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Monte Carlo Simulation on the Scrape-off Layer
Plasma
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Importance of the divertor plasma study has been emphasized in recent fusion programs
since the divertor is the key ingredient in enhancing the plasma quality as well as handling
the high heat flux in future reactor grade devices. |

Recently a new divertor operational scenario, high temperature divertor plasma operation
has been proposed to enhance the energy confinement. In this approach, the scrape-off layer
(SOL) plasma is collisionless and the edge temperature is maintained to be very high by
efficient pumping, leading to the enhancement of the energy confinement. It is planned
to pursue this type of operation in the Large Helical Device. One of key physical issues
here is the influence of secondary electrons emitted from the divertor plate, which tend to
cool the SOL plasma. Maintaining a high edge temperature, however, is critical to achieve
the improvement of the energy confinement. In many previous studies of the SOL plasma,
electrons are assumed to be Maxwellian, and only ion dynamics are solved. This assumption is
no more valid for collisionless SOL plasma of the high temperature operation. To understand
a collisionless SOL plasma, a kinetic treatment for electrons is needed. Since the SOL plasma
can be operated over a wide range of Coulomb collisionality, the dependence of the SOL
plasma on the collisionality should be investigated.

In this thesis, a new Monte Carlo model with a kinetic treatment for electrons has been
developed to study the global features of the SOL plasma in connection with main plasma pa-
rameters. The global features of the SOL plasma such as temperature, density, total potential
drop, etc, are determined consistently with particle and energy flows from the confinement
region to the SOL. By using the model, we have numérically investigated the characteristics
of the SOL plasma such as potential formation, effects of secondary electron emission, de-
pendence on collisionality, sheath energy transmission factor, etc. The simulations have been
performed over a wide range of collisionality and much attention has been paid to collisionless
SOL plasma related to the high temperature divertor operation.

First, for purpose of accurate modeling of Coulomb collision effects which are important
in the SOL plasma, we have developed a nonlinear Fokker-Planck Monte Carlo collision
model. Such a nonlinear collision model is especially useful in many important cases of edge
plasma modeling where a significant deviation of the distribution function from Maxwellian
makes a linearized collision operator not applicable. The presented nonlinear Monte Carlo
operator collides all particles with each other via binary collisions so that non-Maxwellian
effect is taken into account, improving previous linear operators. The operator puts emphasis

both on accuracy and implementation efficiency. It conserves particle number, momentum,



and energy. Conservation of these quantities is important to maintain the correct balance
of particle and energy in the SOL plasma. The operator is equivalent to the exact Fokker-
Planck operator of Landau form in the sense that it can correctly reproduces the friction
coefficient and diffusion tensor with the accuracy of order O(At). Two highly vectorizable
algorithms have been designed for the fast implementation of the nonlinear collisions. Drastic
speedup is obtained by the algorithms on vector computers. The operator has been tested by
various simulations regarding relaxation processes, electrical conductivity, etc. In all tests,
the operator gives results in good agreement with these of theory. This nonlinear Monte Carlo
operator, constructed in general case, is not limited for only the SOL plasma modeling, but
can be widely useful for accurate simulations of collisional transport problems in magnetized
and unmagnetized plasmas.

With the major goal being study collisionless SOL plasma related to the high temperature
divertor operation, we have proposed velocity space model Fokker-Planck equations for both
electrons and ions, taking essential physics processes into account. The cross-field plasma
transport from the core into the SOL and secondary electron emission from the divertor
plates are treated as sources, and particle and energy sink effects due to the absorbing plates
are effectively modeled through the connection length L between two divertor plates. In
the source terms, the conductive energy flux from the confinement region into the SOL is
effectively modeled for the first time via randomly exchanging the source particles and the
SOL particles. The conductive energy flux, which is independent of cross-field particle flux in
determining the SOL structure, together with the convective energy flux introduced by the
particle source term, ensures integrated balance of energy flowing to the SOL and energy lost
to the plates. Coulomb collisions are incorporated by the nonlinear Monte Carlo operator
mentioned above. The collision treatment using the nonlinear Monte Carlo operator is also
extended on the secondary electrons. Instead of solving Possion’s equation, the total potential
drop between the SOL plasma and the plate is consistently determined by employing charge
neutrality constraint. The model Fokker-Planck equations are solved via particle Monte
Carlo simulation under charge neutrality constraint and zero-current condition. A steady
state SOL plasma and total potential drop are obtained in terms of total particle flux and
input power across the separatrix, the temperature of main plasma near the separatrix,
secondary electron emission coefficient, and the SOL size. Within the present framework,
the model can be extended to include other effects, such as neutral recycling and impurities,
by introducing additional source terms.

The particle Monte Carlo model has been applied to study collisional, collisionless, and

moderate collisional SOL plasma with focus on the issues relevant to the high temperature di-



vertor operation. Essentially, a collisionless SOL plasma has been explored and the influence
of secondary electrons has been clarified.

In collisional SOL plasma, the fundamental quantities such as total potential drop e®/T.
and electron sheath energy transmission factor 7, obtained from the simulations agree close
with predictions of the theory which assumes Maxwellian electrons. The validity of the
proposed model has been confirmed.

A strong departure of the electron distribution function from Maxwellian has been shown
for collisionless SOL plasma. The low collisionality and non-Maxwellian features affect the
transport properties of the SOL plasma, and result in the total potential drop and electron
energy transmission factor differing significantly from the analytical estimates. It has been
found that in the presence of strong secondary emission the electron energy transmission
factor . in collisionless case is significantly smaller than that of collisional case. This fact
indicates that the SOL plasma is not cooled by secondary electrons in collisionless case
because the electron equilibrium temperature is inversely proportional to .. The numerical
study here provides a positive evidence that the high temperature divertor operation may be
possible.

The potential drop e|®|/T, has been found to increase with collisionality. For the same
secondary emission coefficient the electron energy transmission factor . has been found to
decrease with decreasing collisionality, which indicates that the cooling effect of secondary
emissions becomes weak in a collisionless SOL plasma.

The introduction of cross-field conductive energy flux plays a decisive role in power balance
in the SOL. It is very interesting that in both collisional and collisionless SOL plasmas, the
change in the conductive energy flux has little influence on e® /T, and 7., while the electron
temperature is raised as increasing the conductive energy flux.

It also has been demonstrated that, over a wide range of collisionality, as secondary
emission is increased, the potential drop e|®|/T,; is reduced and +, is increased.
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