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In recent years a number of experimental investigations have been per-
formed concerning the space distribution of carbon ions in the TEXTOR
plasma. These measurements were either local (radial distribution of C**-
ions at the outboard midplane as measured by L:%-beam activated cx-spectros-
copy [1]) or integral (spectral measurements of C*¥-line emission integrated
along off-centered lines within an angular range as seen from a spectrom-
eter at an upper position of the TEXTOR-vessel [2]). In discharges with
carbon as the main impurity species also bolometric measurements (3] give
some indications of the space distribution of carbon within the minor plasma
cross-section. The comparison of the corresponding experimental observa-
tions with theory requires 2D-model calculations including the Shafranov-
shifted magnetic field configuration and the poloidal ALT-II limiter position
of TEXTOR (as schematically depicted in fig.1). Results of such calculations
are discussed in the present paper.




Basic equations and approximations:

The starting point are the particle balance equations (using standard
notation together with @, as particle source function and omitting here the
subindex z to denote the charge state under consideration):

- —

dw{Vmg - (nV@-{- F) X %—Dlvln] =Q.—(vi+vp)n =25,

F=MnVeVV+Vp

Qo+ (vgn), : z=1
QTL = < (L’In)z_i + (VRn)z+1 2 S b4 S 5

(vin)s @ z=6

describing the charge state distribution of carbon considered as a sin-
gle trace impurity element in a given deuterium plasma background under
steady-state conditions. u; and vgr denote respectively the frequencies for
electron impact ionization and radiative plus dielectronic recombination. GJo
is the source function due to ionization of the carbon atoms. In the limit
VJ_ =0 = rotB we may replace F by

1
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In the above formulation the cross-field particle flux is restricted to con-
tributions from electric, diamagnetic and centrifugal {as most important part
of the inertial) drift motion as well as anomalous transport in radial direction
(the physical origin of the different drift contributions is more clearly seen in
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a drift-kinetic approach [4]). By elimination of the divergence- free part of
the diamagnetic drift we isolate its toroidal effect

to form an effective source function

/“"\
\.._/

QEJ’J’ = Qn ‘1{ ar

Similarly, the toroidal effect of the electric drift may be separated by
using the decomposition

5) . pE _ﬁ@xﬁ

dw(ﬁfn) =VEoeVn+zenVd o mt(zeB2

Note that in the rotB = ( approximation

'rot( B )__.2(@.'_L1“13><§)

zeB2/- - zeB?

with equal contributions from space variations of both the direction and
the magnitude of B.

The connection with the deuterium plasma background is given by the
electrostatic ﬁeid ~V® and the plasma parameters determining the transport
coefficients (L B due to plasma turbulence and || B due to Coulomb colli-
sions between impurity ions and deuterons as well as electrons, which mainly
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contribute to the thermal forces) and the source (Joss) functions. The | B
influence is described by the balance equations for the parallel momentum

L. N
MnVeVVi=-V|p+ zenkE) + Ry + (Sp” - MV“STJ — div(]] @§)+

+ MnVyV, eV, 0B

| o

MV V4 10): ¥

where the last line of the equation describes the curvature effects in the
rotB = 0 approximation. The elastic and inelastic momentum transfer is
given by the expressions (here and in the following, quantities referring to
deuterons or electrons are denoted by the subindices + and - respectively):

By = [Movo (Vi — V) + 2 V(2216 + 0.7167.) | n

Sp” — MW'S” = M(an)z“l(vhz_l - Wi)

where ave denotes the momentum transfer frequency due to Coulomb
collisions between impurity and deuterium ions. Recombination processes
are omitted here, since they are negligible compared to either ionization {for
low charge states) or Coulomb scattering (for higher charge states). II is the
dissipative part of the pressure tensor including anomalous viscosity contri-

butions.

In passing to the limit V., — 0 and ﬁ—> 0 we adopt in the following a
simplified 1D-approximation of the momentum balance equations by com-
pletely neglecting the viscosity and field curvature as well as cross-field in-
ertial effects. It should, however, be noted that anomalous diffusion and
viscosity effects may become important near the separatrix, where naturally




the cross-field gradients of V) become large. In the 1D approximation (with-
out the longitudinal viscosity effect) the parallel momentum equation yields
a linear variation of V) along B with ViV = 1/7) = const., if the driving
forces also vary linearly along B. This presupposes that the particle source
function, which is concentrated near the limiter head and determines the
pressure gradient predominantly in the region inside the separatrix, has a
Gaussian profile with respect to the coordinate HB Such conditions, which
are roughly fulfilled by the SOLXY-code results for the deuterium plasma
background and supported by an appropriately chosen Gaussian source func-
tion for z = 1 (see below), may be considered as a zero-order approximation
of an iterative solution procedure. We then obtain (using the abbreviation
M(vrVyn)..1 = @,y and going to the limit (yrn = (vn), for all z in the
momentum loss term): [

Mn(v; + - )V| —Viip + zenEy + B + Uy

which due to the pressure gradient transforms the particle balance equa-
tions into a system of elliptic differential equations.

Neglecting collisional cross-field effects, the influence of the plasma back-
ground on the cross-field motion of the impurity ions is reduced to the influ-
ence of the L B components of the electric field determining the eleciric drift
and indirectly (via the electric field fluctnations} D). The DC-components
of the electric field are a superposition of a flux-surface averaged radial com-
ponent, which in the plasma core guarantees a flux-surface averaged (global)
ambipolarity in radial direction, and a vertical component, which arises from
the vertical drift motion of the charge carriers. Compared to the flux-surface
averaged radial component, the latter is of the order {B2yq_ ) W(BiG_) < 1
due to the high electrical conductivity of the plasma in ||B direction and
is neglected in the present calculations. It should, however, be noted that
the HE velocity of the background ions driven by the vertical drift according
to BV(n.Vi/B) + (VI, +en,Vd) e rot(g/eBz) ~ 0 with U, ~ p, for
[Vi+| < vrs has been indirectly accounted for (see below), since it has a
non-negligible influence on the vertical asymmetry of the impurity ion popu-
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lation due to the ||J§ friction force. The latter has to be compensated by an
induced Lorentz force to satisfy the momentum balance in toroidal direction,
and thereby generates a radial particle flux, which, when averaged over a
magnetic flux surface, is described by the well-known neoclassical formula
for the Pfirsch-Schlitter regime and the standard magnetic field configura-
tion with concentric flux surfaces as already used in 1D calculations (3] (the
standard formula is reduced by 1/2 for the presently considered magnetic
field configuration with excentric flux surfaces — see next chapter). While a
generally valid algebraic expression for the flux-surface averaged radial com-
ponent of the electric field cannot be derived (it was shown recently [6] that
this component has to compensate for inertial and gyroviscous forces in the
presence of differential poloidal rotation due to the electric drift of the back-
ground ions and thus follows from a differential equation), we simply use
here (apart from E; = () the relation E, = (1/n,e)0p;/0r, which follows
from the assumption of vanishing poloidal rotation of the background ions.
Although simultaneously causing Vj;. 2~ 0, it leads to the correct formula for
the ||J§ friction force Fy = Moave(Vjy — Vin ~ (2n/ny)0p./8r — Op/0r,
which should not contain contributions from the electric drift. In passing to
the very plasma edge, the current flow is strongly disturbed by the limiter,
while still preserving the global ambipolarity constraint under steady-state
conditions without hiasing, and non-negligible electric field components both

SARLEN Y i ERTREL S5

in radial and poloidal direction appear. These are taken from the SOLXY-
code results.

Magnetic field configuration:

To simulate the TEXTOR-relevant magnetic field configuration, we intro-
duce an axisymmetric coordinate system with the metric coefficients ds, =
hedr, dsg = rhydf, and dsg = Rohydé with R = Rghj lor an orthogonal co-
ordinate system describing the magnetic surfaces of Shafranov-shifted torl,
the projections of which onto a radial -poloidal (minor) cross section are hor-
izontally shifted (excentmc) cnrcles For the metric coeﬁiments we obtam the
approximate formulae ' '
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where h,h} = 1, if we neglect terms of the order < (afRo)?®. In this
coordinate system we have B = (0, -0, 1/h3) By with © = O(r), if we assume

Byhy = const, and §Bs/9¢ = 0, which follow from rotB = 0 and divB = 0
in the limit h.h} = 1 . For the assumed axisymmetry 0/0¢ = 0 the particle
balance equations read: '

o(ry) oG _ . .
B + ;55" = Qs — (vi +vg)n

1‘\: — (I/TA* + T;/.',.E*)n : F; - (—@‘/ﬁ‘ + 'V;}E*)n

#* B 2 6}"’2 6“3} 877,; 5’1;[1\
eff — Qn+ ZEB( 5 758 — T§95;

which appear as written in a cylindrical coordinate system with modified
particle velocities and sources {losses)

Slnn  DyhjR; k3 5®
A — _ 1y . D= ¢ Ex _ __.é__.._._
Vs s Dl=—— 5 V=g
Ve Vihh  vpe= 800
P =YhE s V= e
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Q5 — (v + vp)n = [Qn — (v1 + vr)n]h-BGRG

In the following we assume a Gaussian line source of monoenergetic

carbon atoms (vro = +/2¢9/M with go = 4eV for carbon sputtering by
deuterons) at the separatrix r = ¢ with a maximum at 0] = 6, + A8 and an

exponential decay length A

S O =

UTo

The poloidal asymmetry of the deuteron flux onfo the limiter is, in a
rough approximation, taken into account by the shift Ad with respect to the
middle of the limiter head at §; = —#/4. The formula for Qg ignores the
flux compression for decreasing radius and the slightly curved orbits when
following the lines § = const. in a magnetic field configuration with excentric
flux surfaces. Since the ionization length of the sputtered carbon atoms is
rather short, the error thereby introduced may be neglected.

The reduced 1D form of the parallel momentum equation then reads

Mvsz%in = Q;” — hrhzhg‘v”p +
+[MavzViy + hehihy(ze By + 22022 VT, + .71V KT ) |

where

. 1
= M(iVin)or ; (veggm): = (ovp + =)o + (vim)acs

.
Pli= gl

1
— Vess ™ avg + Vi + -ﬂ for (vm)ze1 = (vin):
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{avg, v:ff) = hhphi{ave, Vess)

Since we assume an aXisymmetric plasma configuration, we have V) =
—@h;0/h;rd0. Whereas the first line of the parallel momentum equation
describes the dominant effects for the lower charge states in the region in-
side the separatrix, the second line accounts for friction, electric and thermal
forces, which strongly contribute to the momentum balance of the higher
charge states within the scrape-off layer. The convection time 7y changes ac-
cordingly when crossing the separatrix. Within the present approximations
7) can only be roughly estimated (see Appendix I). With the above expres-
sion for Vj; we finally obtain:

7 |
=V n— D=5 —qi i VP = VP - 0n by

(5’6ot L zeE” + (2.2122 — 1)V,,kT+ + 0.712‘2VJ£]€T_

W= EWH Mvesy
D= Dohrhy _ O2h2kT, . @héme
6= h; ’ - fi/fb’eff % = .ﬂ/’zfeffng

The average radial particle fiux:

Without counsideration of sources/sinks and anomalous diffusion we de-
rive here the formula for the magnetic flux surface averaged radial particle
flux in the present magnetic field configuration (a more complete derivation
including sources/sinks and anomalous diffusion is given in ref.[4] for the
standard magnetic field configuration). The corresponding reduced form of
the particle balance equation reads

X th sin (519 3@)

PrY) 5 e Vi) = zeByRy \Or +ze nE
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neglecting the poloidal gradients of pressure and electrostatic potential to
first order drift approximation. On integration with respect to § we obtain

2r(f k% sin6 df + C) (3 8@)

nV) = - : h‘gze@BqRo + zen—

;3_ 3r

with an analogous formula for n, V.. The integration constant C is given
by the condition § nV}(h;df/2x) = 0, when integrated over a magnetic fux
surface. If we use [ h* sm@ df = —cos 8 — (r/4R,)(2cos? 8 — 1) and neglect
contributions of the order < (af/Ro)* we get C = (a — 2r)/(2Ry). Now, the
toroidal component of the friction force (exerted by the deuterons on the
carbon ions) must be compensated by the Lorentz force such that

Ff MTLCYI/C

V= Vi
" zeBg zeB8 B, (M =

i)

By inserting the formulae for V. and Vjj we get the expression

Mave 2r(fh;sin€d9+0)(zn3p+ @\

ST GeeBR Ry \myor or)

from which the electric drift terms have disappeared. Averaging over a
magnetic flux surface r = const. yields (in- the hmlt h fz* o ) o

§ d8 dg rhzRohynV, jé d

a
142 cosd
§d0 d riy R.E 31+ 5, o5 0) ¥

<nV,>=
Ry
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Performing the 8-integrations and using the value C = (a — 2r)/(2R,),
we obtain within errors of the order < (a/Rp)? the final result

Maveg? /zn8p+ @_v_ i T
(zeBo)? \ny or 37") with ¢ =

<nV,>=

where we have introduced the safety factor g. The difference to the stan-
dard formula with 2¢® instead of ¢ may be traced back to the difference in the
poloidal field, which here is constant over the magnetic flux surface, namely
By = —B© By, in contrast to the standard model, where By = —0© B,/ h-

Limiter geometry and boundary conditions:

In order to avoid the introduction of periodic boundary conditions in the
poloidal direction and to be consistent with the SOLXY-code calculations of
the plasma background parameters, we evaluate the balance equations in a
Cartesian coordinate system z = r cos#* and y = rsin 8* (shown in fig.2 in
connection with the circular integration domain}. In this coordinate system
the intersection of the toroidal belt limiter {(ALT-II) with the minor plasma
cross section is symmetrically divided by the x-axis at 6* = 0, whereas the
outboard midplane position # = 0 appears at §* = 7 /4. The vertical direction
R = const coincides with the straight line y = —z, i.e. all metric coeflicients
have to be related to § = & — 7/4. With this transformation we finally
obtain (introducing the gyrofrequency Q = zeB /M a.nd the thermal veiomty

vT = -\/2kT+/M)

aI""‘ . 3T = *
Bz -8— = Qefj (VI + Vg)n
. * 1 % * :.* | 1 * - *
I‘? = =L —ylp)- 3 = - (yI7 +213)
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By msertmg the expressions for I'; and I'; we ﬁnally obtain I'; and T in
the form (for 7, = = 0):

on on on on

L= —a?% —- bp-g; + cpn ;0 L= ~sm bs—@ + ¢
_@Di+yh; o wy(Di - Dp)
Gp = r2 PG = r2
. _ay(Di-D;)  , _oDj+y’D;
L r2 oo 2
xKE* _ y%eff* x%ﬁff* + y'I/;E*
i r PG r

These equations have been numerically evaluated by the finite element
computer code PDE2D, using SOLXY-code results for the deuterium plasma
edge profiles with an appropriate continuation into the plasma core (describ-
ing measured radial plasma profiles on the condition that the plasma param-
eters do not vary within a magnetic surface). As boundary conditions we
choose n = 0 at the torus wall and prescribe the outward flux components
(out of the integration domain) £I'; at the ion/electron side of the limiter
and I's = 0 at the limiter head. The values of I'; at the lateral sides of the
imiter are derived (using the moment method to solve the drift-kinetic equa-
tion, see Appendix II) on the condition of complete ion absorption {i.e. no
impurity ion reemission) at the limiter surface making the ion velocity dis-
tribution function one-sided. They pose a relation between the density and
its spatial derivative perpendicular to the limiter plane. In a rough approxi-
mation we obtain (keeping in mind that E, = —0®/h,0r,I; = h ALy = Ty

and V;/7* = —@h.hvrg):
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electron-side:

Vo

|| E,
g = +

>
<0 depending on magnitude and sign of WIO
@UTBO

_ Ok exp(—g*)vrn

V(1 — erfg)

ll

I'g

with the limiting values

g — +oo: g — w@h;gvﬂz <0 — suprathermal flow
Bhivrn . ‘
g—0: Ty — ———=—<0 — subthermal flow (©A% < 1)
N3

For ©hjg < 1 we encounter subthermal flow towards the limiter or even
convective ﬂow reversal in the sense that ¢ < 0 resp. 81/} By < —FE, due to
the thermoforces. Since 'y is approximated by a superposition of a convective
part (VF — (—Jh;VHO)n and a diffusive part —Dgdn/h;rd8, we obtain (intro-
ducing the longitudinal diffusion coefficient Dy = kT /Mv.;; = Dy /{OR})%)

on exp(=g)
D= = _[ — >
!lax” Vr(l - erfg)] vrn 2 0
with the limiting values g— +oo: 3_n — 0
Lli
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g0 on _, v <0 g —0 on gurn
: — ; —00: = —
bz Dy/7 Bz Dy

ion-side:

VP

7 B, g . . . 0

g=—+—=->0 depending on magnitude and sign of Vj
vr @UTBO

Ok exp(—g°)urn
8= -2 0
vr(l+erfg) ~

3

with the limiting values
g — —00: Iy — —OhLgurn > 0 — suprathermal flow

@h;an

g—0: Iy — = - subthermal flow (Oh < 1)

A

g=+o0: TIy—0  — stagnation

g > 0 presupposes 8‘1/]'030 > —E,. The density gradient Hé is given by

dn - exp(—g°)
N Wikl PRI < S <
”3:6” [g + V(1 + erfg) vrn < 0
. . an
with the lHmiting values gm0 Fm 0
(i
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. On vrn ) . On gurn
g—0: a"""H_}DII\/E>O ; 0

The functions F=(g) = g £ exp(—g?)/+/7(1 £ erfg) determining the |5
density gradients in front of the lateral surfaces of the limiter (with % corre-

sponding to the ion/electron side) are shown in fig.3.

Results and discussion:

Fig.4 shows the density and line radiation distribution of the various
carbon charge states C**(2 < z < 6) over the minor cross section of the
TEXTOR plasma. In order to save computation time, we have skipped the
first charge state from the system of transport equations making use of the
approximate ionization equilibrium Q¢ = (vn)o = (v1n);1 at the plasma edge.
The density and (ion/electron) temperature profiles of the deuterium plasma
background used as input data for the calculations combine approximate fits
of the 1D plasma profiles as measured for the plasma interior for a typical
Ohmic discharge and low-Z (C-0O) plasma contamination with the 2D plasma
edge profiles from SOLXY-code calculations [7}. The anomalous diffusion co-
efficient is assumed to cbey an ALCATOR-like scaling D) = 2% 10'®/n, (in
MXSA- units) ignoring any poloidal dependence. The input data for the
Gaussian line source of limiter released carbon are chosen in such a way as to
fit the total C° particle outflux A\\/7 ;027 B from the head of the toroidal belt
limiter and the emission energy to the experimental values ~ 7.54 x 10'%/sec
and 4eV (yielding T';o ~ 2.33 x 10*°/(m?%sec) in case of A = aA§ = 0.14m for
the poloidal half-width of the Jimiter head). In order to get a better agree-
ment with the measured C**-density profiles at the outboard midplane, we
added to the limiter source an egual contribution from a uniform wall emis-
sion flux density 2.18 x 10'%/(m?s) of carbon atoms. The emission energy
of wall released carbon is reduced to 1leV to simulate to some extent source
contributions from carbon containing melecular species. e -

The C** density and line radiation profiles show the characteristic fea-
tures of radial shell structure and poloidal asymmetry. The former follows, of
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course, the sequence of ionization potentials of the different charge states in
the radial electron temperature gradient, the latter is a consequence of both
the poloidally asymmetric C° source distribution with a maximum around the
ALT-IT limiter position and the magnetic field configuration. The poloidal
asymmetry 1s, of course, especially pronounced for the lowest charge states,
being populated by ionization rather than by transport processes, and gradu-
ally decreases with increasing charge state. Even for the highest charge states
there still remain vertical (top-bottom) asymmetries and differences between
high and low field side (along the midplane). The former are a neoclassical
effect (with an ion accumulation for z > 4 at the top position under normal
magnetic field direction as presupposed in the calculations), the latter are
a consequence of the Shafranov shift of the magnetic surfaces (with a slight
ion accumulation at the inboard position). The neoclassical effect is a result
of a balance between the vertical (centrifugal and V,B) drift and the iB
convection subject to friction and thermal forces. The latter are zero in the
plasma core as a consequence of the assumption that ion/electron temper-
atures are constant on a magnetic flux surface. The up-down asymmetry
becomes stronger with increasing collistonality as indicated by bolometric
measurements. The Shafranov shift broadens the magnetic flux tubes in ra-
dial direction when passing from the low field side to the high field side, while
keeping the area 2rw Rohjh dr almost constant, since h.h}, =~ 1. There is a
concomitant increase of the radial gradient lengths decreasing both the radial
diffusion and the poloidal drift velocity, but no change (up to terms of the
order r*/Rg) of the Pfirsch-Schlitter contribution to |nV]| when comparing
poloidal positions mirrored at § = 7/2 or 6 = 37/2.

The vertical and horizontal asymmetries are best seen from the corre-
sponding 2D-plots in figs.5/6 and indirectly documented in the line integrated
radiation profiles as shown in fig.7. The horizontal asymmetries are compared
with experimental observations by the L:° beam activated cx spectroscopy
of C** for z > 4 at the outboard midplane of the plasma. It is clearly seen
that with consideration of the Shafranov shift of the magnetic surfaces the
radial position of the density maxima is well reproduced, whereas the magni-
tude of the maxima is given within a factor of less than 1.5 using a coherent
set of experimental plasma parameters. For the same parameters the line
integrated radiation profiles are given within an angular range as seen by a
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spectrometer installed at an upper vessel position. In this case the numerical
data show, however, some significant deviations from the measured signals.
Apart from an abrupt disappearance of the calculated line integrals of the
lower charge states (z < 3) at the high field side, there are differences in the
angular asymmetry and the position of the radiation maxima of these states.
As compared to calculations under sole consideration of the limiter source of
C° (fig.7a), those with consideration of an additional uniform wall source of
C° (fig.7b) lead to nearly symmetric angular profiles of C** (in contrast to
experimental observations), but to the correct angular asymmetry in C**.
Both calculations show a marked outward shift of the radiation maximum of
C?* pear that of C3F at the low field side, as compared to the experimental
observations, but give a correct picture of the C*' radiation signals. Like
the bolometric measurements the line emission measurements clearly indi-
cate the accumulation of lowly charged carbon (and oxygen) in the vicinity
of the ALT-II limiter. It should be noted that the experimental values of
the line integrated radiation profiles refer to selected line transitions for each
considered charge state and to plasma conditions, which are probably differ-
ent from those prevailing during the density measurements and used in these
calculations. Moreover, since neazly all line transitions considered in the cal-
culations start from the ground state, a comparison with the measured line
transitions is only meaningful for C?* and C**. For C°*, however, a line
transition between rather high principal quantum numbers has to be chosen
for the UV-spectroscopy. Due to the different population channels for the
initial state, the radiation of this line transition may follow a different elec-
tron temperature dependence than the radiation of line transitions from the
ground state. The above mentioned discrepancies between the numerical and
experimental data are therefore not surprising, also in view of the complete
neglect of charge- exchange processes (at the plasma edge) and the uncer-
tainties in the C° source dlstnbumon a,nd the anomalous.diffusion .coeflicient

for the €% ions.

Another uncertainty concerns the boundary condition for the particle flux
at the limiter surface (neglecting the real limiter shape and the correspond-
ing influence on the impurity 'source distribution to be consistent with the
geometry used in the SOLXY-code). In agreement with the chosen boundary
conditions we always expect a density decrease towards the limiter surface
with the build-up of density maxima in the poloidal C** profiles within the
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scrape-off layer as shown in fig.8. This follows from the requirement of a
one-sided distribution function for each carbon charge state with no ion re-
emission from the limiter surface. Since it presupposes that the particle flux
onto the limiter is non-zero, it excludes particle flux reversal at some distance
from the limiter. This may arise, if the poloidal components of both the elec-
tric drift and the thermoforce point away from the limiter (as usually is the
case on the ion side of the limiter). Their effect on the poloidal impurity
ion flow velocity inside the scrape-off layer may overcompensate the effect
of the longitudinal electric and friction forces, which in the trace impurity
limit are always directed towards the limiter. In such cases the pressure gra-
dient of the carbon ion species under consideration is artificially increased to
satisfy formally the boundary condition, which has lost its physical mean-
ing. As a consequence slightly negative densities appear for C°* and C®*
just in front of the ion side of the limiter. The same problem arises with a
boundary condition, which prescribes (instead of the one-sided distribution
function related to a particle flux onto the limiter surface) the poloidal ve-
locity Vp = Vi — ORG(V) — Dy8lnn/bzy) as being always directed onto the
limiter surface.

In the presently considered situation of carbon atom emission from the
limiter head preferentially into the edge region inside the separatrix (the ion-
ization length being much larger than the gyroradius under typical plasma
edge conditions), the boundary conditions influence the poloidal density pro-
files in the scrape-off layer in accordance with the non-uniform carbon ion
outflux across the separatrix, the non-uniformity being produced by the mag-
netic field configuration, in particular by the vertical drift, which due to the
presence of the limiter cannot be short-circuited by a ||B motion (Pfirsch-
Schliiter effect). This is to be contrasted with a situation, in which strong
density gradients are built-up in front of the limiter by successive ionization of
neutrals directly emitted from the limiter into the SOL (coupled with a high
redeposition probability and necessitating a kinetic or Monte-Carlo calcula-
tion [8]). It should be noted that thermalization of lowly charged impurity
ions with the background ions is seldom achieved in limiter tokamaks. If,
however, the neutrals are predominantly sputtered into the region inside the
separatrix, where ionization causes a fast transfer to higher charge states, a
more efficient thermalization is possible, unless the increase of plasma density
and impurity charge is overcompensated by a steep ion temperature increase.
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Appendix &

According to the changing importance of the various longitudinal (Hg)
forces, the estimates for 7y are given separately for the regions inside and
outside the separatrix:

plasma periphery inside the separatrix:

The ||B momentum of the lower charge states appearing as a result of
electron impact ionization of neutrals emitted preferentially from the limiter
head into the region inside the separatrix, is essentially governed by a balance
between inertial, friction (with the background hydrogen ions in the limit
Vij+ = 0), and pressure forces as well as momentum transfer during ionization,
Using the approximations V(£Ty, -, @) = 0 and (vin), =~ (¥n)..1 =~ Qo, we
obtain (omitting again the index z):
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kT
(Oﬂ/c +vr+ v”Vh){/E; == VIV|'|,2—1 - %ZV” Inn  with Vulnn ~ Vy In Gy

because V|v; = 0 in accordance with the neglect of thermoforces. For
Vy ~ —008/(adf) at r = a (ignoring the §-dependence of A}}), the ansatz

2 g— 06 2 ; .
(Jo ~ exp "E‘—(_X?"Q‘} with V=0 =0
suggests the solution V| = —a(0 — €7)/(O7)) leading to the recursion
formula '
1 1 Bur\2 Vi
[ . 2 £
di! (051}(;' + VI) + \/4 (Oﬂ/c * VI) + ( A ) ' Tlz—1

where vZ = 2kT /M.

In particular, for z = 1 and »; 3> avg we would get the relation

2
2. H(?@'UT) 1

VITH o Ai’/}

-where ¥;7; — oo for either ¥1 — co or A — o0, and

0 a(f —67) a? | | | _d(ﬂ—ﬂ*)
P = 0 * ....___‘_L_~ — 9 _ 9 ®\2 f 3 L
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which, of course, holds for all z. In the numerical calculations we used
the approximation V| =; = 0 = 1/7.=;. For higher charge states, where
vr € avg, we would obtain

2 ~ )1 (2@1)1")2—1

051/07';; o )\CU/C

scrape-off layer:

Neglecting, in a rough approximation, thermal and pressure forces, we
obtain |

zeEg
M

(ave +vr + VIV = w1V + ave W +
Setting E” = "EHL[H - (61_, + T[')]/ﬂ‘ with EﬁL = @kT,_/eﬂ'a and Vgt_;_ =
—¢5[6 — (81, + x)] /7 with ¢, = 4/2kT_ /m,, we make the ansatz

ald - (0, + 7
"TF‘"-[ é;ﬁ J

which leads to the recursion formula -

zmov? + vy
M T|,2—1

1

— e XV, . — QX v QUuo Vs
. 3 C 1) »\‘/! c ..1 T QUC Vs

where v, = BOc¢;/ma. Note that ¢/© = ¢, R;, where ¢, is the safety
factor at r = a. It follows from the ansatz for £} that the electrostatic
potential in front of the limiter is &, = —(1/2)(kT_/e) as compared to
®;, = —(In2)(k7T_/e) when assuming a Boltzmann relation for the electrons
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with a density ratio of 0.5 between limiter position and stagnation point.
For charge states, which in the scrape- off layer satisfy awve > vy we get the
approximate formula

1 Ve 4y, zmg ¢ dvs \?
T
ul 2 [ + ave i 8M \ave

with the limiting values of either 1/m ~ /avcv; for the friction force

dominated case ave > 4dv; or 1/7] >~ ve/zmy /2M for the electric force
dominated situation, where avg < zmyv,/2M.

111U o) 1l

AppendixIL:

In case of complete neutralization the distribution function of an ion
species becomes one-sided in front of a target. The representation of the
ion distribution function as a series expansion into polynomials, which are
orthogonal over the whole velocity space, therefore requires a large number
of expansion coefficients (depending on the choice of the weight function)
and a kinetic treatment of the presheath region (between the fluid region
and the Debye sheath) in order to get a satisfactory approximation of the
real situation. In a crude approximation, however, the presheath region, in
which the weakly disturbed shifted Maxwellian of the fluid region passes into
the strongly disturbed one-sided distribution function in front of the target,
may be bridged by the assumption of particle, momentum, energy etc. flux
conservation (i.e. neglecting particle, momentum and energy sources in this
region irrespective of inelastic collision processes and electric field effects).
The constraints of the distribution function in front of the target may then
be translated into boundary conditions for the fluid region (this method has
a long tradition and is mainly used for the majority ion species in context
with Bohm's criterion). Since in the trace impurity limit under consideration
Bohm’s criterion does not imply any constraints on the distribution function
of the impurity ions, the boundary conditions for the corresponding series
expansion coeflicients may be directly derived from the neutralization condi-
tion at the target. This is done here by considering a series expansion of the
impurity ion (guiding-centre) distribution function in Hermitian polynomials
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with a shifted Maxwellian as weight function. In a very crude approximation
we take only the first two expansion coeflicients into account and construct a
relation between them from the condition that the particle flux over the cor-
responding velocity half-space should vanish (a generalization of this method
to include a larger number of expansion coeflicients and attributed flux re-
lations is straightforward). In order to get a relation for the particle flux
component perpendicular to the wall in the presence of an oblique magnetic
field, we have to incorporate in the boundary condition the poloidal compo-
nent of the electric drift. Whereas the latter keeps its sign, the normal to
the target surface changes its sign when going from the electron side to the

ion side of the limiter.
With the ansatz

o =W

vr

1 Am .
f(vn)=2mﬂm(§)e>ip(—~fz) with &=

m=0
the particle density and parallel particle flux density are

[
n = J f(U“)dU” = Ag and

—&0

o0
Ty = j[ o f(v)dey = VP Ao+ A = ViPn — DYV

o0

From the conditions ffoo dvgva f{v)]) = U resp. fre dvgve f(v)) = 0 with
vg = —(E,/B + Bhjv) we derive the relations - " '

. éxp(—-gz) e 1/ B o\ '
ovrg + A1 $1'/7—r(1 + erfg) T 9= (@B@ il ) :

23




for the ion side (upper sign) resp. electron side (lower sign) of the limiter.
These relations between Ag and A; constitute on each side of the limiter a

boundary condition for the particle balance equation coupling the density n-

with its gradient Vyn.
Figure captions:

fig.1 : (£,7)-physical plane showing the minor TEXTOR cross section
with ALT-II limiter position and projections of Shafranov-shifted magnetic
flux surfaces labelled by r = const. forming nearly excentric circles with
Cartesian coordinates & = rhjcosf + h.(a — 7)?/(2Ry) and 7 = rhjsiné.
Note the curved lines ¢ = const.

fig.2 : triangulation and boundary conditions in the (z, y)- calculation plane,

in which the projections of the Shafranov- shifted magnetic fiux surfaces ap-
pear as concentric circles (z,y) = r(cos#*,sinf*). For the poloidal shift
0* = # + « /4, the ALT-II limiter is symmetrically intersected by the z- axis.

B density gradients at the

fig.2 : functions F'*(g) determining the |
ion/electron (+/—) side of the toroidal belt limiter:

alnnl _wrFE(g) Fi(g) = exp(—g?)  OW -V
amn =7 D” ’ g _g_\fﬂ:(l:i:erfg) A @’UT

fg.4 : density (4a) and line radiation (4b) distribution of C*% (with
2 < z < 6 for the density and 2 < z < 5 for the line radiation) over the
minor cross section of TEXTOR in a given deuterium plasma (4c) assuming
a Caussian line source of C7 along the separatrix with 0.14m half-width and
a maximum C° radial flux density of 2.33%10'%/(m?s) located poloidally near
the limiter e-side. Note that the density of C* (4c) and the corresponding
part in the total line radiation is calculated on the assumption of an ioniza-

tion equilibrium {nvr); = Go.
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fig.5 : 2D plots showing the asymmetries of the calculated C*7(2 <z <
6) density distribution (5a) along the horizontal line g = 0 (¢ — azis). They
are compared with radial density profiles of the higher charge states z > 4 of
carbon (5¢) as measured along the outboard midplane by L:® beam activated

cx-spectroscopy (5b).

fig.8 : 2D plots showing the asymmetries of the calculated C*F(2 < 2z <
6) density distribution (5a) along a nearly vertical line through the magnetic

axis £ = 'a.z._/QRO n=0. '

fig.7 : line-integrated radiation intensities (without and with a C%wall

source — Ta,b) of the various ionization levels C*7(2 < 2z < 5) as a function

of the angle «, for which the radiation would be seen from a spectrometer

installed at the upper half of the TEXTOR vessel (7c). This is to be com- -

pared with the measured emissivities of selected lines of C** to C** (7d).

fig.8 : Z.s; and poloidal density profiles of C**(2 < z < 6) inside the
scrape-off layer at r = 0.465m in accordance with the non-uniform parti-
cle flux across the separatrix and the boundary conditions, which force the
densities to drop towards the limiter surface and to steepen their gradients
at the i-side with increasing z. Note that the density of U7 is calculated
on the assumption of an ionization equilibrium (nvr); = Qo. It is therefore
not subjected to-the boundary conditions of the differential equations, but
merely follows the C%source distribution. SR
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Minor TEXTOR cross section with ALT-IT limiter

Shafranov-shifted magnetic flux surfaces r = const.
forming nearly excentric circles with the Cartesian
coordinates £ = rhjcos8 + h.(a — 7)?/(2R,) , #n=rh;siné
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Experimental set-up for Li’- beam activated cx-spectroscopy
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Line integrated radiation densities of C** (2< z< §)

A /n,n_L,(T.)dl along the line of sight
: given by the angle «
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Line integrated radiation densities of C*7 (2< < 5)
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Experimental set-up for UV-spectroscopy

line of sight

viewing dump

multiplier

exit slits
/—spl,ii’ﬁng mirror
By ;? 3

— |

4
|
|

!
¥

\—oscillating plate
L—monochromator

R enfrance slif
ﬂ/ ~ %ens
M1 tilting mirror
/ quartz window

shutter

~~—viewing port
vacuum vessel

liner
)ﬁaw field side

plasma

/Z ALT I

fig.7¢c

Telesca 1992

67-5610

m

43




Line radiation from C?*, C3* and C** jons emitted,
respectively, at 229.6 nm (2s2p 'P%-2p? 'D), 253.0 nm
(4£2F°-5g ?G) and 227.1 nm (2s *S-2p IPO)

Shot 45130
| i
% ALT-T
3 7 A
o ANE
& \
E @ A
S, 24 — N
. = / i
: g |/ 0\
5 5 |/ \
i P 4 \!
= 1. . CIV¥ . ﬁ’? i, %
W i LY l
= /
~ N 7

¥

Telesca 1993

fig.7d
Julich PP | 67-5966

44




Zop(CFF)

1, [10%/cm3)

P10kE-

32

28

=]

e

TR

P .-
=

fig.8

Z.;; and particle density profiles of C°F (2 <z < 6) in

poloidal (6-) direction at constant radius 7 = 46.5 cm (SOL)

|
i

¢

S10es—1

20

18

16

14

12

10

o

g [radians) af v = 46.5em(50L)

10 20 ‘ 30

4
[w]

50

ALT —II

€0

b

0

“{0rr—1t

10 ' 20

§radians| at v =48.50cm {SOL)

30 40

45

bottom

eoi

outboard




SR 1]

9%

pLoogINo wo3309 {(TOS) w2 Sgb =u zp [supippslg
[—vtoix
l 0% Qs ; ) or o¢ , 0z ) Gl . OO

/] ' !

\ 1,

Z

all
N
K]

k]
k=
91

II—ETV (Tog)waSob =1 3o [supipoelg
L~aa0ls

08 l oS . oF : o8 oz ol o

——
e
zt

—
=
.ﬁ:"“é:‘g
a1

[tmi’/mm] Y

[Swa/ﬁUI] L1



ny (10°/em?}

75 [10%/emd]

o {f ‘L_q -
1,
|
| " nf&*
=< __"‘ Jlf/ﬂ‘
°r i
0 10 ’ 20 30 40 50 60
* '[ OS * __ i
§ [radians] at 7 = 46.5cm (SOL) ALT — IT
i i -
‘ A
. Ay
~ |
%
” By F
i
*t %i
oS J” 1\
| |
J |
. p~
1
J /\//J‘
Y] 10- 20 —fo N T T T 1
*10Fs_ 1 - 40 T S0 60 T
bottom .autboa,'rd

firadians] at v = 46.5cm (SOL)

47




3%

n, = Q. /vy, [16°/cm3]

14

12

10

O T

0 10
O

6 [radians]

20

at v = 46.5cm (SOL)

30

40

50 ’l“

ALT-IT Iimiter

60













- JUL-3088
| Blay 1888 - -
|+ ISSN 0944-2952




	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35
	page 36
	page 37
	page 38
	page 39
	page 40
	page 41
	page 42
	page 43
	page 44
	page 45
	page 46
	page 47
	page 48
	page 49
	page 50
	page 51
	page 52
	page 53
	page 54
	page 55
	page 56
	page 57
	page 58

