceted asymmetric radiation from the edge
(MARFE) occurs, since the electron temperature then varies substantially over the flux surface.
© 1998 American Institute of Physid$1070-664X98)01211-7

I. INTRODUCTION by Rognlien and Ryuto,which treats the magnetic field as

. constant, enhances classical transport to model anomalous
Tokamak performance appears to be sensitive to thé . L ) )
ffects, ignores neutrals and radiation, and, like Hinton and

edge plasma region just inside the last closed flux surface. Ifj. . S .

the work presented here we investigate how its behavior ca| im, work_s m__the Iarge_flow limit of _Brag_lnskﬁ_.The large

be affected by interactions with neutral particles and poloida low Braginskii expressions for the ion _V|sc05|ty do not re-

asymmetry in the radiation energy loss due to inelastic elecduce to the small flow form of Hazeltifidbecause of the
ifferent orderings employed.

tron collisions. These processes are usually unimportant iH ) 2 o )
the plasma core and are therefore normally neglected in 1he interaction of neutrals with ions via charge ex-

plasma transport equations. However, because their diffusi:hange influences the electric field by introducing a flux sur-
ity is large, neutrals can enhance energy and momentum loddc€ averaged neutral toroidal angular momentum flux that
and be responsible for the radial variation of the electrostati€an compete with or even dominate over that of the ions. In
potential, even though the neutral density is typically muchhe absence of ne_utrals the radial elgctrlc field is found to b_e
smaller than the plasma density. In addition to directly modithe square of the inverse aspect ratio smaller than the radial
fying the energy balance, poloidally asymmetric radiationt€mperature gradieftAs a result, neutral effects on the elec-
loss also creates strong poloidal variation in the electron tendlic field are expected to be more pronounced in conventional
perature and thereby drives strong convective fluxes. Corthan spherical tokamaks. The neutrals can be responsible for
vective electron fluxes are particularly strong in the presencétrong radial variation of the electric field and thereby be
of multifaceted asymmetric radiation from the edgeresponsible forlarge shear in thexB, poloidal, and parallel
(MARFE).! To illustrate the effects of neutrals and radiation ion flows, which may have an influence on turbulefigehe

loss we generalize the conventional Pfirsch—Sehltegime  neutrals also introduce a heat flux that can compete with the
treatment of tokamak transpdito include charge exchange radial ion heat flux and thereby enhance heat transport
in the short mean-free path limit and an electron energy sinkosses.

both of which may involve significant poloidal asymmetries. ~ To substantially simplify the algebra and illustrate the
Our model differs from the collisional model of Hinton and effects of neutrals in the most transparent way possible, we
Kim?® by retaining neutrals and a radiation loss term, by conignore elastic ion—neutral interactions and assume the charge
sidering the weak plasma flow limit, and by neglectingexchange rate constant is speed independent. Since elastic
anomalous effects and the region beyond the separatrixon—neutral collisions are thought to be weaker than charge
Moreover, it differs from the collisional model implemented exchange collisions for energies greater than about 10 eV,

1070-664X/98/5(11)/3961/8/$15.00 3961 © 1998 American Institute of Physics
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they are not expected to quantitatively alter our results. Conradiation losses is much larger than that due to the usual

sequently, we may quite reasonably account for the collisionPfirsch—Schlter electron transpoft, which is proportional

ality between the ions and neutrals by simply employing theo the electron gyroradius,,

deuterium charge exchange cross sectiQnand using the AV InT R

estimateo,=6x 10 ° cn?. The constant charge exchange = —— °. ax %,

rate approximatidhdoes not appreciably alter the transport "V INB ex w

coefficients’ with w the characteristic edge scale length, which is of the
To estimate the size of neutral diffusivity effects we canorder of the penetration depthNy{oo,) ¥, wherea, is the

compare the radial neutral and ion heat fluxe®, ionization cross section. For example, takiwg-2 cm, T,

~(W{IN{ov))NWdTi/ar  and G~ (a?p?/7)NidT;/dr,  =100eV, No=3x10% cm 3, B=5T, q=3, R=100 cm,

where N, and N; are the neutral and ion densities; 0,=5%x10 *®cn?, and E;=25eV, gives qRN,o|E, /T,

=(T,/M)*? the ion thermal speed with; the ion tempera- ~10, while gpe/w~10"2 and qR/\ ~ 3. Consequently, lo-

ture, p; the ion gyroradius,r; the ion—ion collision fre- calized impurity to plasma density ratiosN,/Ng

quency, (ov), the charge exchange rate constapmtthe  ~1073-102 are sufficient to give large radiation sink ef-
safety factor, and the minor radius. Foif;=100eV, N;  fects and strong poloidal variation in the electron tempera-
=3x10"cm™3, B=5T, andq=3, we obtain ture. Very high impurity densities would give poloidal varia-
(G- Vi) Nnviz/Ni<<Tv>x N, tions gomparable to Fhat of th(.e.magnetic fielq, bu.t Wou.Id
~ ~—x10 complicate the analysis by requiring us to keep ion—impurity
(G- Vi) Niq2p?/ 7, N; ' collisions and to treat the poloidal electron temperature

with y the poloidal flux function and:--) denoting a flux variation as the same order as that of the poloidal variation of

surface average. Here,=6x10 1 cn? is used for the the magnetic field.

. In Sec. Il we consider the flux-averaged description for
charge exchange cross section, and the neutral mean-frfﬁ%ae lasma density, ion and electron temperatures, and elec-
path is 1N;o,~0.5 cm. The neutral heat flux is large be- P Y, P f

e . trostatic potential, and present the Pfirsch—Sehldluxes
cause the neutral diffusivity;; /N; oy, is extremely large, of . - .
: . with the neutral contributions to the heat and toroidal angular
order 5<1CP cné/s for the preceding numbergwhile . L
2 momentum fluxes. The neutral viscosity is free of the aspect

2 o g

g fr;éSsaﬁgt%Cgf/fr)].ecpﬁngnq;zgtrléi ;Vgns"iiztanb?gt;a;ﬂ?;sg;?:é?tio factors that make the radial variation of the electrostatic
occurs, and the effect is larger at lowdy and higherB and potential weak in the conventlon_al Pfirsch—Scéiu

T,. Moreover, by comparing viscosities instead of heattreatmenf; so that in a large aspect ratio tokamak the stron-
fli&es we wiII, find that neutral densities smaller by the gest impact of the neutrals is on the electrostatic potential.

. . . . he equations governing the poloidal variation of the plasma
square of an inverse aspect ratio than the preceding estima S .
. . ! énsity, ion and electron temperatures, and electrostatic po-
can alter the electrostatic potential dramatically.

Representing the radiation losses by a siskin the tential are obtained in Sec. Ill to complete our “four-field

S . .~ . model. The strong poloidal variation of the electron tempera-
electron energy balance equation is a sensible approxmatlo[n

. ; ) ... ture due to poloidal variation in the radiation sink is the
since any non-Maxwellian features in the electron distribu- : .
. : . : o source of the large particle and electron heat fluxes found in
tion function due to inelastic electron collisions are

negligible’® We illustrate the effects of radiation loss by Sec. Il. These sink-driven convective fluxes can easily domi-

. X ; . . o 7 nate the usual Pfirsch—Schdu particle and electron heat
assuming that ion—impurity collisions are negligible to sim-

lify the presentation. To estimate the impurity densit neC_fluxes that are small in the electron gyroradius. A compari-
P P " - 1mp ty . Y N€Chn of the poloidally asymmetric sink-driven convective flux
essary to make a poloidally asymmetric energy sink result i

stronger poloidal electron temperature variation than thgo. typlcgl gyro-Bohm transport is given in .Sec. IV’. along
. . with estimates for the neutral density, which confirm the
usual Pfirsch—Schtar terms, we note that$S

. consistency of our orderings. In Sec. V we present a summa-
~N,E,Ngv o, whereN, andN, are the electron and impu- y 9 P

rity densities,o, is the excitation cross section for a typical fizing discussion.
energy lossE,, andv.=(T./m)'? is the electron thermal
speed. The poloidal variation of the electron temperature i¢- FLUX SURFACE AVERAGED DESCRIPTION
estimated by E)alancing the sirskwith thg parallel electron The plasma densiti{,=N;, electronT, and ionT; tem-
heat variationn-Vq,e, whereqie~Nevehn-VTe. Herehis  peratures, and electrostatic potendatre determined by the
the Coulomb mean-free path and-B/B the unit vector in  flux surface averaged equations for the conservation of num-
the direction of the magnetic fieB. Normalizing the poloi- ber, electron and ion energies, and total toroidal angular mo-
dal variation of the electron temperature by the poloidalmentum, and are flux functions to lowest order in the gyro-
variation of the magnetic field magnitude gives radius. In the presence of neutrals and a radiation Sitik
> account for electron energy loss due to inelastic scattering
n-vVinT, gRE, L .
== ~——N,o/qR, and ionization with rate constaftv),; the four conserva-
n-VinB e\ T, tion equations involving the flux surface averaged plasma

where € is the inverse aspect ratio and within a Pfirsch—particle flux=(Te- V) =(I;-Vy), neutral particle flux
Schiiter treatment this ratio must be small compared to=(I',-V), electron heat flux(q.-V¢), ion heat flux
unity. For a cool, dense edge the poloidal variation due to={q;- V), neutral heat flux(q,-V ), toroidal ion angu-
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lar momentum qux:(RE-?ii-V@, and toroidal neutral an-
gular momentum flux (R - 7,-V ), are modified to be-
come

MNe
7 V' oy V<F Vi) =(ov)ANp)Ne, 1)
i 2l B
“t |2 NeTe v V' (G- V) + 5 (Te-V )
3MN(T;—Te)
=TT @
(3 R I
g2 N+ g7 gy |V (@it dn) V)
5 - = _ 3mNg(Ti—Ty)
+§<(Fi+rn)‘v¢> ]__M—Tei, (3)
and
1
N = <R§ V>+V, [w [V/(RE-(7i+ 70) -V )]
1 -
:E<J‘V‘//>v (4)

Catto et al. 3963

wheref,, andf; are the neutral and ion distribution functions,
and the moments of speciksare defined by

Nk:f dsvfk, Nk\_/)k:f dSUJfk,

M - 1 -
pk:Nkazgjdavvsz’ QnZEMstvUZUfn,

. - 5 =
gx=Qx— > PVi=

=M J d%v

with I the unit dyad.

In the short neutral mean-free path limit, the lowest-
order neutral distribution functiori; may be taken ag
=N,f;/N;, where to lowest ordef; is the stationary Max-
wellian f, . We may then use a Grad moment procedilire
Eqg. (5) to write the neutral moments in terms of the ion
moments by adopting the ordering

(ov)Nif ;~{av) N fi>0 -V ~(ov),Nf,>f /.
7

1 3 2 o
E d U(MU —5Tk)vfk,

and

(6)

R
vv—gvzl)fn,

where we assume the neutral density to be smaller than thgeglecting the time derivative term in tM[JJ_(UZ/g)T]

plasma density. In the preceding equatidfsis the mean
velocity of the ionsM denotes the ion and neutral massis
the electron mass, the electron—ion collision timeris
—3m1’2T3’2/4(27-r)1’2e4N InA, with InA the Coulomb

logarithm, ¢ is the toroidal angle variable Wltb the corre-

sponding unit vector, the radial variable is the poloidal flux

function ¢, the magnetic field is written aB8=IV{
+VxVy, with |=1(¢)=RB; andB=|B|, Ris the major

radius andBy the toroidal magnetic field, the current density

is J, and the flux surface average is defined as

(e 1 Jr do(--+)
v') BVo'
WithﬁVL=fd19/I§-V1? andd the poloidal angle variable. Us-

ing £-Vi~(qp;/ew)v; to estimate the Pfirsch—Scleu flow
and 4m(J-V )= —((9E/t)- Vi)~ (RB,/ew)dTe/ot,
see that thd xB force term on the right side of E¢4) is of

order (ev5/qc)? compared to the time derivative on the left,

whereuv, is the Alfven speed. Ofteny ,/c<1, so the toroi-
dal JxB force on the right of Eq(4) can be neglected.

The terms that arise from the neutrals enter Egsand
(4), while those due to the sing alter the plasma particle
and electron heat fluxes in Eqgél) and (2). We consider
neutral effects first.

A. Neutral and ion contributions to Pfirsch—Schlu  “ter

fluxes

To describe the neutrals we employ the neutral kinetic

equation with charge exchange collisibhsnd ionization
retained, namely

df lot+v-Vi

n:<0'v>x(an|_ Nifn)_<0'v>zNefn , (5

and Mo v?2/2 moments, we find

= Ni(ov)x 27 & -
Th= N: (<o’v>x+<g-v>z) 7T|+ - IVQn
_TV.<MJ d UJJJfO) ®
2 <0'U>X ( - )
=R Toyt (nyg @3 V| M| Futiita].
9

where 7=1/N;({ov )+ (ov),)~1INi{ov)y.

Equations(8)—(9) and the number, momentum, and en-
ergy moments of Eq(5) provide a complete description of
the neutrals, provided we know the ion distribution function.
To lowest order, conservation of momentum and energy give
relations between the neutral and ion temperatures and mean
velocities:

S G 10

" {ovyet(ov), 3N, T T (10
and

\7n: <0'U>x \7i_ T Vpn~\7i . (11)

(ov)xt(ov); ' MN,

Using a lowest-order Maxwellianfg=N_,f\,/N;) in Eq.
(9), we find

v

5 _ n<0-v>x
Q =Gn~ 2an N;((ov)y+{ov),)

~ 2T (N, T2 12
m(nn)v ()
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> > > >

or, upon using Eq(11) and neglecting short mean-free path
fd3vvvva<23/2)(Mvzl2Ti)fM

corrections, the alternate form,

- 57p, Nn<o-v>x > P edediee Mo? 7
Gn==Sp1 VTn+ N ({00} + (00)y) qi- (13 f d vvvvv( 2T, _E)fMZOv

Next, we consider the final moment of interest. TOyhere thes; are Kronecker delta functions and we have
evaluate the last term in E8) we need the leading correc- sed the orthogonahty of 32 to L2 and L(s/z) As a

tions to the Maxwellian that are odd inand to S|mpl|fy the result, the last term shown in E()JG) does not contribute
algebra we note that we need only evalulate mVi. TO  and we obtain

evaluate this quantity we extract the required higher-order

terms in the ion distribution functiofy from Hazeltine? cor- ( f Poiiif )
rect the numerical coefficients of temperature gradien vvvuto

terms;* and write the result in terms of the ion flow velocity .. ..
V; and ion heat fluxg; given by =V§-VW-{R+R{-VW-Vy

Vy

N cTi (1 op; e o =Vy-V(W-{R)—W-VV - [R—R.-VV - W
Vi=Viii+ o ;:/}' Ll (149 YR VEREREVVY
n ~Vy-V(W-{R),
and - > . > -
where W=N_,T;[V;+(2/5p;)q;] and V(R{)=(VR){
... 9oCpd . i —fVR Fortunately, all terms involvin/’ V¢4 may be ne-
Gi=aNt 2eg oy " xVy, (140 glected as small since the radial and/or poloidal variation of

N,, T;, D, g VI, andg g; in the plasma edge is much

wheren=B/B, nxVy=In—RB{, I=RB, stronger than that associated with the poloidal flux function.

- cIT 1 (9p| e ob 9 As a result, when we gather up the preceding expressions
Vi=n-V;=— p| r?l// T o'?zp ( (B) and negIecF thé\,,/N; correction to ther; term, we find that
we may write
{((n-V In B)?)\ B2 4T;
e | = — | (159 2N,
20((n-VB)?) | T; ay (RC- 7 Viy~—1( ViV NTR§V+5N RZ-G;
and
2N, >
Q=N9=->5gg B (15b )
with Q; the energy flux defined in E{6),
Then, the resulting expression fér may be written conve- oL L
niently as £Vi={-V,
. \7»+Mv 5)2 . CRT |1 dp; e dd
T 2T 5pi e [pdy Ty
8 > 2
S LA (M) | fy (16 8 (v mBR) Bon)
P 582 20((-VB)?) | T, oy
where fy=N;(M/27T;)%? exp(—Mv%2T;) and L$?(x?) q
=[x*—7x?+(35/4)]/2 is a Sonine or generalized Laguerre an
polynomial. In writing Eqs.(15)—(16) we assume that the 5cRp B2\ 4T.
. . - T i
neutral density is small enough not to affect the usual ;.gq;=— ( __2> — (19
Pfirsch—Schilter results. 2e (B%)

We may then use Eq16) to evaluate the last term of | expressiong17)—(19) we may useT,=T,, and the defi-

Eq (8 by first noting that upon usingV,fy nitions of moments are as in Eq$). Recall, also thaB is
=~ (MIT;)uty to integrate by parts, the toroidal magnetic field.

. _[Mu? 5 o If we also neglect th\,,/N; correction tog;, then Eq.
f d vvvvv( 5T, _E)f"" fd vvvvufy, (13) gives the neutral heat flux to be
I

T, -V >7Pn 20
f dvo o U U f= N( ) [8apboyt OayOop (An-Vi)~ 2M nie (20
To complete the neutral description we use Etl) and
neglect theN, /N; correction tol’; to obtain the neutral par-

and ticle flux,

+ 840504,],
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<f“n-vw>~—<ﬁ V¢-V<NnTn>>. (21

> (Qe 5Clpe (?Te
B-V|—- =—(S—(9),

B 2eB? oy

The ion fluxes in Egs(3) and (4) are the standard
Pfirsch—Schlter results®14 where, as usual, poloidal derivatives of density and tempera-
ture are neglected compared to derivatives of magnetic field.

212, i
(Gi-Vip)=— M i - i a_T, (220  Integrating from a convenient angjeto ¥ gives
' 5e?r, B2/ (B%) ay
and e _ 5clpe 9T, fﬁ dd(S—(9)) L)
. 16M2c31%p; oT; [e o® [ | 1 B 2eB? gy Jx B-VY ’
<R§'1Ti'Vl/f>”—2—3— = \\5z
5e Ti (71# Ti (71# B . ) ) )
where the flux functiorL is determined by employing the
(B7?) 47 T, 1 parallel heat conduction expression
J— + [ — JR—
(B% | 50T, gy \ \B*
> . PeTeTei >
(B2 2 Qre=— "y [x21(N-V In po+eE/Te)
—3755 T/ | 23
(B (B%

+kN-V In Tg], (206
wherer;=3MY2T¥%471%*N, In A. For aspect ratios of or-
der unity, the classical contributioRswhich we have ne-
glected for simplicity, could be added to Eq¢22) and (23).

Hazeltiné considered the case without neutrals and
noted that for small inverse aspect ratio,

where, forZ=1, k,;=1.4, andk,,=4.1 (see Ref. 5 or 13,
for example. Using the constraint

(dieB) = —(PeTeTei/ M) k216(E|B)

1\ (B72) ¢

B‘/ (BY B* to determinel, gives
while q )

¥ d9(S—(S

1 B2 2 ¢ Qie=— BJ (»—<>

—)-3— x B-VY

B4 <BZ> <BZ>2 B4

> o . K -

so that in the steady stafR{- ;- V i) =0 gave the variation + i < BZJ M>
of the electrostatic potential to be weakdere?) compared (B?) x B-VY
to that of the ion temperature. However, the neutral viscos-
ity, of course, is free of these aspect ratio factors so that in a _ 5clpe ( B _ E ‘Q_TE_ PeTeik21€ B(BE))
large aspect ratio tokamak the strongest impact of the neu- 2e \(B? B/ ay m(B2)

trals is on the electrostatic potential! In the steady state when
the neutrals dominate over the ions the radial variation of the
electrostatic potential is simply given WR¢-,-V )=0,
so thated®/ gy~ T, 1dy~N; tap;1aip.

(27)

For large, poloidally varying radiation losses, the new terms
involving the sink S can be much larger than the usual
Pfirsch—Schlter terms.
To find expressions for the radial electron particle and
heat fluxes, we also need the usual forms for the parallel
The usual Pfirsch—Schtler treatment of the electron par- current*>*3
ticle and heat flows is modified by the presence of an energy
sink S due to radiation losses. We consider the edge region
inside the separatrix so the only sink appears in the electron J,=
heat balance equation. Our energy sink treatment corre-

B. Sink and electron contributions to Pfirsch—Schlu  “ter
fluxes

€ PeTei

[Kll(ﬁ'v In pe+eEH/Te)+K12ﬁ‘V In Te]

sponds to the weak equilibration limit of Worgexcept that B 1\ dp pereixye®B(BE)
we retain induced electric field terms. :cl<—2— —) — 5 , (29
When the diamagnetic electron heat flux, (B% B/ dy mMTe(B%)

GLe=(5CPg/2eBY)BX VT, (24 \where the only novelty is that the total presspre p,-+ p;
is inserted into the lowest-order electron heat balance equar p, contains the neutral pressupg, which for our pur-
tion, poses is negligible. In Eq28), k1,=1.9 and«,= ky for
V.G.-—S (25 §=1.5'13 From Egs.(26)—(28) we can obtainn-VT, and
€ ' n-Vp.+eNE;, which allow us to determine the radial elec-
the resulting equation for the poloidal variation is tron fluxes:
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5clp B.VT where agairw andR are the radial scale length of the edge
(A" Vb)) = : 5 £ region and the major radius, and=v;r; is the Coulomb
2e B mean-free path. Inequalit{8l) follows because the poloi-
dally varying portion of the ion temperature is small com-
9 —
__ Semwnl ( < f —dﬁgs <S>)> pared to its flux surface averaged value loy(/w)(qR/\)
2€KTe; x B:VdY <1, while the poloidal variation oB is of order e Not
surprisingly, inequality(31) is more restrictive by only as-
1 9 dYH(S—(S)) ; ; A
_ B2 f E (S pect ratio factors than the requirement that the radial ion heat
(B?) x B.Vd diffusion timew?r, /q%p? be larger than the parallel ion heat
o conduction time ¢R)?/\v;. If this later condition is not
_oe'ml T (/1) 1 satisfied, the transport along and across the field occurs on
262k B2/ (B similar time scales, making the problem two dimensional. In
the absence of a sink, the poloidal variation of the electron
5k11Ng T, ap temperature would be smaller than that of the ion tempera-
X > w_ "21£ 29 ture (and plasma density and electrostatic potentiay
pelpi-
and The poloidal variation of the ion temperature is found by
= P equating the usual expressions for the parallel ion heat con-
(Te- V) =(Ti-V ) duction and its Pfirsch—Schkr counterpart,
cl/ 1 - N
:g<§(B'Vpe+eNeBE')>_CN9<R5'E> 125, Tim, Scip, [ B 1) 4T,
W= YN T T By B e
__ Smeadl f ?d¥(S=(S) (32
eK’TeiTe X B-VY
to obtain
_t < [’ M>
2 .
(B x B-VY ) 16Mcl B2\ 4T,
veng BB CE)) e ( i VT 25 | (8% v %3
¢ (B?) Bt e’kTei \ | B2

wheren-V In T~qgp;/\w, as remarked earlier.

, (30) Total parallel pressure balance and the requirement that
the total pressure be a lowest-order flux function then gives
an equation for the poloidal variation of the plasma density,

1 (9p 5K12Ne 5Te
— _2 Koy —— -
(B?) w2 g

W|th K= K11K22™ K12K21= 58

The convective contributions due to the radiation sthk
in the particle and electron heat fluxes of E(&9) and(30) N-Vp=n-V[Ng(T;+Te)]=0, (34
vanish if Sis a flux function. Consequently, poloidal varia-

tion in Sis necessary to dr'|ve convective fluxes and, as W&nere the neutral pressure contribution is neglected as small.
shall see in the next section, is responsible for the strong g poloidal variations of the electrostatic potential and
poloidal variation of the electron temperature that results in,o electron temperature follow from Eq26)—(28), which

the convection. can be combined to obtaim-V p.+eN,E, andn-VT,, or
Equations(17), (200—(23), (29), agda(SO)*a[e the fluxes

to be inserted in Eqs(1)—(4), with £-V;={-V, and -G

' e
given by Eqs.(18) and(19). L AVO—F-VInp,

e

I1l. POLOIDAL VARIATION B Mk 1,8 fﬁ dd(S—(S)) 1
In the edge region just inside the separatrix, strong po- KPeTeTei | /X B-VH (B?)
loidal variation is observed and expected because of the pres- 9 d9(S—(S)) o
ence of neutrals and radiation. Within the framework of a X < BZJ +> + — [BE|—(BE})]
Pfirsch—Schlter treatment, the poloidal variation of the x B-V® Te

plasma density, ion temperature, and potential must be as- 5
sumed weak compared to that of the magnetic field. As can _ mcl 1— B K_22‘9_p_ 5"12‘9_1_6 (35)
be verified a posteriorj for a high aspect ratioe=r/R eBk g (B \ pe dyp 2T

<1) tokamak, this assumption requires
gpi /w<<en/qR, (32 and
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N Micy,B 9 dI(S—(S)) 1 larly strong if a MARFE is formgd, since the electron tem-
n-VTe= = 5 perature then varies substantially over the flux surface,
KPeTei \ Jx BV (B making F>1.
b dd(S—(S)) mel We can also estimate the size of the _neutral heat flux. To
% { B2 . do so, we first estimate the neutral density by assuming that
X B-V¥ eBkTeTe the plasma edge inside the separatrix is fully recycling. The
) convective, poloidally asymmetric radiation sink-driven out-
B” | [ k21 9P Sk11 dTe ward particle flux
XN\ ——— = — | (36) '
(%)) \ pe o9 2Te oy N,
where the superscripton E; denotes that only the induced I's~DgF R’

electric field enters on the right side of E85). Notice that
in the absence of a poloidally varying energy sithat the
poloidal variation of the electron temperature is weak and UiZNn
poloidal variation of the electrostatic potential is therefore a  I'n~ m
Maxwell-Boltzmann response to lowest order. ' X

As noted in the Introduction, only poloidal asymmetry in for a fully recycling edge. Equating these two fluxes gives
the radiation sinkS and the conditionqRNaE, /T,  the following estimate for the neutral to plasma density ratio:

must equal the inward neutral flux,

>(p./W is required to make the radiation sink-driven poloi- N, Ni{ov)WDgF
dal variation stronger than the usual Pfirsch—Sthlpoloi- —~ 5
dal variation of the electron temperature. Ne viR

Equations(33)—(36) are the four equations for the poloi- |t this estimate is used to eliminate the neutral density in the

dal variation of the four unknownig;, N, ®, andTe. NO-  54ig of neutral to ion heat flux given in the Introduction we
tice that the neutrals do not influence the poloidal variationypiain

since their density is assumed low compared to that of the
plasma. (An- V) FWTiDB - Aow >F
(aGi-V) Rq’%’ dRap €’

where the Pfirsch—Schtier validity inequality(31) is used to
demonstrate the consistency of our orderings. Consequently,

To get a feel for the size of the fluxes driven by a poloi- 2 poloidal radiation sink asymmetry resulting in a poloidal
dally asymmetric radiation sinkS~N,E;Nevo,, we can Variation of the electron temperature f- e can(i) cause a
compare it with gyro-Bohm heat transport in the following Sink-driven outward convective plasma particle flux that bal-
way. We use our estimate from the Introduction to define ances the incoming neutral particle flui) result in diffu-

IV. SINK-DRIVEN AND NEUTRAL FLUX ESTIMATES

as sive neutral and convective sink driven heat fluxes that are
v larger than the Pfirsch—Sciéu ion heat flux; andiii ) cause
— ﬂ~ @ 5 N,oqR the neutrals to determine the radial behavior of the electro-

~n-VInB e\T, static potential.
and then note from Eq29) that poloidal variation inB is
needed to generate a radial heat flux so {Bit?B-VT,) V. DISCUSSION
~ €T F/gRB. As a result, the radial electron heat flux driven We have derived a complete system of equations for the

by a poloidally asymmetric radiation sinf, is of order radial and poloidal variation of the plasma density=N;,
Pe electrostatic potentiadb, ion temperaturel;, and electron
qs~DgF R’ temperatureT, in the presence of neutrals and a poloidally

- o asymmetric radiation sink. Equatiori$7), (20)—(23), (29),
whereDg=cT./eB denotes the Bohm diffusion coefficient. and(30) are the radial fluxes to be inserted in E¢B—(4),

A gyro-Bohm heat fluxgg in the edge is of order with toroidal velocity and heat flows given by Eq48) and
piPe (19). Equations(33)—(36) are the four equations for the po-
dg~Dg —7=, loidal variation of the four unknown3;, N., ®, and T,.
w The neutral density can either be assumed to be specified or
giving can be found from the neutral continuity equation,
Gs WF M v (N = N,N
q—g R’ ot «(NpVip)=—(av) NN,
For the parameters listed in the IntroductignR/w?~1,  with the neutral velocity given by Eq11) with p,=N,T;.
while our results requir&<1. However, for stronger radia- As noted in the Introduction and at the end of Sec. Il A,

tion losses than our treatment allows>1 is permissible rather small neutral densities can result in large effects on the
and sink-driven fluxes larger than gyro-Bohm fluxes can oc+adial variation of the electrostatic potential and introduce
cur. In particular, the sink-driven transport should be particuneutral heat and angular momentum fluxes as large as, or
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