KINETIC MODELLING OF PLASMA NEAR THE NEUTRALIZER
PLATE IN A TOKAMAK DIVERTOR
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An electron kinetic code is used to simulate longitudinal transport and recycling near
the neutralizer plate in a divertor plasma. In addition to the standard features, such
as e-e and e-1 Coulomb collisions, tramsport, fon motion, and a self-consistent elec-
tric field, the code now accounts for ionization, excitation, and recycling of hydrogen
near the plate. [ons and neutrals are treated as fluids. The kinetig results are com-
pered with those of a one-dimensional, two-temperature fluid code. Some implications
of these results for recycling and impurity control in tokamaks are also discussed.

INTRODUCT 10N

Several analytical and numerical approaches have been used to study the basic processes
of divertor plasmas. Most approaches are based om a flufd description of the plasma
[1-3]. In a divertor, the temperature gradient scalelength Ly = T/(dT/dx) is known to
be only a few times the collisional mean-free path ico1. Under these conditions,
heat transport is in the so-called flux-limited reqime, and the particie distribution
function is not expected to be Maxwellian. In the following we consider kinetic simu-
lations of the plasma near the neutralizer plate. The simulations are based on a modi-
fied version of the FP1 *Fokker-Planck International® code (4], originally written to
model laser-plasma interactions [4,5], and recently used to simulate electron heat
transport in the "AUKORA® microwave-driven plasma experiment [6]. Results obtained
with a two-temperature fluid code are also presented and compared with results obtained
under similar conditions with the kinetic code.

MODEL

Gaometry

For simplicity, transport is considered along a single spatial coordinate, parallel to
the magnetic field. A given plasma flux is assumed on the left boundary, at x = 0, and
a perfectly absorbing plate is assumed on the right, at x = L. In the kinetic model,
the electron distribution function depends on two velocity components vy and v,
respectively parallel and perpendicular to the magnetic field.

Electron kinetic model
The equation governing the electron distribution function js:
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The first term on the right hand side stands for Coulomb collisions of electrons with
ions and with other electrons handled in & Fokker-Planck manner. A(f] is a Boltzmann-
type operator which accounts for excitation and ionization of neutral hydrogen atoms.

Fluid model

In addition to the electron kinetic model Jjust described, a simple fluid simulation
code is also used in which all particles species {including electrons) are treated in
the fluid approximation. Specifically, the code solves for a single demsity, single
velocity, and two temperatures (T, and T;] as a function of time. The ion thermal
conductivity and viscosity have the standard Braginski values [7]. The electron heat
flux in the moving fluid is calculated as the harmonic mean between the Spitzer flux
gy [7] and a limited free streaming flux;
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wheare w.re = (T J- a}“* and f is the so-called flux limiter. From earlier work [4,5)
we have chosen f to be 0.2.

Atomi sics

The atomic physics processes accounted for in the simulations include fonization and
excitation of the hydrogen atom from the ground state. The cross—-sections used in the
kinetic code and the rates used in the fluid code are taken from reference [8].

Boundary conditions
i) Electron kinetic code

Plasma is assumed to be flowing from the left (x = 0] with given electron and ion den-
sity, drift velocity and temperature. The neutralizer plate at the right boundary (x =
L] is modelled as follows. A1l incident ions are absorbed by the plate. Drawing on
the results for Vlasov sheath, incoming electrons with a longitudinal velocity above a
certain velocity v, are absorbed as well. Electrons with vy €& v, are reflected
specularly. The velocity v, is adjusted so as to gqive a zero net current at the pla-
te. This boundary condition models the pre-sheath and avoids having to resolve the
sheath ftself.

ii) Fluid code

As in the kinetic code, given plasma flux, density and temperatures (both ionic and
electronic) are prescribed on the left boundary. On the right boundary, all incoming
plasma is assumed to be absorbed. The fon energy flux there is Q; = 3.5 TyTy,
[3,9], where ['; is the ion particle flux. For the electron enerqy flux at ihe plate,
we have used two formulae. The first one can be found elsewhere in the literature [3];
it is

Q, =28T1,T,. (3

In what follows we consider results obtained with § = 3 [3] and § = 2 (which seems to

fit other results [9]). The second expression is obtained by assuming a truncated Max-
ig
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wellian electron distribution at the plate [10,11), i.e.:
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where X, = "ro“t.ho’ Yino ™ {2 Ta.fn‘!“*. From this, the electron particle and energy
fluxes are found to be:
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We note that the parameter T, appearing in these expressions is not the temperature
Te produced by the code which is the mean energy in the drift frame. The relation
between T, and Tg is:
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In practice, x, is calculated from Eqs. (5) and (7), for a given particle flux and
a4 given electron density and temperature at the plate.

Recycling
Hydrogen recycling at the plate is simply modelled in this early work by assuming a
constant profile of hydrogen neutrals localized near the plate. This distribution of
neutral is prescribed a priori and it is not allowed to vary in time; i.e. when a neu-
tral hydrogen atom is fonized, it is assumed to be replaced instantly by another
neutral.

Initial conditions

In the fluid simulation code, for simplicity, all profiles are assumed to be uniform at
time t = 0. However, to reduce the computer load, the initial conditions used in the
electron kinetic code correspond to the stationary solution already found with the
fluid simulation.

RESULTS AN USSION

The results considered were obtained with the following parameters: at x = 0 the impo~
sed electron and ion densities are 3 x 10'* cm™® and both ion and electron temperatures
are equal to 50 eV and the ion drift velocity is vj = 0.3 g, with Cg = [Ty +
Til/mg)i*2., The neutralizer plate is assumed to be at L = 15 m, with the boundary
condition discussed above.



The electron density and v;/Cg profiles computed with the kinetic code are shown in
Fig. (1}. These profiles are close to the corresponding profiles computed with the
fluid code. We note that the flux of particles cutside the divertor (recycling region)
is uniform with a Mach numbers ~ 0.3. In this region the pressure is uniform. The
pressure gqradient is responsible for the acceleration of ions to a velocity close to
Cy near the divertor plate. The electron temperature profiles computed with both
codes are shown in Fig. (2). For the fluid simulation, results are presented for four
possible expressions of the electron heat flux at the plate. These are: A) f= .2, 6
=3 in Eq. (3), B) f = .2, § = 2 in Eq. (3), C) f = .2 and Eq. (6), D) f = = and Eq.
(6). The latter case corresponds to an unlimited Spitzer heat flux. We note that the
temperatures predicted by the fluid mode] with these diffsrent parameters are always
larger than that computed kinetically except for case D near the plate. This general
overestimate of the electron temperature in the fluid code is believed to be due to non
Tocal effects involving the left hand boundary which are not correctly treated in the
fluid approximation.

The ion production rates s, = NgNp <ve0dio, calculated in the kinetic and
the fluid (for case C only) codes are shown in Fig. [4). The differsnce between the
two rates is due to the difference in the electron temperature profile predicted by the
two codes rather any difference in the form of the distribution from Maxwellian. (In
the fluid code, <va0>j5, 1is calculated by averaging the ifonization cross sec-
tion over an assumed Maxwellian electron distribution function.)

The ion temperature profiles are shown in Fig. (6]. The kinetic calculation yields a
T; which is Tless than that calculated in the fluid model outside the recycling
reqion. The opposite is true inside the recycling region. This is caused in part by
the larger value of s, computed in the fluid model with its larger temperature.
Also, the smaller electron temperature computed in the kinetic model tends to lower the
fon temperature away from the plate. The electrostatic potential energy e¢ calculated
from the kinetic code is presented in Fig. (7). The electron distribution function
felvy) vs vy, calculated from the kinetic code is shown in Fig. (B).

CONCLUSION

This kinetic modelling of the divertor plasma has shown that the simpler fluid models
perform quite well as far as macroscopic guantities such as density and drift velocity
are concerned. However, the temperature and heat transport are not well modelled by
the fluid code variants (even though the non Maxwellisn nature of the electron distri-
butfon is not important here}. This has significant effects on fonization and excita-
tion rates.

ACKNOWLEDGEMENT

Work supported by the Ministére de 1'Education du Québec and the NSERC.

0

40



REFERENCES

[1]

[2]

L3l

[4]
[s)

[6]

7}

8]

[9]

[10]
[11]

J. Neuhauser, W. Schndeider, H. Wunderlich, K. Lackner and K. Behringer, J.
MNucl. Mater. 121, 164 (1984).

W. Schndeider, D.B. Heifetz, K. Lackner, J. Neuhauser, D.E. Post and K.G. Rauh,
J. Nucl. Mater. 121, 178 (1984).

H. Gerhause, H.A. Claassen, 12th European COnference on Controlled Fusion and
Plasma PHysics, 2-6 September 1985, Budapest, Hungary.

J.P. Matte and J. Virmont, Phys. Hev. Lett. 49, 1936 (1582).

J.P. Matte, T.W. Johnston, J. Delettrez and H.L. McCrory, Phys., Hev. Lett. 53,
1461 (1984).

J.H. Rogers, J.5. De Groot, I. Abou-Assaleh, J.P. Matte, T.W. Johnston and M.D.
Rosen, Phys. Fluid Bl, 741 (1989).

5.1. Braginsky, in: Reviews of Plasma Physics, Vol. 1, Ed. M.A. Leontovich [Con=
sultants Bureau, New York, 1965), p. 205.

R.K. Janev, W.D. Langer, K. Evans Jr., and D.E. Post Jr., ‘Elementary procassas
in hydrogen-helium plasma® (Springer-Yerlag, Berlin, Heidelberg, New York, Lon-
don, Paris, Tokyo 19871}.

R. Chodura, *Physics of plasma-wall interactions in controlled fusion', p. 99,
Ed. by D.E. Post and R. Behrisch (Plenum Press, 1984).

G.D. Hobbs and J.A. Wesson, Plasma Phys. 9, BS (1967).

Yu.L. Ilgitkhanov, A.S., Kukushkin, A. Yu. Pagarov, V¥.l. Pistunovich and V.A.
Pozharov, [AES-CN-44/E-I[-5-2, 113 (1984).

FIGURE CAPTIONS
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1. Profile of the electron density "r and vifﬁ‘ calculate from the kinetic code.

2. Profile of the electron temperature T, (kinetic code —, Fluid code: =-+-
f=.2 &=3inEg. (3); =+**-—F= .2 &=2 inEqg. (3); === f = .2 and Eq.
(6); == f = = and Eq. (6]).

3. Profile of the electron heat flux as (kinetic code——  Fluid code:

--f= .2, 6§ =3 in Eg. (3); =-++--f = .2 in Eq. (3); -— f = .2 and Eq.
{6); -*-f == and Eq. (6)]).

4. Profile of sp = NoNp <va03jon (a: Kinetic code, b: Fluid code:
f=.2 and Eq. (6).

5. Contour lines of &n fetvx] calculated from the kinetic code as a function of
”x and x. The truncation of f'[vx} at the plate is clearly seen from this
figure,

6. Profile of the ion temperature T; (Kinetic code » Fluid code —-}.

7. Profile of the electrostatic potential e# calculate from the kinetic code.

8. The electron distribution fumction fg(vy) calculate from the kinetic code
vs vy, and x.
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