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Impundity Thansport at the Plesma Edge: the Thansiiion §rom 20 fo 1D
Models in axisymmeiric Sysiems and the Role of poloidal Source Dis-

tnibutions

Suminarny :

Unden due consideration of anomalous transponrt phenomena resulting
grom electromagnetic field fluctuations a 2D drnift-Rinetic equation
fon Lmpurity Lons 4is §ornmilated in Toroddal coondinates assuming the
usual model §on the helical magnetic field in axlsymmeiric Zokamak
configuraitions. A general solution forn T, # T, (different kinetic
temperatures §orn Longliudinal and cross-gield thermal moiion) can

be conathucted in the form of a serndies expansion £n Hermite polyno-
mials with respect 2o v, and in Laguerre polynomials with respect

Lo v, , which in the &imit T, = T, 48 equivalent Zo a gyro-averaged
vension of Grad's expansion in Zensorial Henmite polynomials. The
Lowest onden approximaiions with nespect Zo the Laguenre polynomials
Lead %o kinetic eq%gzioné fon the reduced guiding-centne disinibu-
tion functions 2% 5 dv,v, (1, vAITIT, va,v,), which in the presence of
anomafous Zﬂanépoit can be nmore easily treated fhan the original
dnigi-rinetic equaition. The cowresponding 20 balance equations in
fonoidal coordinates are averaged over the magnelic surfaces with
appropriate welghting factors, Leading fo the usual 1D balance equa-
tions descnibing the nette §Luxes in radial direction. In this derd-
vation the role of parallel shean §Lows 4in the presence of anomalous
viseosdty and the effect of poloddally dependent source functions on
the netto cnoss-§ield 4fuxes become apparent. 14 44 shown as an exam
ple that a source concentraiion around the ALT-11 Limiter of TEXTOR
ylelds an oulward netto conveelion of Lmpurdily Lons under normal ope-

rating conditions concerning the current and mognetic field direciion.







Introduction:

Radial €20 (z®4) density profiles have been measured
over a distance r=¥3o0 cm at the outer eguatorial plane of
TEXTOR using Li® beam activated cx-spectroscopy /1/.

This was done with the toroidel ALT II limiter 1n opera-
tion, which is located at 6= =n/4 as seen f£rom the outer
midplane, Since this measurement is considered to be ra-
ther accurate and detailed, it sheculd be appropriate for
an impurity transport analysis in the r-0 plane assuming
axisymmetry of the plasma. Unfortunately, such a 2D ana-
lysis is rather cumbersome, because it has to be combined
with a numerical evaluation of the background hydrogen
plasma /2/ with a feedback wvia the radiaticen losses ang
to some extent via the Coulomb c¢ollisions. Therefore, as
a preliminary step, a 1D model, which averages the par-
ticle balance equaticn cover the magnetic flux suxfzces,
was used for the interpretation of the measured cz+ den-
sity prefiles taking experimental data for the background

hydrogen plasma parameters.

In the following we Qiscuss at some length the 2D
drift—kinetic egquations for impurity ions in an axisym-
metric plasma (presupposing a tcroidally symmetric limi-
ter) and outline their sqlutiog by a specific moment
approach, variations of which have_already been repor-
_ﬁed_gnd applied in-previous work /3,4/%. We:theq derive
‘the 1D model by averaging the 2D balance equations over

the magnetic surfaces, assumed to be cencentric toroids,




The eqguaticons consider both anomalous diffusion and neo-=
classical drifts (ignorxing the small effect 0f cross-
field transport due to Coulemb collisgicns) and contain
the relevant ionization; charge-exchange and recombina=-
tion processes, In the derivation o©f the I1D=-mcdel the
rocle of poloidal asymmetries in the source functions in
modifying the Pfirsch=Schliiter transpert is clarifieqd.
It is shown that for normal TEXTOR operation concerning
the direction of the toroidal magnetic field and the in-
duced tokamak current the ALT II limiter position at &=
-r/4 leads to a net outward convection of the impurity
ions, It turns out that consideraticn of an ocutward con=-
vecticon velocity yields, indeed, a better fit ©of the ex-
perimental data /5/, although other driving mechanisms
cannoct be ruled out and the interpretation of a poloi-
dally localized measurement by & 1D=-model based on & mag~
netic suxrface average of the balance equations must be

considered with caution.

2D=-model:

R
Using a torocidal coordinate system x = (r,;0,¢) with

3/3¢= 0O (axisymmetric case) and assuming concentric to-

roids for the magnetic surfaces with R = R_+r cosf= R_h

and B ='(o,—o,1)B‘;/h , where 8(r)= r/(R_g)<<l with g(x)

= safety factpr,'we:have the'following form of the drift-

kinetic equation (neglecting the classical cross-field
contributions from elastic ceollisions and calculating

the drift velocities in the rotB= 0 approximaticn)}/6/:
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F: O are the guiding=-centre distributicn and socurce
functions of the impurity ions under consideraticn angd
depend on the space cocrdinates r,f and the velocity
components v,, v, parallel and perpendicular to the mag-
netic field,
o2 2
2, v 5 Vi
E V" = E vll+ ——
r D 8 .
Vg = o= = - cosf and v, T = - sind
B QR B QR
where i = ZeB/M, are the drift velocities of the impu=-

fity ions due to electrostatic, centrifugal and gradB
forces., The latter twe strongly affect the vertical com-

ponent of the-electric field

E = E sind 4 E_ cos®
z r g




creating a parallel electric field E"=—9Ee, which drives

=N
the Pfirsch~Schliiter currents along B 35/8t _denotes

the Fokker-Planck ceollisicon operator

X

for Coulomb inter=

actions of the impurity ions, For interactions with hy-

drogen ions and electrons this operator adopts a diffe-

rential form because of the low mass ratio M+/M<<1/7/=
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BS/St , is, of course, independent of the special choice
X

of Vi Fcr further applications we will relate Vo to the




-
temperature T, cf the thermal icn motion acress B, l.e.

we define v_= /2kT$/M . Ii“'IS are integral coefficients
given as velocity moments ©f the guiding-centre distribu-

tion function of the collision partner (+ hydrocgen ions,

- electrons) .,

The ancmalous diffusion term VD, has heen formulated
with due consideration ©of curvature effects by the magne-
tic field. For simplification we consider here cnly the
radial component of the anomalcous diffusion flux, which
is caused by fluctuations in the poloidal electric field
and/or in the radial magnetic field with D, taken to be
independent <of v, (a more general formulatiocon is given
in the Appendix). The consideraticn of ancmalous diffusion
in the drift-kinetic egquation is complicated by the occu-
rence ©f mixed derivatives with respect to % and Ve TO
bypass this problem we expand F(;,vn,v$) in orthogonal
polynamials with respect to v, generating a system of re=
duced kinetic equations for the expansion coefficlients
an(i,v"), which is easier toc handle than the original
drift=-kinetic eguation., A further expansicn of an(g,v")
in corthogonal polynomials with respect to v, ends up in
a system of transport eguatiocns for the expansion coeffi=
cients Amn(;}e In view of the eigenvalue properties of
the Fokker-Planck collision operator for Coulomb inter-
actions of impurity ions with hydrogen ions and electrons
- wWe. choose an expansion: in Laguerre and Hermite pclyno=

. . _ 2
mials Ln(n) and Hm(g) respectively, where n= Vé/VT and




E= y{v,=V,] are related to the parameters Vv,,¥% and V, %
t¢ be determined as part of the solution for the pro-

blem under consideraticn:

o] =
. an(x,v")
Flx,v,;v,) = L L_(n)exp{=-n)
TV n
n=0
h * - L A e %)
where an(x,v"} = o= mn x) m(i exp(=£

m=0

¥ 1s related to the kinetic temperature T, for thermal

-
ion motion along B, i.,e. kT,= M/sz, which in weakly col-

lisicnal magnetized plasmas may strongly deviate from T,

the above expansion corresponds to

For x= 1/vT cr T,= T,

a gyro=-averaged version of Grad's tensor polymial expan=

sion s8/. In particular we find (after gyro=-averaging)

within the 13-moment approximation
3 2N 3 1
Y/TF VT . 2 5 3 - ( L Z a (-&}H { L
Fi{x,v,,v,)exp(£+n) = I Amo{x) m )L (m+ mt (XVEL &) g (n)
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m=C m=0C ' m=0

within the 2l-moment approximation




Due to the unified normalization of & and n (i.e.

- . a .
¥ l/vT) the coefficients Am,aél are related to o

For the lowest-order coefficients the following relations

hold:
Boy™ 2B, » BT -4Ag

= = o = -— = 3 A
Bop= B8Ry = ~18A, v A ,= -dhg = 32A

connected to the velocityv moments

g T
A = JdE H (£)a (%,v.)
= X,V“
mo 2mm!X m o)
. OO
. - T _ 2
The first three moments Alo: xI'y & A2o =y T,./2M and
3 .
A3o =x h,/5M are related to the longitudinal ("g) dif-

fusive particle flux with respect to V,, the dissipative

(viscous) stress tensor component along g due to longitu-

dinal gradients ¢f V,,;, and the longitudinal heat £flux of

the impurity icns respectively., They are left (in addi-

tion tc the density) from Grad's [3-moment approximation
4

after gyro=averaging., The last two moments A4o =¥ C,./14HM

and A50 Exsrﬂ/7oM appear in Grad's 2l-moment approxima-

tion.,
For the more general case x 7 1/VT such simple rela-

tions between A ~; and A do not exist and different
m,c=1 mo

?

sets of moment eguations have to be formulated for A L
with different index n /7/., In the following we use the

-
guiding~centre distribution function F(X;V",V&) and the




= .
gyro=averaged source function Q(x,v“,vL) in zero=-order
approximation with respect to the Laguerre polynomial

expansion taking n=0 with Lo(n) = 0 {the index n=0 be-

ing omitted furtheron):

N N exp(=-n)
(x,v,,v,) = (x,v,) 5
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where -

The distribution function a(x,v,) satisfies the reduced

kinetic eguation

+o
which is derived by taking the integral 27/ dv,v,6 ... of

- 00

the drift-kinetic eguation. Whereas this eguation in=

cludes the information about all parameters related to
the parallel impurity ion motion, in particular V, and
Xy the parameter VT related t¢ the cross-field thermal

motion of the impurity ions must be determined fronm

. . T, . .
Ll(v a) = v?(g.— v

2
T Ia) + 2(1-y)vcha

+ e
which follows from the integral 27 J dv, v, ... cf the

- O

drift-kinetic eguaticn, The second term on the rhs of




this eguation describes the ccllisional transfer o©of the
cross—-field thermal energy between impurity ions and
hydrogen ions or electrons, Q = ved denote the sources

and losses due to inelastic collisions,

The operators LO and Li are given by the expressions
A 1 8 E - 1 3 "
L= == == | TR(~D, == + vr),. * o= e | RV~ Qv ,)ea ) +
rR 3r or rR 48
2 . -
D$cosa 3 E 3 ZeF, VT Osinb \ 3 o
e = mﬁ 1+ v, = + + [ A, WL
R or BR Iv, M 2 R av, 3T,
. 2
" ~a Ez v,0sint ZeEr v,cosb 9 1
L1= L0+m+ + + 2D'm-==- ==§-,a
BR R M R T 3r \v
T
v2 v2
T T
[ R e
~ Ea v" “D E V!I+ 2
where v = = « sinf &and vaE - — - cosb
B IR B QR
2
~ 4 -~ ’\«"rT1 5
L results frxrom L by substituting D, by 2D, and —= by v_ .
o o o= s 2 T
2
2Zed > Vo
+ Vu+ ==
1 3 ~p 3 ~5 3 M 2
Note that w===| == {rRv_ } + == (RV,_ }]| & = ==
r 5]
rR \ 9r 36 : 3z ar




i¢

3 cosf 3 ] ;
where e==| = —= + sinf = |
3z r 38 ir

is the derivative with respect to the vertical direction

z (for which R = const,). & denotes the electrostatic po-

tential,

The first line in the expressiocn for £o describes
the flux divergence due to drift motion and anomalous
diffusion in radial direction as well as drift moticn
and convection in poleocidal direction, The second line
accounts for the longitudinal {"E) ac(de)celeration of
impurity ions due to the Corieclis force (first term),
the electric field and the magnetic mirror force (second

term} as well as the friction and thermal forces ceon-=

tained in ES/BT" . In a8 reference frame moving with V,

we have
3 32 3
s = v v2 === 4 [a(v V.) va ] +
T c\\T 8v2 L " X T;Bv //
1 n "

where the connection between the drag (i,e. frictien and
thermal) forces in the moving and the laboratory referen=-

ce frame 1is given by the relation

. For shifted Maxwellian distribution functions of hydro-

"“gen ionsand electrons the collision freguency v reads

gv®  1nh Ze‘\\ Py
v = =

c 2 2
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Sclution method for a{x,v,):

~ -~ ~

L may be decomposed into O + R such that in connection

with the already mentioned series expansion

a A
o m
- - -+
(x,v,) z ()Y _(%,8)
m
m=0C
Q 2
Gz ex et ? Gy = eme 3
Y %, E —/:,X (x)Hm Eexp(=£") . Am x) = o= (%)
T X
an eguation cof the form
"‘w - - 3 - ¥ - - g - -+ w -
O‘m(xpi) = mvC(X) m(xpi} + cI(x) m+1(x'€} + CII(X)-m+2{X,E)
] + -'>. .
helds,., By setting cI(x) = Q0 = CII(X) we obtain an eigen-

-+ -+
value equation for ?m(x,a) with the eigenvalues Amvc(x)

and auxlliary ceonditions for the parameters of the variable

- -+
£ + for v,(x), the velccity shift, from cI(x} = 0, and
2, = - . ;
M/2% (%), the kinetic temperature ¢f the icn motion along
- : > .
B, from cII{x) = O, The eigenvalues &and the auxiliary con-

ditione depend, of course, o¢on the choice ©f the operator C,
This choice is dictated by the reguirement to approach the
centre~of-mass velocity and the true kinetic temperature
along g by the parameters of £ as far a;.Possible, which

guarantees a good convergence of 'the series expansicn (mo-

ment) method,
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For example, the choice 0O = LO "R with 5
2
. 0 9(R..) E_ 3 vi- Vi 2
R = = (v,= V,}| == 4 o e — 4
rR 38 BR 3dv, R 3z
R
2
D,cosf 3 8 D, dlnyxy @ ) RV
+ mmmm Y w4 > 2.=
R 3r av, 2% 9r 9w, \9r 8r dv,,
would generate the eigenvalues
Zed v
T
R A ——
2v,sins 3 M 2
A v = mav o+ = ——
moc ¢ R 3z OR
R

and the auxiliary conditions (zero=order balance ggua-

tions for parallel momentum and energy of impurity ions)

-E Vv, ZekE, v2 @sind
z T
T F V|:= + + e + B \JCVT
EBER M i R
L2 3 +HC;\
o men (XD e} 4 VIOV
r or ar 5
1 /"Ot ) 2\ SV\
= = | =% ¥+ vV _ * D
4x \3x2- j) ¢ Nar.' ]
where
g
9 V.- 8V, 9
sy r 38
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with 2 2
v b
2 T r
Vi+ =—
E o E@ 2
VS: - = - and V = == = sing
B ' B ORr
E . . 1 3
Note that == = - z(Zed/M} With 2z I e e
BR QR 8z

and that the anomalous viscosity effect on Vv, and ¥
appears in the limit of small aspect ratio {i,e. in

cylindrical cocrdinates) .

Under these conditions the expansion ccefficients

Am of the reduced guiding-centre distribution function

- N 3 +
al(x,v,) satisfy the moment eguations
S 9A E 5 i & P
Q - vy A + R F e — rR ( - Dé 4 o A - —_— - ) -
Iom m ¥R 3r dr B ® o Mor 38

1 3 Er R
= eomm oseem | R e+ @V,,}A + RE(m+1)2Aa =--==————-======_—\-m +
m m-+ MO i

rR 38 \\ B

@ av, E ~ 5 m-1 . -
TomAL Ay m e e g == - g (V) 4 = z(lny) | = m(m+1)Am+iz(V") —
r g9 BR ; 2%
o A 2m+1 A A
+2

M 2 2y 2 2




with the specific recursion term (related te the above choice

cf the operatocr R) }

av, 92 X ~f{V, A
R = (1-6__) | 20 m-1l o, ™1z mfll +
ar s rR X
Zm=1 - Dﬁcose 3 av,,
+ A z(v,) + =V A )} + ma +
2 - 1] n - -
2yl m-t - o m=1 m-1 oo
1 @ 9V, . Zed 5  2m+l
+ (1= L & r) = =+ oz | + Vo4 Y4
r=0 ™ r 38 M 4y
X D_Lcose 3 5 m+1\ A -2 Z(Am-2) D ] R
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R ax 2y 2% 4y R 3r 2%
2 [ 3Y aV" @ 31_1;)( X o~ V,
+ (1= 2 0 ) | = D oo o T o + o=z (=) +
o
r=0 °F dr odr dxyr 38 4 x2
n en o2 o _
,Co8v ¥ = v, A
iy 1 m=23
+ — == =) 3 +
R 2 9r ¥ ¥
/
3 2 -~ R SO —
dlny z({1lnyx) D,cos® 31ny A
+ (1= E S )| Dy fmme) = —mame - f
r=0 3xr 2% R ar 4y
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Such a soluticn method does not account for the ine
fluence of impurity ion density gradients on V, and y.
Cnly veoclume forces proporticnal to the ion density it-
self (which in the auxiliary conditions cancels out) are
involved in the determination o¢f VvV, and y. For D,= O the
auxiliary conditions formally correspond to the cold ion
approximation x>« (presupposing also T+" + ), where

Wo{x,g) -+ Aooﬁ(v"=v"). For finite y the methed is adeguate
(with good convergence properties of the series expansion)
for the description of necclassical impurity ion transport
either in plasmas with weak impurity density gradients
along B {i.e. in the presence of rather homogeneous lon-=
gitudinal source digtributicns) independent of the longi=-
tudinal collisionality (see ref./7/) ©or in collision-doni-
nated plasmas, where strong impurity density gradients

can alsoc build-~up along Ea The inclusion cof anomalous
cross-field transport in the presence of the always exist-
ing radial shell structure of the impurity charge state
profiles may deteriorate the convergence properties of

the series expansion methed adopted here, since the in-
fluence of the anomalows icn f£flux on V, and x is neglected,

although the anomalous viscosity effect is partly taken
into ‘account,
4 more general procedure, which is not bound to the

above mentioned restricticns, but ceases to have the ad=

vantage of calculating V, and % independent of AO, incor-
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~

i Y= Y ¥ + b4 into

porates the equation Ovm Amvc o e Yo Crp¥iper 1t

e (=]

; = - A )Y
z Lo(Amvm} I (Q vy m) o
m=0 m=0
without setting ¢, = o = Crre Such a procedure adds the
1
=(1=8 ={1l= a o] rsi

terms (1 mO)cIAm_1 (1 )2 Smr)cII e te the recursion

r=0
formula Rm and preocduces more general eguations for V, and

i ol - = = A - R are im=
X  if the conditiocns AOCI Rl 0 oC11 5 e im

posed. In contrast to cr = o = CI1 these conditions do

~ ~

not depend on the special deccmpesition of Lo into 8 + R
and follow in a more conventional way from the complete
set of particle,;, parallel mcmentum and energy balance
eguatiens {outlined on the following pages) by setting
Am§1= 0 and Qm§1= O, The more general equations focr v,

and y are interrelated and have to be solved simultanecus-

lyv with the particle balance,

Balance eguations:

The 2D neoclassical balance egquations (with additive
terms describing anomalous transport) for particle densi-
ty, parallel momentum and total kinetic energy (with re-
spect to cross-field and parallel motion in the laborato-

ry-system) of the impurity ions are easily derived by in=-
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-
tegrating the drift=~kinetic equation for F{x,v",vé) over
(voev,) with the weighting factors I,

2.2 *
Mwv, and M(v“+vé)/2 respectively. In zero-order approxi-

the velocity space

mation with respect t¢ the Laguerre polynomial expéansion
of ?(;,V",VL) the moment eguations forx Am with m = 2 de-
fine the corresponding balance egquations with respect to
the parallel ion motion in a reference frame moving with
V. The parallel mcmentum and enexgy equations can be
transformed from one reference system to the other by

due consideratiocon of the auxiliary conditions for VvV, and

particle balance equation: VUI = 885
n T
1 v an Ee R 8 pn+p‘é=
[ S rR EN e < GEm 1] £ Covem -
¥R 3r dr B G 3o 2M J
-4
1 9 E R ¢ pf+p;\
-~ == == | R{OT 4+ ="n]= = = =8 - v._n = 88
rR 36 B { 3r 2M //
+m +U§
where 5 = J-anQ(va’u) ¢ I‘u = -‘rdvnvua(vau)
+ 4o 2
T 2 Véa —
and Putp, = 27fdv,v, Sav, M{v + ;=)F(x,V":V¢}
o - o

+ for the purely necclassical transport see_alsq ref./%/
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The zero-order approximation with respect toc the Laguerre po-

e d
lynamial expansion of F(x,v“,v&) generates the feollowing re-

laticons bhetween physical guantities and the coefficients Am:

n = Ao(particle density), TI,= V"AO+ Alttotal, i,e, convective
plus conductive particle flux), »,= M(Ao/2x2+ 2A2)(diagonal

element "g cf the pressure tenscr in a reference frame moving
with V,}, p,= AOMV;/Z (pressure ©f cross-=£field thermal motion

. T 2 -
of the ions) and p,= p,*+ MV”AO+ ZMV”Al(diagonai element "B of

the total pressure tensor). Note that "p,= (n- AoﬂkT$ ; but

T 2 -
.E>"4.PB!a nk(T"+Tu:L) nvll — a(xivll)
-+ + + (V“A1+ A2) for Plx,v,,v,)s= 5 exp (-
2y 2M 2 - TV
T
where A2 i1s the dissipative (viscous) part of the diagonal
—
stress tensor element "B,
-
==
parallel momentum balance: (Y1), = J,
| ) ]
i 9 T, EGF" R 9P, D$cose ar,
(= Sy e S rR -Dé [ o= - e .
rrR dr Bx B 2M 38 R dr
1 3 @p? E_T,\ RZ P, E T
r L z "
- e s | R + R + - -
rR 88 M B - 2M 9r BR
2
ZeE, Vo @sind 8, e g _a
- + == n = == I fdv, v, — + Q = v,a
M 2 R Moo 3T,




R

2
Va
4w o Vo + =

2

where P,, = 27fav v, Sfdv, Mv,
193:)
0 -
2M // \\ r
2 L1

2 for

* (MV,+kT +3kT,} =
fiR

\:“Al+ 3(v"A2+A3:)

=
F(vaulvsla}

=

- > &{X,V")

Flx,v, V)= o exp(=n)
TTVT

is the parallel momentum transported by the vertical

drift due to centrifugal and gradB forces. The parallel

momentum balance egquation can be written in a more com-

pact form by introducing the stress tensor components

T and T in torecidal cecordinates

(note that T

¢xr ¢8 6r,8
T"r,G and J¢ —Ju)
1 3 k] 1
== | e (rRT, )+ ===(RT, )| + = (cos® T ~ gin® T,.) =
8
rR | 8r P e R ¢r 6
1 3 1 3T 2
= (rT. )+ 68 + {cosb T sin® T ) = J
= om e - - - g) =
r dr ox r 96 R ¢x 9 ¢
E_ - E_
where ( Vr: Es/u and VB: - Er/B )
== o - 0
™ = 2rsa rav Mv,vo Fix ) = MI,Vo- P, siné
" = 'in V&"wb Vn V“Vr (xtvn 'V& = " r“ uuL_Sln
QO OO
and
P 4o
nc ) D = = E T
T"e =2ﬁfdvéy$fdv"Mv"(ve—@v")F;x,v",vé)=MF"V8— P, cosb- Op,
o) -
are the neoclassical parts of the stress tensor components,'
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a a e F" a i
and T"r = =N, ==| =]+ MF"Vr -
dr \ n
an
with ra = MnD ang nVa = =D, ==
L Y = r = .
r

a a .
denotes the anomalous part.n, andg nvr are respectively
the anomalous viscosity and the anomalous diffusive par-
ticle flux in radial direction. An anomalous contribuy-

tion to T,, would alsc appear, if diffusion due to radial

8

electric field fluctuations would be taken into account,

+ &1,

is the force component "B, It comprises electrostatic,
gradB and centrifugal force components as well as the
collisional momentum transfer "B due to elastic colli-

sions (friction and thermal forces) and inelastic pro-

, . a
cesses, By definition of ch ; Tu and J, we have
r,9 r

2z

J,~ = (cog6 T = sging T .) =
||r ue

R
E glnl, N\ T, T Osin?d 8@sinb
== - D$c056 = - P + ZenE,+ p, + &I,
B . ' 3x. R R . R :

where the first two terms on the rhs denote the negative
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Corieclis force and the centripetal force., In a (r,9})= .
coordinate system rotating with the angular frequency

F¢/nR(F I,) around the major axis R = C of the toroi-

¢2

dal coordinate system these forces are partly canceled,

19 3 Pa E. P R~ dq,
ey oo rRl=D m(e::-m + 2pém) + m(a-a: -+ pé.) o ooy cmssme =
rR or dr 2 B 2 2 28

i 3 Er p? R2 Bqﬁ Ez(p?+p$)
= === e | R{Oqg, + = (=== 4+ p$) = + =
rR 39 B 2 2 dr BR
an e e M 9 9 BSF - -
- ZelE,T,- ErD$ memm | = 2ﬁfdv&v$fdv"m(v"+v§) + 0 = vIF = 9
dr o o 2 3t

where the energy fluxes are defined by the integrals

T 2

ql! +DO + o / VN 3

2 2nfdv, v, fav, m(v +v F(;,v",v%} o

/ o . v, +v / e
A

T
We note that =-D,3/9r(p,/2+2p,) may be decomposed into

. : . a a
a -cond ive t = v i =
a uctive par A,8(0.5kT, + 2kT, ) /3r with Ay nD,

+) EZ/B- D,cos® 31nl,/38r may ke considered as an effective velocity

(directed along R) relative to the rotating coocrdinate system,
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kT,
a
and a corresponding convective part e e 2kT$ nvr
2
-

+ " L kT$ - alx,v,)

Moreover Gy *+ == {IR + == T, for Flx,v,,v,)= 5 exp(=n)
2 2 TV
T
T =
E_(Pu+p,) c,Vs ¢,Vs
and = =Ze{E T + E_ T ) ; Where
rr 8 8
BR
c,VB 2
1
v .
r_\ <4 oo =] Vf.g. %_‘E /Slne
- Z2 ==
= =-2TfdemLVémde" F(vau#vé,)
0 - aR
Fe cosh

are the cross-field particle fluxes due te centrifugal
and gradB drifts, We mention that the divergence terms
appearing in the balance eguations can be put in one of

the fcollowing forms

i [fa R2 3G 3 R2 3G
N T LUy U =
rR\sr 2 98 28 2 9r
1 fa 3 3G
= e===|w==({rRG sing)+ ——={RG cogb} = e e
rR Qr 38 'BzER
pll+p.4=
with G = ¢ Puy and g, respectively,
MQOR

Ay

: . T " '
+} exact fqrmulae for'pP,, and gq, would result from kT,r,+ kT, (p,- ;=m'-v"Ab

i)




Transition to a 8-averaged 1D-nmodel:

By averaging the particle balance equation over the
magnetic surfaces of the standard magnetic field configu-

ration {which are concentric torcids}) with the weighting

factor h = l+r cose/ROE R/RO we obtain the 1D equation

13 27 g6 { 5n , [ Eq 1 3 pa+tp, 2T 48

o= e IS e |- hDﬁ w== <+ h w= Qe —( ) =/ e== hH(S§=V n)
r 3r o 27 l dr B, Q. 38 2M ‘/ o 27

The averaged radial electric and diamagnetic drift terms
-

can be expressed by the "B momentum transfer via elastic
and inelastic collisicns and via the anomalous viscosity

3 F} -

in sheared "B flows, if we neglect the momentum transpoert
due to the drift mction, To this end we average the paral-
0

nomentum equation with respect to & using the weighte

lel

ing factor h2 and assuming 5@

¢ : ]
[ \ / \ 4
ae E_T, t 3 P, 13 Pu,
— h| h + = w={rh(V T, = w== sinf) |+ = —{h (V. - === cosf)
2T BR r 9r M o r 38 _ oM
_ . - _ . T
{
2T a9 / §I, 1 2 , T, LT /E 1 s prf+p$
<< [ —ma h m==+ = ==(rh"D, b "“@Q f e h = n“. = == =)
27 \‘ M r r r Co2w B ‘Q r 36 2M
o) o R S

the pressure terms being integrated by parts and E, set

equal to = GEB’ Inserting this result intec the averaged
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particle balance eguation yields

15 27 g 5n 1o sn, 13 ,  or,
= == r [ == |=hD, =— + h=——+4 = ==(rh"D, ——= ) =
r or 2T 5r o M r or ar
[} o
an
S =— h{S$- vIn)
o 2T

It follows from this eguation that = in addition teo asym-

metries from inelastic ceollision processes in the presence

cf radial electren density and temperature gradients =
sheared "B flows in the presence of cross=field wviscosity
(assumed to be anomalous) can also lead to asymmetries
around the maxima of the radial charge state profiles of

the impurities.

The traditicnal way to perform the averaging process
in the above 1D particle balance eguation is to igneore
shear-flcw terms ~3l,/23r and to neglect the E-dependence
of densities, temperatures and electrcstatic potential
{compared to their r-dependence)} in the determination of
the poleoidal variation of the parallel particle and heat
fluxes I', and h, within a magnetic su:faqe and therewith

_in the determinaﬁion of the average value of §I,,, To de=-

monstrate the procedure we restrict the consideraticn to

the collision-dominated Pfirsch-Schliter regime, in which

'p"_ : PJGE O-
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In this case (T,= T, or ¥ :l/vT assuming a common ion
temperature T+} also Coulomb cellisions between the va=
rious charge states ©f the impurity ions may be involved
{p, # Py is more likelv to occur for trace impurity levels) .,

: Maxw
Assuming ¥ = F %

(1+ ¥) with |¥|<<l for all plasma com=-
ponents we start with the linearized Boltzmann ceollision
integral to get a unified forxmulation for friction and
thermal forces,., Within Grad's {3-moment approximation of
the distribution functions F (being sufficient for the
present applicaticn/lo/) we obtain the representaticn

{ using the index z to distinguish the impurity charge

state under consideration frem the other charge states z')

[2e]
ST i 9.8 z zi zi Do g Tay
—" = [ gV, V, == = I { - ) =
M M
z e 9T, . i=4, 2" 2 ny n,
3 Mg h”i h"z 3 " B, B
= == ( = ) - mom o= \)z_ et
5 kT+ pi pz 5 Mz n_ kTE

where the electron centribution to I, zeduces o the

thermal force (last term on the rhs of the eguation).

By definition
..I.
+ where ¢q, and I, are now

related to the centre-cf-mass velocility U, ©f the whole plasma,




where
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2
h, n M, M, M :
We note that Z = max 5+ = ; which usual- L
h, n M z M M B
'+ z zZ z z =

ly is small, For the trace impurity limit &and M+/Mz<<1

(where U, = V“+) the momentum integral 8I, of the Boltz-

mann collision operator is, of course, identical with the

corresponding integral of the Fokker-Planck collision ope-

rator
J a .
= n v =ofl vooo= v + {av n v, =T
e (B lz Tz "Z) c (B C)Z+,"nZVTZ { C)Z+(ﬁZ "y uz)
z
T 3 Mo Pug By M,
(Bv) , 5 ~=L=—nv ~= and (av ) = ==V __
] 5 M ®T n cC Z M z
z z
C=+,"°
2 2
2z, mn, . zZ n_ o
In these formulae V = Q+ and Vv = m— Q
z Y LY -
zi -
—_ 5 2
- 4/2n  1nh e MM
where Q. = and u =
+
- 3 sfkT.3 ame ZL oMo+ M
N Y i z

The polcocidal variation of [ and h,/p within a magnetic

surface is calculated from the particle and heat balance
27

(1-/ d8 h/2m).
: C
RBesides neglecting the poloidal gradients cof densities,

equations by applicaticn ©f the ocperator

temperatures and electrostatic potential compared to their

radial gradients, which may be acceptable even for the
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plasma edge within the last closed magnetic surface, the
traditional averaging prccess also neglects any poloidal
source variations and any centre-of-mass velocities of
the plasma as a whole. This, however, cannot be justified
&2t the plasma edge because of the source c¢cncentration
near the limiters and because cof the plasma convection
= - .
along B and the plasma rotation across B with strong ra-
dial gradients and asscciated shear flows. To focus the
attention on the role of poloidal scurce variations in
modifying the averaged radial fluxes, we ignore in the
feollowing the additional influence of U, and plasma ro=-
. + I} 4 L) 3

taticn acress B, i.e, we assume & collision-dominated
plasma with T, T, - T, Vv, U, > O and 6 7,348 = 0, As a

consequence of these assumptions we operate with the 1li=-

miting values

5

Gu > qu = h,t = KTT)
2
24 > 2
Puz P|>> M i FA and g = pv
ES 2 2 oL T
v 2
T
addding the assumptions
1 3 ] r oD
=
fm oo (n,p,@)f << {=m (n,p,@)l p = <<1 and = % 0
r 30 or R o€

e}

we finally obtain the 6-dependence of Fi and h, in the

approximate form




+_ _F

o e
2w

+ kT (l=S
o}

3

N e=={e= KT) =

or

D$sin8 an 2cost
w—
R ax MO R
o o o
o Désina
h, = - =
& R
o
as © 2T age
=) [AO ' (1=f === h') (W+v
2m o 21

28

Ip 21 a6 8 27 36
{zenE = =—) + (l=f =)J38'{1=f == h')(S=v_n)}'
r I
3r o 27 o 27
5 2cos?b a 5
p —={(= kT} +
2 M2 R sr 2
oo
e Vf+vi 5
NI o W= 2nfdv,fdv,v, =3 - ;

/ g

where the integration constants have been chosen in such

+

& way as toc guarantee ¢ d6(I' ,h,) = 0, Note that dashed

quantities depend con 6' and that n, T, ¢ have been taken

constant in the f-integration process. A proper inclusion

(via a Fourier analysis) of the 8- dependence of n, T, &

(induced by the polecidal scurce variations) in the final

2

ki

2

calesulation of fgsn’1I,

o

/27  would amount to take (up to

terms of the order rz/Ré) the 8= averaged values in all

but the source terms.

contributions ~ cos§

there are

In addition to the parallel f£lux

resulting from the icon drift motion

contributions ~ singd due to the anomalous dif-

fusion in the toroidal plasma configuration, taking into

account that within the above assumptions

6 27

as'’'

Sdg' (1=f = h')

o

2n

103

In D&sine an
e =“==(sz_—mj‘=!= ) T = —
sr R ar

o

rR dr
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-4
producing an inbkbecard-outboard transport along B due
to R{6) at constant (6~ independent) radial flux den-

=
sity —D&Bn/ar, superimposed on the "B flux compensa-

ting the vertical drift motion.

. , T
The ¢= integration in T, and h, are performed af-
ter expanding the scurce functions in Fourier series
{for a more general discussion concerning the necclas-

sical effect of poloidally varying socurce functions see

ref./t1/):
c g
vaIn 1 So _ Sk _ Sk
= o + T cos{k8) + I sin(kg)
2 k=1 o k=1 s
o+

with the result that within the order r/Ro<<1

27 2T 8 27 S-vIn ' S?
as 5 das a6’ r
S o= h (1= ==)fd8'(1=f == h') - =
27 27 2T Ro Sj/
T
o} 0 0 W'%'\JIn Nl
With these expressions we obtain in the limit M+/Mz<<1:
21 + oo 5
i ae Bsa 297 p M+vz+ Blnnz
[ h° fav,v, S = - —
oQ 2m 9T, Q M M dr
zo . z Zo z z

TR
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9lnn Z 31nT v dlnn Z dlnn_, Z'- 2 3lpnT
» z EA— z . +

ax 2 ar 2 dr Z' dr 4z 3r

Note that because of VM /M+<<1 the electron contribution

is neglected in this expressiocn, The term r\'(Sf_;_uBWT‘{_/B)

results from the pecloidal asymmetry of ﬁhe hydrogen ion
scurce due to pelcidally localized hydrogen recycling, The
other inelastic terms refer to the pcoclecidal asymmetry of
the impurity ion scurce, Concentrating on the term %STZ ;
we see that in the case ©of a toroidal limiter like ALT-IZ

of TEXTOR we would have (setting S+Z vain)

, 2T {
Siz = = [d9 S+(e)sin6 i for an ALT=II peosition at 0= : o=
4

T o l>o

<
© kil

2

/

= f o=

assuming sT(g) = 8 xexp‘/-(e

s F

This means that for a limiter positicn at 8 = - wn/4 there
will be an outward convection of the impurity ions, whereas

for a mirrored-position at 8= + ©/4 an inwaré convection

will cccur,




Adding to the average radial transport due tC Coulomb
+ oo

collisicens the inelastic part fdv"v“(g—vIa) = Q"»vIF"

cu OO

we would get the additional term

27 5
1 ae 5 2qg Vo o p
o—— Sem= h (QuavIT")z = s Zen E = o= | =
cJy) 27 M D Z % ax
o4 Z zO
8]
5 . 2w
..qv1°s+q © a i —lfde 8) = ©
1z inz Ssuming Q"OZ— = Q"Z( ) o=
& & i
20 Z0 o

Qu being again Fourier analysed. We see that any outboard

limiter position causes
2m
c i
Q"12= - fd8 Q“z{e)cose > 0

o
C

due to net creation of cosf9 weighted parallel momentum

by iconization in the outboard regicn. Thus Qﬁlz enforces
the effect of S?z for a limiter position a2t the lower
outboard region, In contrast to elastic momentum trans-
fer depending on the relative velocity ©f the colliding
particles and thus eliminating the electric drift veloci-
ty, the parallel meomentum production §r loss due to icni-
zation cr recombination is infiuencéd by the radial elec-
tric field. The éollisional.éart.of'the effective radial
particle flux due to friction and thermal forces satis-

fies automatically the condition of local ambipeoclarity




32

because of momentum conservation in the collision pro- ?
cess, which can easily be seen from Grad's form of the :
collision integral, The validity cof local ambipolarity

in the presence of inelastic collisions rests, however,

on the condition that a pocleidally varying electric field

along E is generated in such a way as to compensate for

the current induced by the different thermal velocities

involved in the ionization of neutral and charged parti-

cles,
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Appendix: We briefly surmarize here the different steps leading
to a drift-kinetic equation, which includes the effact of low-

frecquency, long-wavelength fluctuations of the electromagnetic field:

decomposition of electromagnetic fields and Adistribution functions

quasi-stationary  B.+ b,
(equilibrium) Ej+ e, fluctuating parts, i.e. <bj, ej, fr =

parts F+ f

< tee” = time averave over fluctuations

assurptions: b.B. =0, e,B. =0, E.= - vy¢ and |Fl>» £
low frequency modes w<< f = ZeB/M = gyrofrequency
canprising both electrostatic and electramagnetic

L L
fluctuations: ej= ej+ Vo F’jklnkbl (nk_ Bk/B)

general procedure to derive the drift-kinetic equation:

' gsplitting of the kinetic equation into equilibrium (fluctua-

tion time everaged) and perturbaticn (time-dependent) part

e o f

IFe=-2ce, —>+CEF)+Q-v.F ecquilibrium
M jav. +
]
- Ze 8F + +
=== e, e +C(E,F)+CEF,EY +g- va perturbation
M javj

i

in quasilinear approximation

A .0 .9 7 .2
LEe==|+V, — |+ = (E.;+ €., .V, B,)] =
ot S YRR R LS A

- J-&- -
X,V v,t X;t

0
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« . splitting into gyrotropic and gyro-dependent parts

A A
L=L+L

— e L,
{(F,£) = (7,£) + (F,£)

° introduction of the velccity components

Vk= (Vﬂr V=L’ ¢v) = Vnnk'%' V_Lsi

sC= P cOS¢ + bksin¢ ;¢ = gyroangle

1

= unit vector along Bk‘ b= noxrmal vector, bk= bincrmal vector

in these velocity components the operators read:
slow time variations

T =vn. +
] 5t
describing the magnetic mirroring
"~ ~y 3
L =1 =0 == (trapping) effect due to V"lnB
3¢
AN
: 3
o 3 Zege T 3 Oa'ﬁk V. 1 3 1 3%
= Y;Sj s W e o VW vjsk e I T I A
X, M 9%y V@EV@/] \ 33 2 3%y V, Ny VaaVe
. 3 e 96 3
€ krs''e"s Iy Sy Ze
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" drift ordering 8 v /Tl ;6 Evi ok ke

' 1 = characteristic length for spatial changes in the
guiding-centre distributicn function
k= characteristic wavenumber of the fluctuations coensidered

assuming qr »> 1 { 7= fluctuation time scale)

a 3 e. 3af
(L+L=Q=)F== <>+ CFF) +Q=yF
o I
3¢ Bavj
5§ & 1 8 v/a < §
" 3 e, oF + R
(L+L-p=)f=-~ =-J-=-==+C(f,F)+C(F,f')+q==uzf
ET) B dv.
j
+
5§ 8 1 1 v/a<s

6+<<1 long wavelength case, § = 0(1) short wavelength case

‘equilibrium (guasi-stationary) part

— Y]

A e, af
TF+ IF = = Q< =) — > + C(F,F
B 9V,

+ - =
) + 0O \).IF

+

describing classical transport "&
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due to drift ordering solution of gyro-dependent part by

successive approximations:

vy vl v e, of
FPF=0 , F ==/ (IF+ Q<o) w3 ) dé'
Q B oV

‘without consideration of collisions (the latter lead to classical

cross=field transport)

s
. 'V'\.r‘i e, 3f — e o F
-3 ILF 4+ IF =WQ<=53=E>+C(F,F)+Q”\)IEF=
B av

oo
produce ancmalous cross-field (ejnj= 0} diffusion
-

in x-space and v,—space

perturbation part for 5+<<<1 , vr<<1 , long wavelengths and

negligible collisicons

— e
Ay e. sF
T+ Lf = = = ==
B av

n = 8%'”

fo £ n g o=
1M1

B vy
Y
- . e, F
+ TF=-1ff~ 0 —
B 3v3

solution by integration along unperturbed orbits, described by

the characteristics:

2
dg dv, 3 vy

at = — , AL = e + —lin-=\dz=0
Vy v, dnB 3L B
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dz av, o0 [Zed v 2 9 2
— B == -+ et — ]dL =0, V= vk vy
Va Ze 3¢ v, °lnB 3z \ M 2
e citmm A s e '
Mg 2 3z
mf_ ) 1 N
showing the invariance of u = =— (adiabatic) and 2e?+ =— along B
2B 2

t
e gj - oF - i
f = “‘f (X(T)pvn (T);T) m—= (X(T) an(T);.V' (T);T> dT

XL
J

. 1
aSSUning === = 0

inserting £°  and the corresponding value for f into the first
order drift-kinetic equation for the equilibrium part F one gets

the following ancmalcus diffusion terms

o .
e. of e, T & (v, 3F

> m e =9<‘““j;§> S T TN T (1)
B ij B Vv, 2 v,

ot LR
where €j= &jkleknl + v,,bj

%1 3 an. 3 T 3 Ze o T 9
IF = ——tn = (V=) = — )G, (I1)
A : Y J
[an ij o ox_l 3V, vy av M axj Vy axzé_
R vy oF S : € S

with G. = 'D‘k.“ = H D'k(gfvn)‘: S< 3 (§,V,,,t) ='k(§(r) iV (T) #T) > dr

P ax \2 av, J _ B B

31nF

assuming | —— | << 1/(correlation length "R)
ag
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this is added to the neoclassical part (formulated in the rotB = O
AT

approximation and neglecting the collisional part of F , which

would add the classical ~ross—-field transport terms)

o, oF oInB v2 /1. F 1 5F\ ze v.E. oF
r = V. mmm o (VI V) meem s | ome o = e e oo J
axj axj 2 \v, aY; vy &V, M v, owvy,

|nc

2
D Ejklnk vy 31nB 2 Bnl Ze 9o

where Vj = = + Vil === b e is the drift
2 3
2 %y axr M axl
+ + +

drift velocity due to gradB, centrifugal, electrostatic forces

¢ specification to a toroidal coordinate system % = {r,6;4)

assuming axisymmetry (3/9¢ = 0)

concentric magnetic flux surfaces

R = Rb+ r cOsb

B =<'_o,- G(r),‘l) B,
r

B =E°/h ; h= 1+ — coss
o o R
Q

+ BR = B¢R = const.




In the rotg = 0 approximation

we have

anj 3inB 9 3
— = o, = o= DT ) e
n:L -ﬁ?mfz where = (ij njnk.

Xl ax. axj ay\

Neglecting the cross-correlations of the electramagnetic field compo-

nents s we get
/ \
D 0 O = cosé
i rr N . 31nR 1
D 5 = 0 O 1 such that with =—p = sind
2 68 3. R
\o o 0 J \ 0
2
T 2 ZeEr VLCOSE 1 9 cOS0 3 4 8 vy °F
= (rRa a) + { + ) L= {1+ vn ) Drr Cutws ommm Ry -+
Ian rR 3r M R vy 8V, R av,, ir 2 9v,
2 L =
1 3 ZeEe vesing 1 3§ sing 3 D88 8 v, 3F
+ m“‘m(Rsne) + ( = ) o mmmm b (1+ vnm) IS eI eemm ==
rR 38 M R vy SV& 38 2 BVV_.:!

R avr;/ T

The expression (I} on p.3¢ is of Fokker=Planck type and may be
carbined with the corresponding collisicnal part as?/ 31, on p.d

to describe an effective ion diffusion in v,= space.
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