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Bulk ion flow can be modified by ion–neutral interactions in the edge region of tokamaks where
neutral atoms are abundant. In this region, the standard neoclassical expression for the ion flow is
not consistent with the experimental observations. Previous work in the plateau regime@Valanju
et al., Phys. Fluids B4, 2675~1992!# suggests that the discrepancy is caused mainly by momentum
loss due to ion–neutral charge exchange. In the present work we show that in the absence of neutral
diffusion, charge exchange cannot affect the neoclassical transport of the ions significantly if the
neutral mean-free path is short and the neutral density is low compared to the plasma density.
However, the inclusion of neutral diffusion and anomalous processes in the plateau regime can
substantially modify parallel ion flow inside the separatrix as determined by the flux surface
averaged momentum constraint. Moreover, the local shear in the flow may be determined by a
balance between neutral diffusion and anomalous effects which may then modify the turbulent
transport. ©1998 American Institute of Physics.@S1070-664X~98!02709-8#
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I. INTRODUCTION

The influence of the neutral atoms on the ion para
flow has been of interest recently, since the discrepancy
tween experimental measurements1 and neoclassical predic
tions of the ion flow are in some cases correlated with neu
concentration.

Earlier work2,3 suggested that charge exchange~CX!
processes have an important role in modifying the ion fl
in the edge plasma, where the plasma temperature and
sity are lower than in the core and the neutral concentra
is high. However, the analysis of Ref. 2 is not consistent w
its neutral short mean-free path assumption, since it assu
stationary neutrals. Reference 3 used the neoclassical
ment approach including the effect of CX processes w
stationary neutrals and made quantitative comparisons
the experiment to show that neutrals have a dramatic ef
on the main ion poloidal rotation. However, the assumpt
that the parallel neutral flowVin.0 is inappropriate for edge
plasma where the neutral penetration depth and CX me
free path for a neutral are on the order of a centimeter.
assumption of stationary neutrals made in Refs. 2, 3 can
be made without also including anomalous diffusion. T
neutrals will only have vanishing mean parallel velocity
they have not yet collided with any ions. In that case they
moving into the plasma, which in steady state require
balancing efflux of ions. Moreover, we will show that with
out the neutral diffusion, CX processes would not affect
transport of ions significantly.

a!Electronic mail: tunde@elmagn.chalmers.se
3391070-664X/98/5(9)/3398/4/$15.00
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The purpose of this work is to derive an ion drift kinet
equation that includes the effect of neutral diffusion due
CX. Using the resulting drift kinetic equation we demo
strate how the CX process and anomalous transport mo
the parallel and poloidal ion flow, assuming short mean-f
path neutrals and plateau ions. The ability of anomalo
transport to influence parallel dynamics has been no
previously.4 The sharp radial~and perhaps poloidal! varia-
tion of the neutrals and anomalous transport cause them
introduce a strong shear into the poloidal flow and there
the electrostatic potential. Consequently, the neutrals
anomalous processes may influence the sheared flow sta
zation observed in reduced transport regimes.5 By working in
the plateau regime, we are relying on a large aspect rati
make expansions valid. However, this somewhat artific
limit allows us to illustrate the mechanisms at work mo
simply.

The rest of the paper is organized as follows. In Sec
we derive the kinetic equation of the ions, including the
fect of neutral and anomalous ion diffusion. In Sec. III w
solve a simplified version of the kinetic equation in the p
teau limit and investigate the modification of the parallel i
flow due to the diffusive terms. Section IV is devoted to
discussion of the results. Finally, in Sec. V we summar
the conclusions.

II. DERIVATION OF THE KINETIC EQUATION

In the neutral kinetic equation we retain charge excha
and ionization so that
8 © 1998 American Institute of Physics
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v•“ f n5X~ f i , f n!2nzf n , ~1!

where X denotes the charge exchange operator andnz

5ne^sv&z is the ionization frequency. We then let

f n5
nn

ni
f i1h, ~2!

to obtain

v–“S nn

ni
f i1hD5^sv&x~nnf i2ni f n!2nzf n

52~nx1nz!h2nz

nn

ni
f i , ~3!

wherenx5ni^sv&x is the CX frequency for neutrals. Not
that this definition of the CX collision frequency differs by
factor nn /ni from the one used in Refs. 1–3, wherenx re-
ferred to the ions. The short mean-free path solution (v t i

!Wnx) to Eq. ~1! valid for nx.nz is

h52
1

nx1nz
“•S nn

ni
vf i D2

nz

nx1nz

nn

ni
f i1•••, ~4!

where v t i
2 52Ti /mi and W is the local equilibrium scale

length associated with the edge in the presence of neut
Insertingh into the sum of the ion and neutral kinetic equ
tions,

v•“~ f i1 f n!1a•“v f i2C~ f i !50, ~5!

wherea5(Ze/M )@E1(v3B)/c# andC is the ion–ion col-
lision operator, gives

v•“F S 11
nx

nx1nz

nn

ni
D f i G1a•“v f i2C~ f i !

5“•Fv 1

nx1nz
“•S nn

ni
vf i D G , ~6!

where the right hand side represents neutral diffusion. I
ization appears diffusive because it is occurring in the pr
ence of CX which causes the neutrals to respond diffusiv
but it is important to remember that Eq.~6! is only valid for
nx*nz .

Writing

f i5 f̄ i1 f̃ i , ~7!

where f̄ i5^ f i&w is the gyroaveraged part of the ion distrib
tion function andf̃ i5 f i2 f̄ i is the gyrophase dependent pa
and assuming V@n i i , with V5ZeB/Mc. and uEu
!u(v3B)/cu, the gyrophase dependent term is given by

f̃ i5
1

V
v3b•“@~11h! f̄ i #, ~8!

where b5B/B and we have introducedh5nxnn /ni(nx

1nz). Inserting Eq.~8! and gyroaveraging Eq.~6! yields the
sum equation
Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
ls.
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v i“ i@~11h! f̄ i #1~11h!vd•“@~11h! f̄ i #

1^^dvE•“~11h!d f i&w& f luct2C~ f̄ i !

5“F 1

nx1nz
“:S nn

ni
^vv&w f̄ i D G[U f̄ i , ~9!

where U is the neutral diffusion operator,^vv&w5(v'
2/2)

3(I2bb)1v i
2bb, and vd5@v'

2/(2V)#b3“ ln B1(vi
2/V)b

3(b•“b). We retain anomalous transport to balance neu
diffusion by introducing the fluctuatingE3B drift dvE and
the fluctuating portion of the ion distribution functiond f i

with ^•••& f luct denoting an average over turbulent fluctu
tions. If we note thatd f i;tcdvE•“d f̄ i with tc the correla-
tion time for the fluctuations, then

Danf̄ i[2^^dvE•“d f i&w& f luct;
]

]r
S D

] f̄ i

]r
D , ~10!

whereD is the anomalous diffusivity and we assume ele
trostatic fluctuations.

Changing tov andj5v i /v variables gives

v i“ i5
v i

qR

]

]u
2~12j2!

ev
2qR

sin u
]

]j
5v

]

]u
1M ,

~11!

wheree5r /R, u is the poloidal angle,r andr the minor and
major radii, andM is the magnetic mirror term. In the new
variables, the gyroaveraged sum equation with theh
;nn /ni!1 terms neglected becomes

v
]g

]u
1Mg2Cg52vd•“ f M2M f d1U f̄ i1Danf̄ i ,

~12!

wherev5v i /qR, C is the linearized collision operator, an
we have let

f̄ i5 f M1 f d1g5 f M1
2Vi ivj

v t i
2

f M1g, ~13!

with Vi i a lowest order flux function,

f M5ni S mi

2pTi
D 3/2

exp~2~E2eF!/T! ~14!

andE5Mv2/21eF.

III. SOLUTION AND FLOWS IN THE PLATEAU
REGIME

To lowest order we may solve forg by neglectingMg

and (U1Dan) f̄ i . In the plateau regime,e!1 allows us to
neglectMg. Then usingVi i /v t i;qr i /eW!1 in M f d , gives
g/ f M;qr i /W!1. Note that the assumptionVi i /v t i

;qr i /eW can be verifieda posteriori. The neglect of
neutral and anomalous diffusion to lowest order correspo
to vd•“ f M@(U1Dan) f M which for Dan;U requires
nn /ni!Wnx /RV. To next order we keep all the terms in E
~12! to evaluate the flux surface averaged parallel mom
tum constraint which gives the parallel ion flow as modifi
by neutral and anomalous diffusion.
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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Making the usual plateau replacementC f52n f , the
lowest order version of Eq.~12! becomes

v
]g

]u
1ng5

v2~11j2!

2VR

] f M

]r
sin u

1
e

2

v

j
sin u~12j2!

] f d

]j
, ~15!

where

g5
~n sin u2v cosu!Q

n21v2
f M ~16!

and

Q5
v2

2VRH ~11j2!F pi8

pi
1

eF8

Ti
1S v2

v t i
2

2
5

2D Ti8

Ti
G

1~12j2!
2Vr

qR

Vi i

v t i
2 J . ~17!

We use a prime to denote a radial derivative. Equati
~15!–~17! are the same as in Ref. 2.

To obtain the parallel ion flow, in the plateau regime, w
return to Eq.~12!, take thev i moment, and perform a flux
surface average. Most of the terms in Eq.~12! will vanish,
leaving only terms assumed to be higher order, namely

K E vjMgd3v L 5 K E vj~U1Dan! f dd3v L , ~18!

where ^•••& denotes flux surface averaging. This equat
determines the parallel ion flow,Vi i , and represents a ba
ance between the damping of the parallel flow on the left
the accumulation of momentum due to diffusion on the rig
Evaluating the different terms in Eq.~18! gives

Ap

4
e

niv t i
3

VR S pi8

pi
1

eF8

Ti
1

Ti8

2Ti
1

2Ve

q

Vi i

v t i
2 D

5
1

2

]

]r F 1

nx1nz

]~^nn&uv t i
2Vi i !

]r G
2K K K dvE•“E d3vv id f i L

w
L

f luct
L

u

, ~19!

where ^•••&u denotes a poloidal average, i.e.,^nn&u

5(2p)21rdunn . In the absence of neutrals and anomalo
processes, Eq.~19! reduces to the usual plateau result.

The modification due to neutrals and anomalous p
cesses can be estimated by writing the parallel ion flow sc
matically as

Vi i5GUneo, ~20!

where the usual plateau result is

Uneo52
T

miV

q

e S pi8

pi
1

eF8

Ti
1

Ti8

2Ti
D . ~21!

Using Eq.~10! to crudely estimate the anomalous term as
Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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^^^dvE•“~tcdvE•“niVi i !&w& f luct&u;2
]

]r S D
]niVi i

]r D ,

~22!

gives

G21;11OF qR

v t ie
2 S nn

ni

v t il

W2
1

D

W2D G . ~23!

In the expression forG, l5v t i /(nx1nz) is the mean-free
path and (nnVi i)9/(nnVi i);W22;(nnVi iv t i

2 )9/(nnVi iv t i
2 ).

Using the preceding, the poloidal flow may be written as

Vpi5~c/eBni !@~12G!~pi81eniF8!2GniTi8/2#. ~24!

Consequently, the neutral diffusion and anomalous proce
may introduce strong shear in the poloidal flow.

To see whether substantial changes are possible
make comparisons between the various terms in the flux
face averaged momentum constraint, using the following
of parameters: safety factorq53, inverse aspect ratioe
51/3, the neutral to ion density rationn /ni51023, the ion
thermal velocityv t i5107cm/s, the characteristic radial sca
length W52 cm, major radiusR51m, mean-free pathl
51 cm andD51m2/s. Comparing the magnitude of the mi
ror term with the neutral diffusion term,

^*vjU f dd3v&
^*vjMgd3v&

;e22
nn

ni

qRl

W2
;1, ~25!

so that these terms are comparable. Thus, within the lim
tions of a plateau ordering, taking the neutral diffusion te
the same order as the mirror term is justified at the edge,
inside the separatrix. Comparing this anomalous diffus
term with the neutral diffusion term we obtain

^*vjDanf dd3v&
^*vjU f dd3v&

;
ni

nn

D

v t il
;1. ~26!

Therefore, the two terms are comparable and the contr
tions from both should be included in the ion parallel flo
That both appear should not be surprising since in the ste
state the anomalous outward diffusion of ions is balanced
an influx of recycled neutrals.

To verify that our orderings are consistent we note t
Eq. ~18! implies thatMg;U f d while the neglect ofU in our
lowest order equation~15! requiresv]g/]u@U f M . As a
result, we needVi i /ev t i;qr/(e2W)@1 which allows us to
satisfy our assumption

1@
nn

ni

VR

nxW
;S nn

ni

qRl

e2W2D S e2W

qr i
D . ~27!

We need to ensure the magnetic field satisfiesqr i /W!1.
Thus for the parameters listedB;10 kG is required. The
reason such a lowB is needed can be traced back to t
limitations of the plateau model which requirese!1 while
we have takene51/3.
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
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IV. DISCUSSION

In Ref. 2, the ion kinetic equation is employed wi
ionization neglected. Thereforev•“ f i1a•“v f i5C( f i)
2X( f i , f n) is considered. In the gyrophase averaged eq
tion for g, the replacement

X~ f i , f n!→XS f M1 f d ,
nn

ni
f M D5nx

nn

ni
f d , ~28!

is employed, which corresponds to settingVin50. However,
from parallel neutral momentum conservationMnnnx(Vi i
2Vin)5“ ipn so a consistent treatment would have given

X~ f i , f n!→nx

nn

ni
~ f di2 f dn!5nx

nn

ni
f M

Mv i

T
~Vi i2Vin!,

~29!

which would have only yielded terms small innn /ni!1 in
the short mean-free path limit. In other words, sinceVi i
.Vin in the short mean-free path limit, the Galilean inva
ance of the CX operator ensures negligible corrections un
diffusive terms are retained.

Analogously, if Vi i.Vin , the parallel ion flow will be
unaffected also by the elastic ion–neutral collisions, to lo
est order. This follows from the Galilean invariance pro
erty of the collision operator giving Cin( f Mi , f dn)
1Cni( f di , f Mn).0, which means that these terms will n
contribute to the flux surface averaged momentum c
straint. This argument is independent of the form of the c
lision operator and can be used for both the CX and ela
collision operators. In addition, the elastic ion–neutral co
sion operator will give a diffusive contribution to the parall
ion flow, just as the CX operator does. However, the analy
of the elastic operator is considerably more difficult, since
is a complicated Boltzmann operator. Terms qualitativ
similar to those obtained from CX interactions between
neutrals and ions are anticipated.

V. CONCLUDING REMARKS

The main conclusion of this work is that the neutral d
fusion and anomalous processes affect the parallel and p
Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP lic
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dal ion flows significantly. This observation is of importan
for understanding the discrepancies between experime
observations and neoclassical predictions of the flows. It a
means that the lowest order expression (Zeni /M )(E
1c21v3B)5“(pi1pn) is not automatically valid for edge
plasmas since neutral diffusion and anomalous processes
be substantial.

The neutral density variation on the scale length of
penetration depth (l p.v t i /Anxnz) introduces a strong shea
into the parallel ion flow. Anomalous processes may a
cause^^^dvE•“*d3vv id f i&w& f luct&u to have strong radia
variation. As a result, the amount of shear in the parallel a
poloidal ion flow just inside the separatrix may be det
mined by a delicate balance between the effects of neu
diffusion and anomalous processes which may thereby pl
role in the suppression of turbulent transport and the L to
mode transition.
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