MODELLING THE TOKAMAK EDGE PLASMA WITH A COUPLED 2-D FLUID/MONTE CARLO CODE

H. Gerhauserl), H.A. Claaﬁenl), D. Reiterl'z)

The 2-d two—fluid code SAXY /1/ for computing plasma profiles in the edge region of
limiter tokamaks has been extended in several directions. First we showed that the po—
loidal plasma rotation is related to the assumption of an ideally conducting limiter
and strongly suppressed in the non-conducting case. Secondly we studied the influence
of introducing an anamalous radial viscosity in analogy to the other anamalous perpen—
dicular transport coefficients. Above all we replaced the hitherto purely analytical
modelling of the neutral gas transport by a Monte Carlo simulation with the code EIRENE
/6/. By application of a "correlation sampling” method the coupled codes rapidly con-
verge towards the self-consistent stationary values of all physical quantities.

We consider the TEXTOR edge plasma in the rectangular integration domain ACFD of Fig. 1
and take 3/3z = 0 throughout. We use the full set of Braginskij's two-fluid equations
as outlined in /1/. The basic plasma equations for the particle, momentum and energy

balances contain the source terms from the recycled neutrals: (at = 3/dt)

R

atn + 97« (nv) = Sn (1)

at(mm*r)+v-(mn?n*/)=-\7p—v-%+jx§+§p (2)
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We allow for non—ambipolar motion with an electrical current density j' = en(\7 -0,
where v and G are the ion and electron velocities. The poloidal component jz follows
from radial equilibrium, the other components are derived fraom a stream function ¢
and determined by the z-component of (2): (ax= 3/3x, by= d/2y)

3B = pr = ay (T, + nT,), 3= —ayw, iy d.¥ (5)
Bax‘l=—mn(vxbx+vy by) vz+spz-mvz (6)

The term Q,; is the thermal energy exchange between ions and electrons. The electric
potential & is calculated from the parallel component of the generalized Ohm's law in
the limit of infinite conductivities, whereas the radial component yields the poloidal
rotation velocity v, as the sum (finite in general) of the electric and the diamagnetic
drift:

eEIx =-e ax@ = - axpe /- 0.71 bee (7)
enB v_ =en ayqs + aypi (8)
The radial diffusion flux [‘"‘ =nv_ = —Dl 3. n is assumed anomalous (Dl = 0.6 mz/sec) ,

and the usual time relaxation on the 60 x 33 numerical grid is restricted to the x-
component of (2) and to (1), (3) and (4).
Let us first reconsider the case of a conducting limiter, characterized by a constant

potential taken to be zero. Using Bohm's condition I‘H = nvx = ncs at the limiter, the
plasma potential at the plasma side of the Langmuir sheath in front of the limiter is

e =-T, In [/ 2, (T+ T,)/Tm (1 - Jx/encs)] ~ 3T, (9)
with the sound velocity cg =7 (Tg + Tj)/mj. Then integration of (7) from x = L to 0
yields @, application of (8) the rotation Vg and integration of (6) from x=0 to L pro-

1) Institut fir Plasmaphysik, Kernforschungsanlage Jiilich GmbH,
Association EURATM-KFA, P.O. Box 1913, D~5170 Jiillich, FRG.
2) This contribution was sponsored by NET Contract 247/86-9/Fu-D

B Contrib. Plasma Phys. 28 (1988) 4/5, 359-364 359



duces ¥ and jx, starting with ¥(x=0) = 0 . After very few iterations o, v, ¥, Jgr jy
are converged. Results are displayed by the plots Pl. 7 to Pl. 9.

In the case of a non—conducting limiter, however, the limiter potential may vary
arbitrarily along y. Defining an additional potential <b.(y) and a total potential
. @nc(x,y) = &(x,y) + q:*(y) with a corresponding Yy ne from (8) and Ync from (6),

¢ must be chosen such that j, . = 0 at the limiter, which means that the electric
current eddies must be closed within the plasma. Hence \!nc(x=[.) = 0., which leads to

* »*
a% /ay? J& m v, dx + o /dy [Zm s, dx = 8% 7(L,y) (10)

with S, friginfting from S, and Sp,. This differential equation determines ¢*(Y) if we
assume ® =40 /dy = 0 for y=0 (no changes far away from the scrape-off layer). BRoth
cases are compared by plots P1.10 and Pl.1l. We find that ¢nc exhibits a monotonic in-
crease from the plasma core to the outer wall instead of a maximum near the separatrix.
Furthermore, the rotation v, .. and consequently \!nc are strongly suppressed.

The dominant components of the viscosity tensor x are taken as

L A LIS N | ayvx (11)
: " = 1 _ 1
with n =4n /3 =1.28n '1‘i Ty n mn D (12)

It is consistent to assume that the perpendicular viscosity nl is also anomalous like

the corresponding heat conductivities Xel = xi = D', The importance of an ancmalous
nl was evidenced by Hutchinson /2/. The viscosities appear in the total heat fluxes:
Qel =25n7T u - xé 2T, ' (13)
L= @snt + 0sm v, - v 3,9, = X 8% (14)
Qel =25nT, u - x; 2T, = 071 T, 3/ (15)
= (2.5n Ti +05m ) v - vx 2.V, -} BT, (16)

We prescnbe Q ’ Q at the plasna core boundary (with total particle inflow J'r‘ldx =
65-101%/m sec) and require 0 '=5.517, 1", 0/'=3.57, r'at the liniter. A typical
energy flow diagram is shown by Fig. 2. The n—-terms in the parallel equation of motion
-(V-T:)x =0, (n 3.v,) + ay (ot byvx) strongly influence the shape of the v,- and n-
profiles, see plots Pl. 1, 2, 12, 13. Near the limiter edge both terms in (\7-%)x are of
equal order but opposite sign. Thus the presence of an ancmalous nl is essential for
reproducing the experimentally observed steepening of the toroidal and radial profiles
when approaching the limiter edge. Even with inclusion of nl we must choose n' smaller
than classical in order to avoid too much flattening of the profiles (P1l. 13). We. take
0.22 "class and use the same factor 0.22 also for X and x , because all parallel
coefficients vary ~—~ /2, Note that the proposed reductlon w:.th respect to classical
values is suggested also by Igitkhanov /3/ from non-local effects on the distribution
function and from collisions with impurities.
For the recycling of neutrals at the limiter and their interaction with the s.o.l.
plasma we use and compare two models, a Monte Carlo simulation as implemented in the
code EIRENE /6/, and an analytic approximation /1/. The D*-ions impinging on the limi-
ter are nearly monoenergetic with near-normal incidence due to the acceleration in the
Langmiir sheath: E; = E, = Q;/P' +ed~3.5T +37T, and o= Y(E,0;) GEdQ; -
The flux distribution y at the limiter is simulated consistently with the shifted Max-
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wellian ion distribution function entering into the derivation /1/ of the boundary con-
ditions for the plasma equations. Part of the neutralized D" are reflected as "fast"
neutrals with reduced energy and rg = R = -f[ff v(E;,0,) R(E;,0,,E,Q) dE,dq,dede,

the rest is released as Dy-molecules and treated as "slow" Frank-Condon atoms with
enerqgy E:g = 5 eV and r‘z = —r‘"—r'g . We choose the reflexion kernel R as described in /5/
for limiter and wall, but admit only a narrow cos-like angular distribution (a < 5.4 ©)
of the source neutrals close to the limiter normal. Many individual Monte Carlo trajec~
tories are followed until ionization or loss across the plasma core boundary. Higher
charge exchange generations are all included and added to the fast component. Neutrals
hitting the wall or limiter experience loss of energy and non-specular reflexion.

In the analytic model all incident ions have E.;= E_1 andf @; = 0, the energy distribution
J(E) = R(Ei,E) is averaged such that the mean energy Bo is attributed to all fast neu-

trals, and the reflexion coefficients Ry = f J(E) dE and Ry are approximated by

f
_EQ ) Ry i [ E J(E) dE ) 0.813 - 0.286 loglo (0.4 Ei) a
Ei RN Ei J J(E) dE 0.962 - 0.259 log10 (0.4 Ei)

Emission is discrete into 17 distinct directions, and the 17 fast and slow beams are

exponentially damped by electron impact ionization and charge exchange according to
f

'S _ f,s . : _
nO Nexp[ f ds (v, + ch) / Vo ] with the frequencies v and Vex and the veloci

ties vof’s =/ 2 Eo ,s/m . Reflexion at the wall is elastic and specular, cx-neutrals
caunt as lost. For both models the source terms in (1) to (4) are calculated as follows

(with s and £ to be summed, e.qg. n, = ng + nz ) ¢
Sn =vin =n SI('I’e) n, (18)
px,z - V1 ™ Tox,z F Vex ™ Tox,z ™ Povx, 2! (19)
W, = - vy n  Ep —v,n  E, ) (20)
W=y, ao +y n (B = 0.5m3 - 1.5T) (21)
with Vey =N STy pp)s Tipe =Ty * % (0.5m V2 +E_)/4 (22)

Here r‘o and €, are the neutral flux and energy densities, S; and S_, the rate coeffici-
ents of Janev /4/, EI = 13.6 eV and E, = 10.2 eV the ionization and excitation ener-
gies. The Monte Carlo code is able to estimate "responses" < = g(v ) f(v ) dv for
arbitrary detector functions g. Special cases are <l> =1, <0.5 m vg> =g etc. ThlS
allows us to distinguish carefully between the mean energy EO =€ /n of all neutrals
and the mean energy E <0.5 m v Vg )> <cx(v )> of those neutrals that un—-
dergo a cx reaction, E,gc , smce hlgher energies are more probably affected by cx.
Only for slow neutrals Eocx = E:z 5 eV. Using a tracklength estimator technique for
all "responses" without any non-analogous methods, the history of 30 000 particles re-
quires about 3 min of CPU-time on a Cray X-MP, resulting in statistical errors of =~ 1 %
for the averaged neutral densities. We couple the 2-d fluid code SOLXY with the Monte
Carlo code EIRENE and iterate the plasma and neutral gas parameters by running both
codes alternately. An essential improvement towards a successful coupling is the appli-
cation of "correlation sampling”. This means that, by an appropriate modification of
the sequence of random numbers, the particle trajectories of two successive runs of
EIRENE are positively correlated such that for small changes in the background plasma
they also suffer only small variations: the stochastic fluctuations are "frozen". Under
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these conditions the iteration converges rapidly towards the self-consistent stationary
values of all physical quantities. The convergence is further improved by updating the
saurce terms (18) to (21) every 20 time steps with the changed plasma parameters n, 3,
'l‘e, T; and with rescaled nge I‘o, g according to the change in the total flux roR of
limiter recycled neutrals. We find strongly damped oscillations for all plasma variab-
les and global neutral quantities, shown in Fig. 3 for oR and for the total energy
transfer AE = If W o

tions the convergence is excellent. There remain small fluctuations in local neutral

dxdy from neutrals to ions by cx-reactions. After only 5 itera-

quantities like ngp.., but due to the positive correlation the relative changes in the
iterated values are far below the relative standard deviations (some o/co compared to
some %). However, if correlation sampling is switched off (iterations 6 to 10), the
global quantities begin to oscillate again, and the local ng,, is subject to greatly
enhanced fluctuations. The ny-profiles are displayed by Pl.6 for Monte Carlo and by
P1.5 for the analytic beams (same plasma background). The changes in the self-consis-
tently converged plasma parameters after passing from the analytic to the Monte Carlo
model are =~ 2 % for n, Vyr Tar Ty and ~ 5 % for &, Vg1 ¥. We conclude that the s.o.l.
plasma is remarkably insensitive to the approximations in the analytic neutral gas

model. EIRENE admits future refinements with larger emission angles and Dy-molecules.
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