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Abstract

The edge plasma of a tokamak is affected by atomic physics processes and can have
density and temperature variations along the magnetic field which strongly modify edge
transport. We present a closed system of equations in the Pfirsch-Schliter regime which
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 very 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 a Marfe is formed
since the electron temperature then varies substantially over the flux surface.
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I. Introduction

Tokamak performance appears to be sensitive to the edge plasma region just
inside the last closed flux surface. In the work presented here we investigate how its
behavior can be affected by interactions with neutral particles and poloidal asymmetry in
the radiation energy loss due to inelastic electron collisions. These processes are usually
unimportant in the plasma core and are therefore normally neglected in plasma transport
equations. However, because their diffusivity is large, neutrals can enhance energy and
momentum loss and be responsible for the radial variation of the electrostatic potential,
even though the neutral density is typically very much smaller than the plasma density.
In addition to directly modifying the energy balance, poloidally asymmetric radiation
loss also creates strong poloidal variation in the electron temperature and thereby drive
strong convective fluxes. Convective electron fluxes are particularly strong in the
presence of a Marfe [1]. To illustrate the effects of neutrals and radiation loss we
generalize the conventional Pfirsch-Schllter regime treatment of tokamak transport [2] to
include charge exchange in the short mean free path limit and an electron energy sink,
both of which may involve significant poloidal asymmetries. Our model differs from the
collisiona model of Hinton and Kim [3] by retaining neutrals and a radiation loss term,
by considering the weak plasma flow limit, and by neglecting anomalous effects and the
region beyond the separatrix. Moreover, it differs from the collisona model
implemented by Rognlien and Ryutov [4] which treats the magnetic field as constant,
enhances classical transport to model anomalous effects, ignores neutrals and radiation,
and, like Hinton and Kim, works in the large flow limit of Braginskii [5]. The large flow
Braginskii expressions for the ion viscosity do not reduce to the small flow form of
Hazeltine [2] because of the different orderings employed.

The interaction of neutrals with ions via charge exchange influences the electric
field by introducing a flux surface averaged neutral toroidal angular momentum flux that

can compete with or even dominate over that of the ions. In the absence of neutrals the



radial electric field is found to be the square of the inverse aspect ratio smaller then the
radia temperature gradient [2]. As a result, neutral effects on the electric field are
expected to be more pronounced in conventional than spherical tokamaks. The neutrals
can be responsible for strong radial variation of the electric field and thereby be
responsible for large shear in the EX B, poloidal, and parallel ion flows which may have
an influence on turbulence [6]. The neutrals also introduce a heat flux that can compete
with the radial ion heat flux and thereby enhance heat transport losses.

To substantially simplify the algebra and illustrate the effects of neutrals in the
most transparent way possible, we ignore elastic ion-neutral interactions and assume the
charge exchange rate constant is speed independent. Since elastic ion-neutral collisions
are now thought to be at least as large as charge exchange collisions [7] they are expected
to quantitatively, but not qualitatively, alter our results. To account for the increased
collisionality between the ions and neutrals due to elastic collisions we will enhance the
deuterium charge exchange cross section sy by using the estimate sy = 9X 10-15 cm2
rather than 3X 10-15 cm2. The constant charge exchange rate approximation [8] does not
appreciably alter the transport coefficients [9].

To estimate the size of neutral diffusivity effects we can compare the radial
neutral and ion heat fluxes, gp ~(vi2/NiéSvﬁx)Nn'ﬂTi/‘Hr and §j ~(q2r izlti)Ni'ﬂTi/‘ﬂr,
where N and Nj are the neutral and ion densities, vi = (Ti/M)Y2 the ion thermal speed
with Tj the ion temperature, ri the ion gyroradius, tj the ion-ion collision frequency,
asviy the charge exchange rate constant, q the safety factor, and r the minor radius. For
Ti =100eV, Nj =3X 1014 cm3, B =5T, and g = 3 we obtain

&y i NpvP/Njésvi, Ny

2/ti N

= ~ 2 1041
PNy n N;iq“ri

with y the poloidal flux function and &..f denoting a flux surface average. Here sy =

9X 10-15 ecm?2 is used for the "enhanced" charge exchange cross section and the neutral

mean free path is 1/Njsx ~ 0.5 cm. The neutral heat flux is large because the neutra



diffusivity, vij/Njsx, is extremely large, of order 4X 106 cm2/sec for the preceding
numbers (while qzrizlti ~ 400 cm?/sec). Consequently, even at neutral densities a
thousandth of the plasma density a sizeable neutral effect occurs, and the effect is larger
at lower Nj and higher B and Tj. Moreover, by comparing viscosities instead of heat
fluxes we will find that neutral densities smaller by the square of an inverse aspect ratio
than the preceding estimate can ater the electrostatic potential dramatically.

Representing the radiation losses by a sink, S, in the electron energy balance
eguation is a sensible approximation since any non-Maxwellian features in the electron
distribution function due to inelastic electron collisions are negligible [10]. We illustrate
the effects of radiation loss by assuming that ion-impurity collisions are negligible to
simplify the presentation. To estimate the impurity density necessary to make a

poloidally asymmetric energy sink result in stronger poloidal electron temperature

variation than the usual Pfirsch-Schliter terms, we note that S ~ N|E|NgVveS|, where Ne
and N; are the electron and impurity densities, s is the excitation cross section for a
typical energy loss Ej, and ve = (T¢m)2 is the electron thermal speed. The poloidal
variation of the electron temperature is estimated by balancing the sink S with the
parellel electron heat variation, 1iXNge, where qye ~ Nevel IXNTe. Here | s the
Coulomb mean free path and i =B/B the unit vector in the direction of the magnetic
field B. Normalizing the poloidal variation of the electron temperature by the poloidal
variation of the magnetic field magnitude gives

A>xN/nT RE
—F ~q——IN|S|qR,
nN/nB e Tg

where eis the inverse aspect ratio and within a Pfirsch-Schliter treatment this ratio must
be small compared to unity. For a cool, dense edge the poloidal variation due to radiation

losses is much larger than that due to the usua Pfirsch-Schitter electron transport [11]

which is proportional to the electron gyroradiusr g,



nN/nTe gRQre
nN/mB d w

with w the characteristic edge scale length, which is of the order of the penetration depth
1/Ni(sxsz)1/2, where sz is the ionization cross section. For example, taking w = 2 cm,
Te=100eV, Ne=3X1014cm3, B=5T,q=3, R=100cm, s; = 5X 1016 cm2, and E,
= 25 eV, gives gRNes|E)/Te ~ 10 while gr gw ~ 10-3 and gR/I ~ 3. Consequently,
localized impurity to plasma density ratios Nj/Ne ~ 10-3 to 102 are sufficient to give
large radiation sink effects and strong poloidal variation in the electron termperature.
Very high impurity densities would give poloidal variations comparable to that of the
magnetic field, but would complicate the analysis by requiring us to keep ion-impurity
collisions and to treat the poloidal electron temperature variation as the same order as
that of the poloidal variation of the magnetic field.

In Sec. Il we consider the flux averaged description for the plasma density, ion
and electron temperatures, and electrostatic potential, and present the Pfirsch-Schltter
fluxes with the neutral contributions to the heat and toroidal angular momentum fluxes.
The neutral viscosity is free of the aspect ratio factors that make the radial variation of
the electrostatic potential weak in the conventional Pfirsch-Schitter treatment [2] so that
in alarge aspect ratio tokamak the strongest impact of the neutrals is on the electrostatic
potential. The equations governing the poloidal variation of the plasma density, ion and
electron temperatures, and electrostatic potential are obtained in Sec. |11 to complete our
‘four field model. The strong poloidal variation of the electron temperature due to
poloidal variation in the radiation sink is the source of the large particle and electron heat
fluxes found in Sec. 11. These sink driven convective fluxes can easily dominate the usual
Pfirsch-Schltter particle and electron heat fluxes which are small in the electron
gyroradius. A comparison of the poloidally asymmetric sink driven convective flux to

typical gyro-Bohm transport is given in Sec. 1V, aong with estimates for the neutral



density which confirm the consistency of our orderings. Section V presents a

summarizing discussion.



. FLUX SURFACED AVERAGED DESCRIPTION

The plasma density Ne = Nj, electron Te and ion T; temperatures, and
electrostatic potential F are determined by the flux surface averaged equations for
conservation of number, electron and ion energies, and total toroidal angular momentum,
and are flux functions to lowest order in the gyroradius. In the presence of neutrals and a
radiation sink S to account for electron energy loss due to inelastic scattering and
ionization with rate constant asvii, ; the four conservation equations involving the flux
surface averaged plasma particle flux = aGexNy fi = &Gi Ny i, neutral particle flux =
4G, Ny 7, electron heat flux = &Ny fi, ion heat flux = &g Ny fi, neutral heat flux =
&jn Ny fi, toroida ion angular momentum flux = éREf)i Ny A, and toroidal neutral

angular momentum flux = &Rz Ny fi are modified to become

INe
" wa( &Gy )= dsvit,aNpNe, 6
1@ O — S - u _ ' ~ 3mNe(T| - Te) 2
ﬂtezNeTeﬂ V¢‘H evqgeaqewy n+zaGe>Ny r’ﬁH— Mt g )
1 &8 3MNg(Tj - Te)
ﬂteleTlg VeTy {V¢a(Q|+ Gn) Ny fi+— 6(G| +Gn) Ny ] =- Mt g , 9
and
1= .
MN,:TT<RZ>V,>+%“— [vqaRz>(p,+pn)>r\|y n] <J>Ny>, 4)

where we assume the neutral density to be smaller than the plasma density. In the
preceding equations V; is the mean velocity of the ions, M denotes the ion and neutral
mass, m is the electron mass, the electron-ion collison time is tg =
3m]/ 2T2/ 2/ 4(2p)]j 2e4Ne£nL with /nL the Coulomb logarithm, zis the toroida
angle variable with z the corresponding unit vector, the radia variable is the poloidal

flux function y , magnetic field iswritten as B = INz + Kz Ky with| =1(y) = RBT and



B = IBI, R isthe major radius and B the toroidal magnetic field, the current density is J,

and the flux surface average is defined as
V' BxNJ

with V' = édd/B>NJ and J the poloidal angle variable. Using z ¥ ~ (qr j /ew)v; to
estimate the Pfirsch-Schliiter flow and 4pally fi= - {TE/Tt)>Ny fi~ (RBp,/ew)TT¢/1t,
we see that the J° B force term on the right side of Eqg. (4) is of order (eva/qc)2
compared to the time derivative on the left, where va is the Alfvén speed. Often va/c <<
1, so thetoroidal J° B force on the right of Eq. (4) can be neglected.

The terms that arise from the neutrals enter Egs. (3) and (4), while those due to

the sink S alter the plasma particle and electron heat fluxes in Egs. (1) and (2). We

consider neutral effects first.

A. Neutral and ion contributionsto Pfirsch-Schluter fluxes
To describe the neutrals we employ the neutral kinetic equation with charge

exchange collisions and ionization retained, namely
T o/t +VNf, =&V (Nfj - Nifq)- & Vi, Nef py, ()

where f and fj are the neutral and ion distribution functions, and the moments of species
k are defined by

~ - M ~ 1 _
Nk = dllgvf k. NV = dllBWfk, Pk = Nk Tk :Ec‘ﬂngfk, Qn= E MijVVZan

. - 5 - 1 . - 1 o
Qk:Qk'EkakZEGdBV(MVZ'5Tk)ka’ and pn=M0d3V(W-5V2|)fn, (6)

with | the unit dyad.

In the short neutral mean free path limit, the lowest order neutral distribution

function fo must be taken as fg + Nnpfi/Nj, where to lowest order fj is the stationary



Maxwellian f\. We may then use a Grad moment procedure [12] on Eq. (5) to write the

neutral moments in terms of the ion moments by adopting the ordering
&sviy Nify ~&sviyNpf i >>VNf  ~ &V, Nef  >> /1t . (7)

Neglecting the time derivative term in the M[vv - (v2/3)f] and Mvv2/2 moments we

find
- Ny, 85 Vi A R ~ T
= i +— N - tNXM vvf 8
Pn N (@ Vil + &V TYy) Pi 3 XQn Mad™v 0) (8)
—~ N & vil -t .
Q n® 7k Qi - =NxM odgvvzwfo) 9)

TN Gy + vy O 2
wheret © 1/ Nj(&Vfy +asvii,)» 1/ N vil, .

Equations (8) - (9) and the number, momentum, and energy 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:

&V 2t

Th = T - K>xQp » T; 10
N v +ésvi, | 3Np xQnp » Tj (10)
_ &Vi _ t . _
and Vy=—Vk g Ripy » Vi . (11)
dBVI + BV MNp

Using alowest order Maxwellian (fg + Nnfm/Nj) in Eg. (9) wefind

- _ 5 - Nn& Vi = 5t . 2
-ZpVa= P - N(NnTRH), 12
2pn n Ni(éBVf;(+éBVﬁZ)QI (NnTh) (12

2M

or, upon using Eq. (11) and neglecting short mean free path corrections, the alternate

form

On =- 2t NT + ,Nn:';svr}( =
2M N; (& VA, +é&svily)

di - (13)

Next, we consider the final moment of interest. To evaluate the last term in Eq.

(8) we need the leading corrections to the Maxwellian that are odd in v and to simplify



the algebra we note that we need only evaluate Rz pi Ny . To evaluate this quantity we
extract the required higher order terms in the ion distribution function fj from Hazeltine
[2], correct the numerical coefficients of temperature gradient terms [13], and write the

result in terms of the ion flow velocity \7i and ion heat flux g; given by

e -
Tl o, e Fo .

Vi = Vi +— ¢ K 143
T ey Tiye (143
and
ocp T ... <
C= i +—2 Ly Ry 14b
Gi =N+ g y y (14b)

wheren =B/B, i~ Ny =1 fi- RBz, | =RRBT,

- i . é A7 S 250R2 7. U
V=i =- S iim+—e£+e > +dnx}'5?8)zrfa8—ﬂT'y » (153)
B ipify TiTy g5 204nAB)“mTi Ty p
and
5c1p; & B2 01T,
2B & &%y

qp =nxg; =- (13b)

Then, the resulting expression for fj may be written conveniently as

é. 2 u
fim g+ L Vs oV 892 g BAM @2 2o £k, (16)
Tia e 2T 2g5p; 75p; a

32 exp(- MvZ12Ty) and LD (x2) = [x* - 752 + (3514)] /2 is

where f)y =N;j(M/2pTj)
a Sonine or generalized Laguerre polynomial. In writing Egs. (15) - (16) we assume that
the neutral density is small enough not to affect the usual Pfirsch-Schiiter results.

We may then use Eq. (16) to evaluate the last term of EqQ. (8) by first noting that

upon using N, fp; = - (M/Tj)Vf ) tointegrate by parts

2 ..
(0]
3y viey . 5%\, = od®v wwuty |

o e2Ti 24

2
3 ¢
od™V va VpVs Vgf v = Niéﬁlg [dabdsg +dagdsb +dasdng] ,

10



and

3 (3/2) aE7\/|v2
od™v WLy~ (Mv /2T m =od v"“*(}— - ——fM =0,
e2Ti 2g

where the dij are Kronecker delta functions and we have used the orthogonality of L(23/ 2)
to L(13/ 2) and L(o3/ 2), As aresult, the last term shown in EQ. (16) does not contribute and
we obtain

Rz AN Mod vuwvt o)y =Ry KWszR + Rzl

=Ry N(WxR)- WRRy xR - Rz ARy xw » Ry N(WxR),
where W ° N, T;[V; +(2/5p;)§i] and N(Rz) = (N\R)z- zNR. Fortunately, all terms

involving 60y may be neglected as small since the radial and/or poloidal variation of

Nn, Ti, F, 2>§7i, and iji in the plasma edge is much stronger than that associated with

the poloidal flux function. As a result, when we gather up the preceding expressions and

neglect the N/N; correction to the pj term, we find we may write

- . - ~ - 2Np._ - _0 . ®N, - -0
ARZ 0 XNy i - t{ Ny sNENLTiRz Vi +—L Rz>g;i~ ) = - t{ Ny sN—L R -
ARz PNy fi» < y & nliRZ XV BN Z>q|g> < y &5N. Z>Qg>
(17)
with Q; the energy flux defined in Eq. (6),
.. .. i N n
zN z><\/ =- CRT |iﬂ9" £ ﬂF 2 a(n énB) .”T'y’ (18)

e iy T;fy &aB o 2047 xNB)2Ad T; I

and z %jj = - 1- : . (19)

In expressions (17) - (19) we may use Tj = T and the definitions of moments are asin
Egs. (6). Recall, also that Bt is the toroidal magnetic field.
If we also neglect the Np/Nj correction to G, then Eq. (13) gives the neutral heat

flux to be

11



o & w(2tPn
Ny A» -
Hn Ty > <2|v|

Ry >4<|Tn> | (20)

To complete the neutral description we use Eg. (11) and neglect the N/Nj correction to
éi to obtain the neutral particle flux

2GRy i - <ﬁ Ry >N(NnTn)> | (21)

Theion fluxesin Egs. (3) and (4) are the standard Pfirsch-Schitter results [2, 11,

13]:
2,2 O qT.
&Rl fi=- SMC LRI zs\’iz> i} (22)
5e“t; e\B 8o Ty
and
4Rz 0Ny fi» (23)
16M203I4p, mi€e ﬂFz > o 47 ﬂT.z 1> JBTAR 1 o
A 2~ .S A gy S 0 ()
25¢3t; Ty eT| Ty BNo 50T| Ty 8% 8% o]

where tj = :BM]joi3/2/4p1/2 4

NfnL . For aspect ratios of order unity, the classical
contributions [5], which we have neglected for simplicity, should be added to Egs. (22)
and (23).

Hazeltine [2] considered the case without neutrals and noted that for small inverse

aspect ratio

while

<i> 0éB_2ﬁ+ 1 ~e_4
B4 8%i B%F B

o that in the steady state &Rz >Ny fi=0 gave the variation of the electrostatic
potential to be weak (order e2) compared to that of the ion temperature. However, the
neutral viscosity, of course, is free of these aspect ratio factors so that in a large aspect

ratio tokamak the strongest impact of the neutrals is on the electrostatic potential! In the

12



steady state when the neutrals dominate over the ions the radia variation of the
electrostatic  potential  is simply given by éRE>13n><Ny n=0, so that
eTF /My ~ TTi /Ty ~Nj “ipi /1y .

B. Sink and electron contributions to Pfirsch-Schliter fluxes
The usua Pfirsch-Schliter treatment of the electron particle and heat flows is
modified by the presence of an energy sink S due to radiation losses. Hinton [14] has
previously retained a sink in the ion heat balance equation when considering losses to the
divertor plates. Here we consider the edge region inside the separatrix so the only sink
appears in the electron heat balance equation.
When the diamagnetic electron heat flux,
Gre = (50pe/26B9)B” NT, (24)
Isinserted into the lowest order electron heat balance equation,
N>ge=- S, (25)
the resulting equation for the poloidal variation is

. Ipe TT g6
BoGle. P TTe0_ (5 45,
eB 2eB° Ty @2

where, as usual, poloidal derivatives of density and temperature are neglected compared

to derivatives of magnetic field. Integrating from a convenient angle c to J gives

e _ 5c|péa e Jongs-é5@ .\
B 2e8° Ty . BxU

L{y) .

where the flux function L is determined by employing the parallel heat conduction

expression
Tet g LR A

where, for Z=1, ko1 = 1.4 and ko2 = 4.1 [see Ref. 5 or 13, for example]. Using the

constraint
éq”eBﬁ= - (peTet a / m)k 21eéE||Bﬁ

13



to determine L gives

_ JdJ (s- &), B 2JdJ (S- &0
de=-B B~o

o, =

o BA "8 o BN

5clpe® B 10qTe pete,k21eBaBE”n
2e eaB°n Bgfy maBii

(27)

For large, poloidally varying radiation losses, the new terms involving the sink S can be
much larger than the usual Pfirsch-Schllter terms.
To find expressions for the radia electron particle and heat fluxes, we also need

the usual forms for the parallel current [11, 13]:

_ep tei [ (oo Lo
=8 [k11 (A N npg + €}/ Te) +kaon NinT]

ol
=clg B ) 1 p petelklle BaBE”n , (28)
eB2H Bz'ﬂy mTeaB

where the only novelty is that the total pressure p = pe + pj + pn contains the neutral
pressure pp which for our purposesis negligible. In Eqg. (28), k11 = 1.9 and k12 = k21 for
Z =15, 13]. From Egs. (26) - (28) we can obtain iNT and Npg +eNgE, which

adlow usto determine the radial electron fluxes:

= €/ 4 J oz u
Sy e 50Ipe<B>NTe>:_5crrk11I<odJ (S asﬁ)> 1 <BzodJ (S anD>

e 2 . Ex - Y u
2e B 2ekt g a\c BNJ B c B>NJ 0
5c%mI°To & 1 1 Ok Ne TTe | p6
- =4 - kKop— (29)
2ekt o €\B 8% 2 Ty y @
and
&Gy fi= 4G Ny fi= e< (E>Npe+eNeBE”)> N o8RZ>Ef
_ cmk12|eJGdJ(s-éeﬁ) 1 BJdJ (S- as@ N éBER [2>E\U
ektgTe g\ BRI 8%i\ . BRI 0 eeaBZ~ Bt /Y
c®mi® 1 0311 P SkioNe Ted
-5 2 (30)
ekt €\B B2n Ty 2 fye

with k = k11ko2- k12k21 = 5.8.

14



The convective contributions due to the radiation sink S in the particle and
electron heat fluxes of Egs. (29) and (30) vanish if Sis a flux function. Consequently,
poloidal variation in S is necessary to drive convective fluxes and, as we shall see in the
next section, is responsible for the strong poloidal variation of the electron temperature
that results in the convection.

Equations (17), (20) - (23), (29), and (30) are the fluxes to be inserted in Egs. (1)
- (4) with z ¥ =z %/, and z x; given by Egs. (18) and (19).

[11. POLOIDAL VARIATION

In the edge region just inside the separatrix, strong poloidal variation is observed
and expected because of the presence of neutrals and radiation. Within the framework of
a Pfirsch-Schilter treatment the poloidal variation of the plasma density, ion temperature,
and potential must be assumed weak compared to that of the magnetic field. As can be
verified a posteriori, for a high aspect ratio (e = r/R << 1) tokamak this assumption
requires

ari/w<<e /gR , (31)
where again w and R are the radial scale length of the edge region and the major radius,
and | = vijtj is the Coulomb mean free path. Inequality (31) follows because the
poloidally varying portion of the ion temperature is small compared to its flux surface
averaged value by (grj/w)(QR /1) <<1 while the poloidal variation of B is of order e.
Not surprisingly, inequality (31) is more restrictive by only aspect ratio factors than the
requirement that the radial ion heat diffusion time wt i /qzri2 be larger than the paralel
ion heat conduction time (qR)2/I vj. If this later condition is not satisfied, the transport
along and across the fiield occurs on similar time scales, making the problem two-

dimensional. In the absence of a sink, the poloidal variation of the electron temperature

15



would be smaller than that of the ion temperature (and plasma density and electrostatic
potential) by r g/r j.
The poloidal variation of the ion temperature is found by equating the usual

expressions for the parallel ion heat conduction and its Pfirsch-Schllter counterpart

125p; Tt - Sclo € B 16 9T
q = - L Ty = 2B e 104T; -
e eB“n Bgly
to obtain
- & 2 5aT.
ANT; = 16Mcl 1 B~ OfT; , (33)

Bt & 2o ly
where N>N/NT; ~qr i/l w asremarked earlier.

Total paralel 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

AN =AN[Ng(T; +Tg)] =0, (34)
where the neutral pressure contribution is neglected as small.

The poloidal variations of the electrostatic potential and the electron temperature

follow from Egs. (26) - (28) which can be combined to obtain ﬁ>&|p6+eNeE” and

<BZJGdJ (S- ésﬁ>‘f
-~ u
c BRI /o

NT o, Or

mkq,B zJGdJ(s- &) 1
PeTel g éc BNJ éBzﬁ
| & B0 T
mc g]_- 5 _cf:Ek_ZZE - ﬁﬂ_eg (35)
eBktg & & ft Pe Ty 2Te My 2

e  ~ o
—/NF - iinp. =
Te Pe =}

e
+T—[BE|'| - BE| -
e

and
u

ANTg =

u

mk;B¥dI(s- &) 1 < 29 dJ (S- éSﬁ>
e0——=—=< - B~0o
C

Kpetei oo BRI 82h BAJ
mcl & B2 9&(9 21 p ) 5k11&9

+ g "R )
eBkTete o B2 Pe Ty 2Te Ty o

(36)
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where the superscript | on Ej; denotes that only the induced electric field enters on the
right side of Eq. (35). Notice that in the absence of a poloidally varying energy sink S
that the poloidal variation of the electron temperature is weak and poloidal variation of
the electrostatic potential is therefore a Maxwell-Bolzmann response to lowest order.

As noted in the Introduction, only poloidal asymmetry in the radiation sink S and
the condition gqRN|S|E|/Te >> qgr¢/w is required to make the radiation sink driven
poloidal variation stronger than the usual Pfirsch-Schitter poloidal variation of the
electron temperature.

Equations (33) - (36) are the four equations for the poloidal variation of the four

unknowns Tj, Ng, F, and Te. Notice that the neutrals do not influence the poloida

variation since their density is assumed low compared to that of the plasma.

IV.SINK DRIVEN AND NEUTRAL FLUX ESTIMATES

To get afed for the size of the fluxes driven by a poloidally asymmetric radiation

sink, S~ N|ENeves|, we can compare it with gyro-Bohm heat transport in the following

way. We use our estimate from the Introduction to define F as

(]

A>xN/nT RE
8 ~EEL Nis|gR
nXxN/nB e Tg

and then note from Eg. (29) that poloidal variation in B is needed to generate a radial
heat flux so that 48™°B *NTfi~ €TF/gRB . As a result, the radial electron heat flux

driven by a poloidally asymmetric radiation sink, gs, is of order

Pe
R

qs~DgF
where D © cTg/eB denotes the Bohm diffusion coefficient. A gyro-Bohm heat flux qg

in the edge is of order

liPe
dg~Dp—7 .
g B W2
giving
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ds W2F

ag TR’
For the parameters listed in the Introduction, rjR/w?2 ~ 1, while our results require F <<
1. However, for stronger radiation losses than our treatment allows, F > 1 is permissible
and sink driven fluxes larger than gyro-Bohm fluxes can occur. In particular, the sink
driven transport should be particularly strong if a Marfe is formed since the electron
temperature then varies substantially over the flux surface, making F >> 1.

We can also estimate the size of the neutral heat flux. To do so, we first estimate

the neutral density by assuming that the plasma edge inside the separatrix is fully

recycling. The convective, poloidally asymmetric radiation sink driven outward particle

flux,
Ne
Gs~DpF—=
S B R
must equal the inward neutral flux
2
___ViNp
N NjsvAaw!

for afully recycling edge. Equating these two fluxes gives the following estimate for the

neutral to plasma density ratio:
Np _ Nj&sviywDgF

Ne ViZR

If this estimate is used to eliminate the neutral density in the ratio of neutral to ion heat

flux given in the Introduction we obtain

where the Pfirsch-Schitter validity inequality (31) is used to demonstrate the consistency
of our orderings. Consequently, a poloidal radiation sink asymmetry resulting in a
poloidal variation of the electron temperature of F ~ e can (i) cause a sink driven outward

convective plasma particle flux that balances the incoming neutral particle flux; (ii) result

18



in diffusive neutral and convective sink driven heat fluxes that are larger than the
Pfirsch-Schliter ion heat flux, and (iii) cause the neutrals to determine the radial

behavior of the electrostatic potential.
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V. DISCUSSION

We have derived a complete system of equations for the radial and poloidal

variation of the plasma density Ne = N, electrostatic potential F, ion temperature Tj, and
electron temperature Te in the presence of neutrals and a poloidally asymmetric radiation
sink. Equations (17), (20) - (23), (29), and (30) are the radial fluxesto be inserted in Egs.
(1) - (4), with toroidal velocity and heat flows given by Egs. (18) and (19). Equations
(33) - (36) are the four equations for the poloidal variation of the four unknowns Tj, Ne,

F, and Te. The neutral density can either be assumed to be specified or can be found
from the neutral continuity equation,

% +RxNpV ) = - &ViNN;,
with the neutral velocity given by Eq. (11) with pn = NnT;j.

As noted in the Introduction and at the end of subsection I1.A, rather small neutral
densities can result in large effects on the radial variation of the electrostatic potential
and introduce neutral heat and angular momentum fluxes as large as, or larger than, those
associated with the usual Pfirsch-Schitter ion fluxes. Since the neutrals are localized to
the edge, strong shear in the EX B, poloidal, and paralel flows can result, which may
have an influence on the level of the turbulence [6].

The effects of a poloidally asymmetric radiation sink are also retained in our
system of equations. For a collisiona edge, the poloidal variation in the electron
temperature due to radiation losses can easily be much larger than that due to the usual
Pfirsch-Schlter electron transport and the resulting convective electron heat and particle
fluxes can be comparable to gyro-Bohm fluxes. Consequently, edge transport
descriptions retaining only diffusive fluxes are expected to be incomplete for many of the

situations of experimental interest.
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