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Neutral diffusion and anomalous effects on ion flow shear
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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 ré¢uaeaju

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 Physids$1070-664X98)02709-9

I. INTRODUCTION The purpose of this work is to derive an ion drift kinetic
equation that includes the effect of neutral diffusion due to

The influence of the neutral atoms on the ion parallel . ) o .
. . ; CX. Using the resulting drift kinetic equation we demon-
flow has been of interest recently, since the discrepancy be: .
. ; ~ “Strate how the CX process and anomalous transport modify
tween experimental measureménasd neoclassical predic-

. . ) . tlhe parallel and poloidal ion flow, assuming short mean-free
tions of the ion flow are in some cases correlated with neutra . -
concentration path neutrals and plateau ions. The ability of anomalous

Earlier worl® suggested that charge exchan@@X) transport to influence parallel dynamics has been noted

processes have an important role in modifying the ion ﬂowprewously‘.‘ The sharp radialand perhaps poloidalaria-

tion of the neutrals and anomalous transport cause them to

in the edge plasma, where the plasma temperature and de|rr]1’croduce a strong shear into the poloidal flow and thereby

sity are lower than in the core and the neutral concentratlota1e electrostatic potential. Consequently, the neutrals and

is high. However, the analysis of Ref. 2 is not consistent with . -
anomalous processes may influence the sheared flow stabili-

its neutral short mean-free path assumption, since it assumes . - bserved in reduced transport regifiBy.working in

stationary neutrals. Reference 3 used the neoclassical mgQ.

ment approach including the effect of CX processes with ake expansions valid. However, this somewhat artificial

stationary neutrals and made quantitative comparisons with . . .
mit allows us to illustrate the mechanisms at work more

the experiment to show that neutrals have a dramatic eﬁecéim |

on the main ion poloidal rotation. However, the assumption P . .

that the parallel neutral flow;,=0 is inappropriate for edge The rest of the paper is organized as follows. In Sec. Il
In we derive the kinetic equation of the ions, including the ef-

plasma where the neutral penetration depth and CX meaqéct of neutral and anomalous ion diffusion. In Sec. Ill we

free path for a neutral are on the order of a centimeter. The L ) S .
stolve a simplified version of the kinetic equation in the pla-

assumption .Of statlonary neut.rals made in Ref_s. 2’. 3 CannQbau limit and investigate the modification of the parallel ion
be made without also including anomalous diffusion. The,

. L ... flow due to the diffusive terms. Section IV is devoted to a
neutrals will only have vanishing mean parallel velocity if discussion of the results. Finally, in Sec. V we summarize
they have not yet collided with any ions. In that case they Aree conclusions ' ' '
moving into the plasma, which in steady state requires a '
balancing efflux of ions. Moreover, we will show that with-

out the neutral diffusion, CX processes would not affect the
transport of ions significantly. Il. DERIVATION OF THE KINETIC EQUATION

e plateau regime, we are relying on a large aspect ratio to

In the neutral kinetic equation we retain charge exchange
3E|ectronic mail: tunde@elmagn.chalmers.se and ionization so that
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v- Vi =X(fi,fn) = v5fn, @ o V[(1+pF]+ A+ oy V[(1+ 7]
where X denotes the charge exchange operator and +<<5UE.V(]_+n)gfi>¢>ﬂuct_c(f_i)
=ngov), is the ionization frequency. We then let L
n, — _
= V| —(vv) f-) =Uf,, 9
n . el i
fo=—"f;+h, @) nbvz AN,
N where U is the neutral diffusion operato{pv),= (v, %/2)
to obtain X (I —bb)+vﬁbb, and vg=[v,%(2Q)]1bxV In B+(vf/Q)b
X(b-Vb). We retain anomalous transport to balance neutral
n, diffusion by introducing the fluctuating xB drift dvg and
v-V| —fith]=(ov)x(npfi—nify) —v:f, the fluctuating portion of the ion distribution functiof;
|

with {---);.c denoting an average over turbulent fluctua-
Ny tions. If we note thatsf;~ r.dve- V &f; with 7, the correla-
= — + —p.—f. : j i 1c“YE i c
(ntv)h=v, n; iy ©® tion time for the fluctuations, then

where v,=n;(ov) is the CX frequency for neutrals. Note — It;

that this defir<1itiozl of the CX collision frequency differs by a ~ Danfi= —((0ve- V&fi) ) iuct™ ﬁ( D W) : (10)
factor n,/n; from the one used in Refs. 1-3, wherg re-
ferred to the ions. The short mean-free path solutiop (
<Wpv,) to Eq. (1) valid for v,>v, is

whereD is the anomalous diffusivity and we assume elec-
trostatic fluctuations.

Changing tov and {=v /v variables gives
1

vyt v,

Nn e E v 9 €v | 14 17
-vf') vx+vznif'+ ’ @ UI\VH:q_R%_ 1—52)2q—Rsm0&—§=wﬁ+M,

h=— V.

11
where v%=2T,;/m; and W is the local equilibrium scale ) ) ) (19
length associated with the edge in the presence of neutral¥/heree=r/R, @ is the poloidal angle; andr the minor and

Insertingh into the sum of the ion and neutral kinetic equa- M&or radii, andM is the magnetic mirror term. In the new
tions, variables, the gyroaveraged sum equation with the

~n,/n;<€1 terms neglected becomes

v V(fi+fy)+a V,f—C(f;)=0, (5) 5 -
— +Mg—Cg= vy Viy—Mfg+UF,+D,f;,
wherea=(Ze/M)[E+ (vxB)/c] andC is the ion—ion col- “op O™ e Tm d tooTant
lision operator, gives 12
wherew=uv|/qR, Cis the linearized collision operator, and
vy N
v-V||l1+—2—2 fi|+a Vv, fi—C(f) we have let
vyt v, N
— 2V‘|iU§
nn fIZfM+fd+g:fM+ 2 fM+gv (13)
=V-|lv V| —vofi]| |, (6) Ui
vyt v, n;

with V|; a lowest order flux function,
where the right hand side represents neutral diffusion. lon- 3
ization appears diffusive because it is occurring in the pres- fM:ni(i exp(— (E—ed)/T) (14)
ence of CX which causes the neutrals to respond diffusively, 27T,
but it is important to remember that E@) is only valid for  gndE=Mp2/2+ed.

V= V.
Writing
— I1l. SOLUTION AND FLOWS IN THE PLATEAU
fi=fi+f;, (1) REGIME
wheref;=(f;), is the gyroaveraged part of the ion distribu- ~ TO lowest order we may solve fa by neglectingMg

tion function andf,=f,— f, is the gyrophase dependent part,and U+Dgap) ;. In the plateau regimes<1 allows us to
and assuming Q>v;, with Q=ZeBMc. and |E|  neglectMg. Then usingV|/vii~0qp;/eW<1in Mfq, gives

<|(vxB)/c|, the gyrophase dependent term is given by =~ 9/fm~0dpi/W<1. Note that the assumptionV|;/vy
~(qp;/eW can be verifieda posteriori The neglect of

~ 1 — neutral and anomalous diffusion to lowest order corresponds
fi=quxb-VI(1+nfi], ®  to vy Vfy>(U+D,)fy which for D,,~U requires
n,/n;<Wp,/RQ. To next order we keep all the terms in Eq.
where b=B/B and we have introducedy=wv,n,/n;(v, (12 to evaluate the flux surface averaged parallel momen-
+v,). Inserting Eq(8) and gyroaveraging E¢6) yields the  tum constraint which gives the parallel ion flow as modified
sum equation by neutral and anomalous diffusion.
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Making the usual plateau replacemedf=—vf, the J( oV
lowest order version of E¢12) becomes (((Ove- V(7cve-VNiV)) o) fiuct) o~ — E( D——/
a9 o v2(1+ &) ofy ) (22
+ =2 sin (1 fz)ﬁfd (15) R A D
= —sin —&)—, Ny Uy
2 ¢ 9E G1-1+0| 0| Dnoud 2 ) (23
v\ i W2 W2
where
in o P In the expression foG, A =vy;/(v4+v,) is the mean-free
g Ly Sinb-wcoshQ (16 Path and 6,Vyp)"/(nVy) ~ W2~ (noVjod)"/(nVjiwf).
2+ w? Using the preceding, the poloidal flow may be written as
and Vpi=(c/eBR)[(1—G)(p; +end®’)—GnT//2]. (24
2 ’ ’ 2 ’
0= v (1+ &%) Pi + ed v E T_' Consequently, the neutral diffusion and anomalous processes
20R pi T v2 2| T, may introduce strong shear in the poloidal flow.
To see whether substantial changes are possible we
L1-g 20r Vi 17 make comparisons between the various terms in the flux sur-
gR vﬁ ' face averaged momentum constraint, using the following set

of parameters: safety factay=3, inverse aspect ratie

We use a prime to denote a radial derivative. Equations=1/3, the neutral to ion density ratiw,/n,=10"2, the ion
(15—(17) are the same as in Ref. 2, thermal velocityv,; = 10’cm/s, the characteristic radial scale

To obtain the parallel ion flow, in the plateau regime, welength W=2 cm, major radiusR=1m, mean-free path

return to Eq.(12), take thev; moment, and perform a flux =1 c¢m andD = 1m?/s. Comparing the magnitude of the mir-
surface average. Most of the terms in Eﬂ]Z) will vanish, ror term with the neutral diffusion term,

leaving only terms assumed to be higher order, namely

fvaf d3v Ny qR)\

where (---) denotes flux surface averaging. This equationgg that these terms are comparable. Thus, within the limita-

determines the parallel ion flow/;;, and represents a bal- ions of a plateau ordering, taking the neutral diffusion term
ance between the damping of the parallel flow on the left anghe same order as the mirror term is justified at the edge, just

the accumulation of momentum due to diffusion on the right;nsige the separatrix. Comparing this anomalous diffusion

Evaluating the different terms in E(L8) gives term with the neutral diffusion term we obtain
ﬁenivﬁ p_', _ecI)' l 20e ﬂ <fv§Danfdd3U> ni D
4TORIp T2 A o (JoeUtad®) Mmoix 29
1] 1 a(ny)waVvy) .
- n/ 67t Vi Therefore, the two terms are comparable and the contribu-
20r vyt ar tions from both should be included in the ion parallel flow.
That both appear should not be surprising since in the steady
_ < < < Svg- Vf d3vv|| 5fi> > > , (190  state the anomalous outward diffusion of ions is balanced by
®/ fluct an influx of recycled neutrals.

) ) To verify that our orderings are consistent we note that
where (---), denotes a poloidal average, i)y  Eq.(18) implies thatMg~Uf, while the neglect otJ in our

=(2m) $dén,. In the absence of neutrals and anomaloug,west order equatioli15) requireswdg/ag>Uf,. As a
processes, Eq19) reduces to the usual plateau result. result, we need/ levyi~qpl(e2W)>1 which allows us to

The maodification due to neutrals and anomalous PrOzatisfy our assumption
cesses can be estimated by writing the parallel ion flow sche-

matically as n. OR
n

V|i=GUpeo, (20 ni vW

Ni W2

EZW)
api |

(27)

n, qR)\)

where the usual plateau result is We need to ensure the magnetic field satistips/W<1.

p/ ed’ T/ Thus for the parameters listed8l~10 kG is required. The
F+ =7 f) (21)  reason such a loB is needed can be traced back to the

! : ! limitations of the plateau model which requires1 while
Using Eq.(10) to crudely estimate the anomalous term as we have takere=1/3.

T q

Unes™ T e
1
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IV. DISCUSSION dal ion flows significantly. This observation is of importance
In Ref. 2, the ion kinetic equation is employed with for unde_rstanding the disc_:repanci_es_ between experimental
ionization neglected. Thereforev- Vf,+a-V,f,=C(f,) observations and neoclassical predictions of the flows. It also
—X(f;,f,) is considered. In the gyrophase averaged equameziqs that the Iowe;t order exp_ressmze_(\/M)(E
tion for g, the replacement +cC va_)=V(pi+ Pn) is n(_)t automatically valid for edge
plasmas since neutral diffusion and anomalous processes can
Ny Ny be substantial.
f""+fd’n_if""> - Vxn_ifd’ (28) The neutral density variation on the scale length of the
penetration depthl (=uv /\/v,v,) introduces a strong shear
into the parallel ion flow. Anomalous processes may also
cause(((évE-Vfd3uv”6fi>¢>ﬂuct)9 to have strong radial
variation. As a result, the amount of shear in the parallel and
My poloidal ion flow just inside the separatrix may be deter-
T(VHi_VHn)- mined by a delicate balance between the effects of neutral
(29 diffusion and anomalous processes which may thereby play a
role in the suppression of turbulent transport and the L to H
mode transition.

X(fl rfn)_’x

is employed, which corresponds to settivig = 0. However,
from parallel neutral momentum conservatidhn,v,(V;
—Vjn)=V|p, so a consistent treatment would have given

nn nn
X(f vfn)_)VxF(fdi_ fan) = VfoM
I I

which would have only yielded terms small m,/n;<1 in
the short mean-free path limit. In other words, sin¢g
=V, in the short mean-free path limit, the Galilean invari-

ance of the CX operator ensures negligible corrections unless
diffusive terms are retained. ACKNOWLEDGMENTS
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