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Abstract
A new Monte Carlo simulation model for the scrape-off layer ( SOL ) plasma is

proposed to investigate a feasibility of so-called "high temperature divertor opera-
tion" . In the model, Coulomb collision effect is accurately described by a nonlinear
Monte Carlo collision operator; a conductive heat flux into the SOL is effectively
modelled via randomly exchanging the source particles and SOL particles; secondary
electrons are included. The steady state of the SOL plasma, which satisfies particle
and energy balances and the neutrality constraint, is determined in terms of total
particle and heat fluxes across the separatrix, the edge plasma temperature, the
secondary electron emission rate, and the SOL size. The model gives gross features
of the SOL such as plasma temperatures and densities, the total sheath potential
drop, and the sheath energy transmission factor. The simulations are performed for
collisional SOL plasma to confirm the validity of the proposed model. It is found
that the potential drop and the electron energy transmission factor are in close
agreement with theoretical predictions. The present model can provide primarily
useful information for collisionless SOL plasma which is difficult to be understood
analytically.

Keywords: Monte Carlo simulation, scrape-off layer plasma, Debye sheath, conductive

heat flux.
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1. INTRODUCTION

Toroidal devices employ a divertor configuration for the purpose of particle and heat

control. The magnetic field separatrix in the divertor configuration separates a narrow

boundary layer or scrape-off layer ( SOL ) from the confinement region. Since the SOL

has no closed and nested magnetic surfaces, the plasma behaves differently in the SOL

from in the confinement region. Charged particles in the SOL are guided along open

magnetic field lines rapidly to the divertor plates. The Debye sheaths [1,2] are formed just

in front of the divertor plates to maintain ambipolar particle fluxes to the plates. Electric

potential well due to the formation of Debye sheaths characterizes the plasma behavior in

the SOL. Atomic processes of neutral atoms and impurity ions in the divertor region play

an important role in determining particle recycling and heat removal.

Recently, scenarios of high temperature divertor operation have been proposed [3].

This operation requires a collisionless plasma in the SOL and strong pumping in the

divertor region. It is essential in this operation mode with high temperatures that the

plasma should not be cooled due to secondary electrons emitted from the divertor plates.

Potential formation in the boundary layer plasma or in the SOL has been investi-

gated related to the plasma-surface interaction. Conventional analyses [4-15], as well as

some numerical simulations [16-18], assumed that electrons obey a Maxwell-Boltzmann

distribution, and kinetic models [4-12] further assumed that ions are Coulomb collision-

free. However, the Coulomb collisionality of the SOL plasma can vary over a wide range

and the particle velocity distribution function may be distorted a great deal from the

Maxwellian. The improvement was made by the particle simulations [19-21] with colli-

sional kinetic treatment on both ions and electrons. In these simulations, the secondary

electron emission was not included.

In understanding characteristics of the SOL plasma in tokamaks or helical systems,

it is essential to determine the sheath potential, the plasma temperature and density,

secondary electron effect, and sheath energy transmission factor consistently with particle

and energy flows from the confinement region to the SOL. Coulomb collisions play an

important role in determining whether or not particles cross the potential barrier. Since

self-collisions are important and the plasma may have a velocity distribution far from a

Maxwellian, a nonlinear collision operator should be used for this problem.

In this paper, we present a new Monte Carlo particle simulation model for the SOL



plasma, to investigate a feasibility of the high temperature divertor operation. In the

model, particle dynamics is not followed assuming a steady-state uniform plasma along

the magnetic field lines. This simplification results from the fact that fast streaming of the

particles along magnetic field lines outweighs the perpendicular diffusion in determining

the SOL structure. Simulations based on the presented model are performed in the velocity

space. The cross-field plasma transport into the SOL and the secondary electron emission

from the plates are treated as the sources, and the particle and energy sink effects due

to the plates are introduced through the field length L between the two divertor plates.

The steady state of the SOL plasma and the sheath potential are determined by the

requirement of particle flux balance, energy balance and charge neutrality constraint. The

steady state depends upon, parametrically, the total particle flux across the separatrix into

the SOL F^ ( hereafter subscript a = e,i, denotes either electrons or ions ), input power

Q',", the size of the SOL, ( i.e, the length of magnetic field lines between the two divertor

plates L and the SOL volume VSOL ), the temperatures of main plasma near the separatrix

Tsa, and the secondary electron emission rate Se. In the present model, atomic processes

such as charge exchanges, ionizations, recombinatons of neutral atoms and impurity ions

are not taken into account. However, within the framework of the above simplification,

the model can clarify the essential characteristics of a general SOL system.

A nonlinear Monte Carlo collision operator[22], which has been developed to imple-

ment Landau collision integral[23], is employed to describe Coulomb collision effect in the

simulation model. We can accurately simulate Coulomb collisions even if the SOL plasma

deviates far from a Maxwellian distribution. The conductive energy flux from the confine-

ment region into the SOL, which has not been included in the previous work based on the

model Fokker-Planck equation[24], is newly included in addition to the convective energy

flux to ensure integrated balance of energy flowing to the SOL and energy lost to the

divertor plates. This conductive energy flux can not be neglected in self-consistent deter-

mination of the SOL structure. A special heat source is added to the model Fokker-Planck

equation to simulate the conductive energy flux as a first trial. The secondary electron

emission due to plasma-surface interaction, which may significantly affect the SOL system,

is also included in the model.

The description of the model is given in detail in Section 2. In Section 3, the model is

applied to collisional SOL plasma, in which the electron mean-free path Ae is shorter than



the system connection size L, and the simulation results are shown and compared to the

theory. In Section 4, conclusions are summarized.

2. DESCRIPTION OF THE MODEL

In describing the SOL plasma, we employ a simple one dimensional system parallel

to the magnetic field illustrated in Fig. 1. The plasma particles diffusing across the

separatrix from the confinement region into the SOL, flow along the magnetic field lines

toward the divertor plates. The potential sheaths with the width of a few Debye lengths

are formed just in front of the two divertor plates as a negative potential well with the

height of - $ ((5 < 0) for electrons in the SOL. The electrons with parallel kinetic energy

less than the potential energy ( \mev^ < —e<5 ) are trapped and bounce between the

two divertor plates and the electrons with parallel kinetic energy larger than the potential

energy ( |meujj > - e $ ) can cross the barriers onto the plates. On the other hand, all

ions can freely penetrate the sheaths onto the plates. Since the parallel flow is much

faster than the perpendicular diffusion across the magnetic field lines, we assume that the

plasma is uniform along the magnetic field lines neglecting drifts of the particles across

the field lines. Under the above consideration, we employ the point model, in which the

distribution function fa(v, t) evolves only in the velocity space as

sources/sinks, (1)

to describe the SOL plasma. Here a denotes the a-species ( electrons or ions ) and C(fa) is

the Coulomb collision operator. The model is established in the velocity space. To consider

the perpendicular fluxes across the separatrix into the SOL, the particle loss through the

sheath to the divertor plates and the secondary electron emission, some sources and sinks

are introduced in the model equation to convert these spatial effects into the velocity

space. Before presenting the concrete form of the sources and sinks, we explain the basic

consideration for modeling the SOL plasma as follows.

1) The particle injection model [19,21], which introduces source particles with some

velocity distribution into the system at a given rate, is used to simulate the particle

flux across the separatrix from the confinement region into the SOL. Particle sources for

electrons and ions, Spe and Spi, respectively, are included in the model equation.



2) If the particles flowing along the magnetic field lines penetrate the potential barrier

and reach the divertor plates, they are regarded to be lost. Thus, the plates act as strong

particle and energy sinks for the plasma. A particle life time Tj|n is defined as the transit

time along the magnetic field line to the plates

oo, for trapped electrons (-mi; | < -e<£

) l <
L/2|;7|||, for untrapped electrons ( -mu | > - e $

7||,- = ^p-r, for all ions (untrapped)

to describe these sinks, where L is the SOL system size, i.e, the length of magnetic field

lines between the two divertor plates.

3) Secondary electrons are born on the plates with typical kinetic energy of a few

eV, and then accelerated by the sheath potential to have parallel kinetic energy of about

-e<P. In the Fokker-Planck simulations by a finite difference method [16,18,24], it is rather

difficult to include secondary electrons because they are highly localized in the velocity

space. However, in the present Monte Carlo particle simulation, one can easily treat

secondary electrons by using the particle injection method. The source for secondary

electrons Ŝ e is added in the model equation.

4) The cross-field energy flux (or conductive energy flux) into the SOL is independent of

the particle flux in determining the structure of the SOL, because the energy flux consists

of convective part brought by the particle flux, as well as conductive part. Maintaining

the integrated energy balance in the SOL is essential to evaluate correct heat flux onto the

divertor plates. The power load on the divertor plates has attracted much attention in the

design of large fusion devices since the heat removal capability of current divertor plate

is limited. The total kinetic energy flux <fot across the separatrix into the SOL includes

contribution from both convective and conductive processes. It is defined as

Hot f - . HIV c / ->\ l3

<f° = J vx—fa{v)ePv
= cTom+cTond, (2)

where <fonv and (fond are the convective and conductive flux, respectively,

Uv)d\ (3)



(4)

fs(v) and T3 are , respectively, the distribution function and temperature on the separatrix,

and Kx is the thermal conductivity which is dominated by anomalous transport. Particle

source term only contributes to the convective part of the energy flux. The energy balance

in the SOL can be expressed as

Qin = / <fot • dS = Qloss, (5)
J S

where Qm is the input power and Qloss is loss power due to particle incidence on the

plates. The integration is performed over the separatrix surface SA- TO maintain Eq.(5),

conductive energy flux should be considered. It should be noted that since usually <fond >

<fonv, the lack of the conductive heat source term may lead to a incorrect result in a study.

For the sake of correct evaluation of the power loading and the rationality of the model

itself, a new source term, which gives rise to only conductive heat flux, is included in the

model equation. This newly added term is not considered in the previous model[24]. In

the present model, the heat source Sqa is incorporated by the method of particle exchange

between the SOL plasma and the source plasma originated from the confinement region.

This term simulates conductive energy flux for the balance of input power, but it does not

give rise to an extra particle flux.

We now express the Fokker-Planck equations which evolve electron and ion velocity

distribution functions, fe(v) and fi(v), respectively, to steady state,

( |i | | - We) + S* + S2e + S,,e, (6)
T||e

= < * / > £ + *. + «„. <7>
Here C(fe) and C(/,) are nonlinear self-collision operators.

The second term on the right side of Eq.(6) describes electron loss to the plates due

to untrapped electrons overcoming the sheath potentials, in which #(|uj|| ~ vc) is the

Heaviside step function and vc = J-2e<f/me.

The source terms Spa(v) in Eqs.(6) and (7) used to simulate the particle flux from

the confinement region into the SOL depend on the main plasma distribution near the

separatrix and complicated cross-field particle transport. It is not evident what the source



velocity distribution actually is. A simple one is Maxwellian source [10,24], which is used

in the simulation presented in next section, given by

where v3a = ^2T3a/ma with Tsa defined as source temperature which may be considered

as the main plasma temperature very near the separatrix. The source strength Sa relates

to the total particle flux across the separatrix Tl
a as follows

^ = / fn • dS = f <Px [cPvSpa = VS0LSay (9)
JSA JVSOL J

where f n is the particle flux and JVg0L d?x is the space integration over the whole SOL

volume VSOL- One can use Eq.(9) to specify Sa assuming that Tl
a and VSOL are known.

The ambipolarity of the cross-field flux implies 5; = Se.

The secondary electron emission term in Eq.(6) is expressed as

5 2 e = 5ef A#(Iff,,! _ vJtPv • g(g) , (10)
J T\\c I gfflcPv

where 6e is the emission rate. Secondary electrons are generated on the plates with ki-

netic energy of a few eV and accelerated by the sheath potential. Since the structure of

the sheath is neglected in the present model, g(v), the velocity distribution function for

secondary electrons as a source in Eq.(6), can be reasonably set as

M = exP ( -
V

with T2e± ~ a few eV.

The conductive heat source is taken as

\

(12)
exp (-v2/v2

sa) /„

h Jfad\J

Integration of Eq.(12) multiplied by mav
2/2 over the velocity space and the SOL volume

yields a conductive heat flux into the SOL

SA '



with the effective temperature Tn defined by -Ta = f -mai)
2/a(u)(/3u. This heat flux

results from randomly exchanging the source particles coming from the confinement region

and the SOL particles according to the rate Sqa- It gives

-jcond _ ^ i f T 1 —T}Q — . [J-sa J-a)

if the exchange rate takes Sqa = - - r4 , where A., is the thickness of the SOL. Note that

integration of Eq.(12) over the velocity space shows that Sqa gives no particle flux and

hence no convective heat energy.

In the present model, Coulomb collisions are treated in the Fokker-Planck approxi-

mation. The quantity which measures the collisionality of the SOL system is defined as

the ratio of L/2 to the particle mean-free path in the parallel direction Aa, i.e, L/(2Aa),

where Aa = Taaij2Ta\\/ma (raa is the like-particle equilibration time[25] and Ta\\ is the

parallel temperature). The collisionality can range from an extremely small value to

a very large value in different operation modes. The distribution function of the SOL

plasma, especially in high temperature operation mode, may significantly deviates from

the Maxwellian. In a particle model, Coulomb collisions can be implemented by a Monte

Carlo operator. The linear operators describe Coulomb collisions by following test par-

ticles under a Maxwellian background, and therefore, can not well fulfill the application

here since, as mentioned above, the distribution function of the SOL plasma may be far

from the Maxwellian. We have developed a nonlinear Monte Carlo collision operator[22]

which removed the assumption of a Maxwellian background by colliding all particles each

other. In the nonlinear operator, the Coulomb effect is incorporated by a number of elastic

binary collisions as follows.

At each integration step of time interval At all particles are randomly paired, or

grouped and then paired for collisions. The velocity change of a particle a (ma, va, ea)

( the quantities shown in parentheses are the mass, velocity and charge of the particle,

respectively) during a binary collision with a particle b (m6, t?6, e&) is determined by

AiJn = -—[(sine)n x u + (1 - cose)h x n x u], (13)
nia + mb

where the small parameter e is given by

( l i ) 2
7 > (14)



u = va — vb is the relative velocity before the collision, In A is the Coulomb logarithm, and

ii is a random unit vector with uniform distribution. The factor 7 in Eq.(14) takes

{ — = -j-, for unlike — particle collisions
6 n a

" , for like - particle collisions,
l Nl Na

where na (lib ) and Na ( Nb) are, respectively, the density and model particle number of

the species that particle a(b) belongs to, and Ncn is the like particle collision number in

the time interval Ai. The developed nonlinear collision operator ensures the conservations

of particle number, momentum and energy, and is equivalent to the exact Fokker-Planck

operator by correctly reproducing the friction coefficient and the diffusion tensor. The

highly vectorized algorithm has been designed for fast implementation of the operator.

This nonlinear operator is employed in the present model.

At the steady state, the electron particle flux balance and energy flux balance are

obtained from the zeroth and second moment of Eq.(6), which are given by, respectively,

Se = (1 - 8e) I ^-H(\v{l\ - vc)d\ (15)
J T||e

f SeTse + %(Tse - T.) + be\m.ev
2
c I £if(fl,| - vc)d

3v = [ M2^-H(\V{1\ - vc)dh.
II I J T\y J I T||e

(16)

The physical meaning of each term is evident. The balance relations for ions can be

obtained from Eq.(7).

To obtain self-consistent sheath potential, one usually needs solving Poisson's equation.

In the SOL (including presheath region ), the charge neutrality, i.e,

we = n{ (17)

is a good approximation to the solution of Poisson's equation, except when one wants to

obtain the detail spatial structure of the sheaths very adjacent to the divertor plates. In

this study, the self-consistent sheath potential $ (exactly saying, the total potential drop

of the sheath) is obtained by employing the neutrality constraint. This is also consistent

with the fact that the model is established in the velocity space, neglecting the sheath

structure.

The Eq.(6) and Eq.(7) are solved by Monte Carlo particle simulation to obtain the

steady state solution under the constraint of the neutrality, Eq.(17). We neglect electron-

ion collisions for numerical simplicity and reduction of simulation cost, thus we can solve

9



the two equations separately. One may notice that the potential $ does not enter Eq.(7)

in determining the behavior of ions. This results from that the potential is approximated

as the square well in the model. ( The Debye sheaths are assumed to be infinitely thin

compared to the parallel dimension of the SOL. )

3. COLLISIONAL SOL PLASMA

The Monte Carlo simulation model presented in the previous section can hold for

arbitrary collisionality. However, in this section, we apply the model only to the colli-

sional SOL plasma ( L/(2\a) > 1 ) and compare the calculation results with theoretical

predictions to confirm the validity of the model.

Simulations are performed by following procedures. First, we solve the equation for

ions given by Eq.(7) to obtain ion distribution function at the steady state. A large

number of ions with an arbitrary velocity distribution are initially loaded in the system,

and then followed according to Eq.(7) until the steady state is reached. Next, we solve, by

the same way as for ions, the Fokker-Planck equation for electrons, Eq.(6), with a specified

potential $ to obtain the electron distribution function at steady state. Equation (6) is

repeatedly solved changing <I> until the neutrality constraint is satisfied; ne = n,-. The

important point is that the steady-state solutions to Eq.(6) and Eq.(7) must be unique. A

series of test simulations are carried out, which indeed show that the steady-state solution

does not depend on the evolving history of the simulation system and initial distribution

function of loaded particles. This ensures that one can obtain the physically reasonable

steady state by imposing the neutrality constraint.

The input parameters are listed in Table I, where the total particle fluxes across the

separatrix into the SOL, source temperatures, the SOL volume, as well as the induced

input power are selected to be close to those of JT-60U [26]. The large length of magnetic

field line is used in order to make the SOL plasma to be collisional. The simulations are

performed by varying the emission rate of secondary electrons. For normalization, time

scale T3 and a density scale ns are defined by the relations,

St- = — and TS =

TS

The time evolutions of ion temperatures and density are shown in Fig. 2, which gives

the final steady state with TijTsi = 0.811, Ti\\/Tsi = 0.668, and rn/n3 = 9.40. The

10



perpendicular and parallel temperature are separated, and both are lower than the source

temperature. The parallel temperature is decreased because the energetic ions in the tail

of the distribution are easily lost to the plates, while the perpendicular temperature is

reduced via collisional energy transport to the parallel component.

The same diagrams for electrons obtained by the simulation run with 6e = 0.8 are

shown in Fig. 3(a) and (b), in which the steady state satisfies the neutrality constraint,

ne « iii. Figures 3(c) and (d) show the electron velocity distribution at the steady state.

The circular contour plot (Fig. 3(d)) implies that the electron distribution is nearly

isotropic, while Fig. 3(c) shows that the distribution in the parallel direction is close to

the Maxwellian of the same temperature as Tc\\ (shown by the dash line). Thus, one can

conclude that the electron distribution is close to a Maxwellian. Because the electron

mean-free path is shorter than the system length ( 2Xe/L = 0.132 ), the electrons are

sufficiently isothermalized.

The influence of secondary electron emission on the steady-state SOL plasma is in-

vestigated by the simulation, and the results are presented in Fig. 4. The normalized

electron temperatures Tei/Ts and Tc||/Ts (Fig. 4(a)), the electron collisionality L/(2Ae)

(Fig. A(b)), the normalized sheath potentials - e$ /T e and -e<I>/Ts (Fig. 4(c)), and the

electron sheath energy transmission factor 7e (Fig. 4(d)) are shown as functions of the

secondary electron emission rate. ( Note that the secondary electron emission has no

influence on the ions in the model).

The secondary electrons emitted from the plates enter the SOL with small perpendic-

ular energy of a few eV. In the collisional case, the secondary electrons will significantly

cool the warm electrons flowing into the SOL from the confinement region. As the emission

is increased, the electron temperatures are decreased, as shown in Fig. 4(a). Correspond-

ingly, the electrons become more collisional (see Fig. 4(b) ), and more isothermal. This

can be seen from Fig. 4(a) where the differences between Tei and Te\\ are decreased as 6e

is increased. Figure 4(c) shows that the magnitude of the sheath potential ( solid square )

is decreased as the secondary electron emission rate is increased. The potential <& does not

enter Eq.(7) to affect ion behaviors including ion flux onto the plate. As particle fluxes

for electrons and ions onto the plate should be ambipolar, the variations in $ also have no

effect on the total electron flux onto the plate. When the secondary electron emission is

increased, the primary electron flux must increase to maintain a constant total flux. This

11



requires a reduction of the potential to enhance the number of untrapped electrons.

The simulation results are compared with those of analytical models[4,14]. Kinetic

models proposed so far do not include secondary electrons. Thus the comparison is difficult

between the kinetic models and the present simulation. The isothermal fluid model in

Ref. 14 assumes that ions flow through the plasma-sheath interface at the acoustic speed

and that electrons obey a Maxwell-Boltzmann distribution. The model is available to

collisional SOL plasma on which the present simulations are performed. It gives the

floating potential drop $ / as

^ = iln[(2 A ( l + £)(1 - <5e)-
2] (18)

The potentials given by Eq.(18) are plotted in Fig. 4(c) ( solid triangles ). Note that the

floating potential \&/ is not the potential $ in our simulations. The total potential drop $

is the sum of floating potential and presheath potential if the spatial structure of a general

Debye sheath is considered. The presheath drop from the fluid model is

^ ^ ) , (19)

where Vo and cs are the ion initial mean speed ( the speed at the point far from the

plasma-sheath interface ) and the ion acoustic speed, respectively. In the case of present

simulation, it gives e^p3/Te = -0.69. The potentials evaluated by ( $ / + $ps) are also

drawn in Fig. 4(c) (blank triangles ), which are in reasonable agreement with the simula-

tion results ( blank squares ).

The electron sheath energy transmission factors are compared with those obtained

from simple analyses of energy baiance [4,14]. The analyses are briefly reviewed to extend

the floating sheath to the entire sheath.

In the presence of the sheath, the SOL electrons lose energy at the power density rate

( the loss energy flux )

Pe = r'e°o"2Te - r|-0Me*, (20)

where Tl°ss is the loss flux of ions, and T1°Q3 = — r j a " is the primary loss flux of
l — Op

electrons. The factor of two in the first term of Eq.(20) results from the assumption

of Maxwellian electrons, while the last term is due to the fact that only electrons with

energies greater than the sheath potential can penetrate the barrier onto the plates, and

represents the energy transferred from electrons to ions in the sheath field. The emitted

12



secondary electron energy is neglected since it is typically a few eV. The electron sheath

transmission factor is defined as

P 2 e$
/e~rer(oss i-fe r«"

In the present simulation model, there is no impurity radiation loss so that

Qin r)loss P 'T 1

e = Qe =7 e l ,- iei

which gives

This provides the evaluation of-the electron sheath energy transmission factor in the

simulations. In the calculation 7e by Eq.(21), the normalized potential energies - e $ / T e

are evaluated either from the simulation results or by ——— via Eqs.(18) and

(19). We refer the former to Theory 1 and latter to Theory 2. It is obviously seen from

Fig. 4(d) that numerical values for j e calculated based on the present model are in good

agreement with both Theory 1 and Theory 2.

The simulation results shown above have been obtained under fixed Sqe (Sqe = 3.05,).

The simulations with 6e = 0.5 have been performed as well, varying only Sqe over the

range 5,- < Sqe < 5.05,-. These simulations give the same conclusion, i.e, the numerical

values of total potential drop - e $ / T e and electron sheath energy transmission factor j e

are in close agreement with the analytic predictions.

4. SUMMARY

A new Monte Carlo model has been presented for the study of the steady-state SOL

plasma. The ion distribution function, as well as the electron distribution function which

was usually assumed to be the Maxwellian in the previous models, have been obtained

by solving the Fokker-Planck equation with the Monte Carlo method. The model estab-

lished in the velocity space includes sources and sinks to describe the incoming fluxes

and outgoing fluxes. The conductive heat flux from the confinement region has newly

been introduced to represent actual overall energy balance more precisely in the SOL.

The secondary electron emission can be readily included in the model. Coulomb collisions

have been accurately implemented by the nonlinear Monte Carlo collision operator. Un-

der above considerations, the model is appropriate to give important features of the SOL

13



plasma in the entire range of collisionality, consistently with the main plasma parameters

near the separatrix.

To confirm the validity of the proposed model, simulations have been performed for

collisional SOL plasma and compared with the theories. Dependences of electron tempera-

ture and collisionality, total sheath potential drop and electron sheath energy transmission

factor on the emission rate of secondary electrons have been shown. The total potential

drop and electron sheath energy transmission factor obtained from the simulations agree

close with the analytic predictions and the validity of the proposed model has been con-

firmed.

An immediate and important application of the model is to investigate a collisionless

plasma in the high temperature operation mode of the SOL. The simulation study using

the present model can clarify the influence of secondary electron emission on the charac-

teristics of so-called high temperature divertor plasma. Within the present framework, the

model can be extended to include other effects, such as neutral recycling by introducing

a new source of the neutral particle emission. These works are currently in progress.
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Figure Captions

Fig. 1 A schematic representation of one dimensional SOL system.

Fig. 2 The time evolution of ions: (a) ion temperature ( parallel temperature Tj| = Tz

and perpendicular temperature Tx = (Tx + Ty)/2 ~ Tx ~ Ty ), (b) ion density of

the simulation system.

Fig. 3 The time evolution and the steady-state distribution function of electrons ob-

tained from the simulation with 6e = 0.8: (a) electron temperature, (b) den-

sity, (c) parallel distribution function ( the dotted lines denote the positions of

\v\\\ = vc = ^-2e$/me and the dashed line shows the Maxwellian distribution with

the same temperature ), (d) contour plot of the distribution function.

Fig. 4 Dependences on the emission rate of secondary electrons 6e obtained from the sim-

ulation: (a) the electron temperature, (b) the collisionality £/(2Ae), (c) the sheath

potential drop ( blank squares: — e$/Te and solid squares: —e$/Ts ), and (d) the

electron sheath energy transmission factor ( blank circles ); for comparison, also

plotted are the analytic predictions of (c) the sheath potential drops -\&//Te ( solid

triangles ) and -(^f + ̂ ps)/Te (blank triangles ), and (d) the electron sheath energy

transmission factor given by Eq.(21) where -e$/Te is measured from the simulation

( blank triangles referred as Theory 1 ) and evaluated via - ( # / + $Ps)/Te ( blank

squares referred as Theory 2 ).
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TABLE I. PARAMETERS USED TO MODEL COLLISIONAL SOL PLASMA

Total particle fluxes rl
e = r | = 6.0 x 1021 sec"1

Source temperatures Tse = Tsi = Ts = 2.0 keV

SOL volume VSOL = 0.5 m3

Magnetic field line length L = 2450.0 m

Electron exchange rate Sqe = 3.05,-

= 3.6 x 1022 sec"1 • m"

Ion exchange rate Sqi = 0.0

Secondary electron emission rate Se = 0.0, 0.5, 0.8

Perpendicular temperature of secondary electrons T2cJ. = 1.0 eV
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