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Abstract

The scrape-off layer (SOL) plasma is studied over a wide range of Coulomb col-
lisionality via particle Monte Carlo simulation with focus on the cooling effect of
secondary electrons in the high temperature divertor operation. Electron distribu-
tion function in collisionless regime shows a large departure from Maxwellian. In
the presence of strong secondary electron emission the electron sheath energy trans-
mission factor in collisionless regime is found to be significantly smaller than that
of collisional regime. which indicates a higher temperature obtainable in collision-
less SOL plasma. In both collisional and collisionless SOL plasma, the change in
the conductive energy flux from the core region into the SOL has little influence
on the normalized potential drop and electron energy transmission factor, while the
electron temperature is raised as the conductive energy flux increases.

Keywords: high temperature divertor operation, secondary electron emission,
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1. INTRODUCTION

Importance of the divertor plasma study has been emphasized in the recent fusion
programs since the divertor is the key ingredient in enhancing the plasma quality as well
as handing the high heat flux in future reactor grade devices.

In the conventional divertor scenario such as in the ITER design[1,2], strong tempera-
ture and density gradients develop in the scrape-off layer (SOL) plasma along the magnetic
field lines. This, in turn. creates a cold, dense radiative plasma near the divertor target
and a relatively high temperature and low density plasma surrounding the core plasma.
The low temperature plasma in contact with the divertor target reduces plate sputtering
and the high temperature of the SOL plasma in contact with the main plasma seems to be
required for H-mode. Such an edge plasma condition allows simultaneous achievement of
the radiative cooling and H-mode, as seen in DIIT-D[3] and ASDEX-U[4]. It is one of the
major issues of the ITER design whether such a divertor scenario is operable in the ITER
device that definitely satisfies both reduction of the heat load through the radiative cooling
and enhancement of the energy confinement. In the conventional divertor operation, the
plasma in the SOL region is highly collisional, i.e, the particle Coulomb mean-free-path A
is much less than the parallel dimension L of the SOL.

Recently, a new divertor operational scenario, high temperature divertor plasma op-
eration, has been proposed to enhance the energy confinement in helical devices as well
as tokamaks[5,6]. In this approach, a very high temperature of the divertor plasma is
maintained by avoiding particle recycling as much as possible. This is accomplished by
efficient pumping in the divertor. When the edge temperature exceeds a value seen at
the H-mode pedestal, i.e, 300-1000 eV, it can be expected that core energy confinement
improves similarly as the formation of the high temperature pedestal leads to the core
confinement enhancement in tokamak H-mode discharges. The validity of this concept
has been partly demonstrated by recent JT60-U discharges with low recycling, in which
ion temperature of the SOL plasma is raised to several keV and a record high value of
nte1" (with standard meaning) has been achieved[7]. The high temperature is obtained
by using strong pumping under the boron coated wall condition. This type of operation
is planned to be pursued further in the LHD device, a large superconducting helical de-
vice under construction in Japan[8]. For reactor grade devices, the divertor field lines are

needed to be guided into remote chambers outside of the coil cage, where the magnetic



field is weak and large divertor channel is available. thereby reliable heat removal and
efficient pumping can be achievable. For heliotron typed helical devices. such a divertor
magnetic configuration can be formed easily by a proper arrangement of the coils[9]. In
contrast to the conventional divertor operation. the SOL plasma is collisionless in the high
temperature divertor operation, namely. A > L.

In the high temperature divertor operation, one of the key physics issues is influence
of the secondary electrons emitted from the divertor plates, which tend to cool the SOL
plasma. Maintaining a high edge temperature is critical to achieve the improvement of
the energy confinement. Since particle recycling is controlled to be a low level by efficient
pumping, the cooling due to atomic processes associated with the particle recycling is
not significant. On the other hand, secondary electrons emitted from the plates due to
the impact of plasma on the target are inevitable. The secondary electrons are created
with smaller initial kinetic energy of a few eV, and become an essential cooling source for
the divertor and SOL plasma. To answer the feasibility of the high temperature divertor
operation, the influence of secondary electrons on a collisionless SOL plasma should be
clarified.

The SOL plasma can be operated over a wide range of Coulomb collisionality. 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 A,, i.e, L/(2X,), where
A = Taay/ 20/ Mma (Taq s the like-particle equilibration time{10] and T, 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, espe-
cially in high temperature operation mode, may significantly deviate from Maxwellian.
In many previous studies of the SOL plasma, electrons are assumed to be Maxwellian,
and only ious are solved. In collisionless SOL plasma of the high temperature operation,
however, the assumption of Maxwellian electrons is no more valid. The low collisionality
and non-Maxwellian features can significantly affect the transport properties of the SOL
plasma. To understand a collisionless SOL plasma, a kinetic treatment for electrons is
needed. Since the SOL plasma car be operated from collisional regime to collisionless
regime, its dependence on the collisionality should be investigated.

A particle Monte Carlo model with a kinetic treatment for electrons has been developed

to study global features of the SOL plasma in connection with main piasma parameters{11].



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. In this paper, by using the model, we numerically investigate the characteris-
tics of the SOL plasma such as potential formation, effects of secondary electron emission.
dependence on collisionality, sheath energy transmission factor, etc. The simulations have
been performed over a wide range of Coulomb collisionality with focus on the cooling effect
of secondary electrons in collisionless regime, which is importantly relevant to the high
temperature divertor operation. A brief description of the Monte Carlo model is given in
Section 2. The results of our simulation are presented in Section 3. The conclusions are

summarized in Section 4.

2. SIMULATION MODEL

Recently, we have developed a Monte Carlo model with a kinetic treatment on electrons
to study global features of the SOL plasma in connection with main plasma parameters(11].
We concentrate on the SOL region between two potential sheaths formed in front of the
two divertor plates. In the high temperature divertor operation, the gradient of plasma
along the flow direction is not significant in the SOL due to the fast streaming of particles
along magnetic field lines. This situation also holds for the SOL defined by a limiter.
Assuming that the plasma in the SOL is uniform due to the fast streaming, we have
proposed model Fokker-Planck equations for both electrons and ions of the SOL, taking
essential physics processes into account[11]. The distribution function of a-species f,(7,1)

evolves only in velocity space as follows

3 a —':t 3
f_g_l = C, + sources/sinks, (1

where C, is Coulomb collision operator. The cross-field plasma transport from the core
into the SOL and secondary electron emission from the plates are treated as sources, and
particle and energy sink effects due o 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 via randomly
exchanging the source particles for 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
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of energy flowing to the SOL and energy lost to the divertor plates. Coulomb collisions
are incorporated by a nonlinear Monte Carlo operator[12]. The Coulomb collision effects
can be accurately simulated even when the SOL plasma deviates far from a Maxwellian
distribution. Instead of solving Possion’s equation, the total potential drop between the
SOL plasma and the plate is consistently determined by employing the constraint of charge
neutrality and the condition of zero-current to the plate. The source and sink terms in
Eq.(1) are next explained in detail.

The particle source term S,,(%) of a-species, used to model the cross-field particle flux
from the core region across the separatrix into the SOL 1s given by

exp(—mav?/2Tsq)
/exp(—rnav?/QTm)d%.

with T,, defined as source temperature which may be considered as the main plasma

Spa = Sa

(2)

temperature very near the separatrix. The source strength S, relates to the total particle

flux across the separatrix I'! as follows
o= [ FoodS= [ &2 [0S =VsoiS., (3)
S4 Vsor

where T is the particle flux and Feor d3z is the space integration over the whole SOL
volume Vsor. S, is specified via Eq.(3) assuming that I} and Vypr are known.

The target plates absorb the particles incident on them along the open magnetic field
lines and therefore act as the strong sink for particles and energy in the SOL. The sink

effects are described in Eq.(1) by loss terms

fe .
L,= _aH(lUIH — V) (4)
for electrons and
fi
=2t )
Tl

for ions, where the Heaviside step function H(]#}y| — v.) represents the fact that only
untrapped electrons with v > v, (v. = 1/ —2e®/m.) can cross the sheath potential barriers
(with a height of —®, ® < 0) onto the target plates, and 7, is the particle lifetime defined

as the transit time along the magnetic field line to the plates, i.e,

0, for trapped electrons (’U” < vc)

Tle — L
-—, for untrapped electrons > Ve
QU” (’U” (% )

L
T = o for all 1ons (untrapped)
I



The cross-field energy transport from the core region across the separatrix into the SOL
includes the contribution from both convective and conductive processes. The convective
part is introduced by the particle source term S,,. The conductive part is modeled by the

heat source term taken as

exp( Mo 2/QTS,I)
2 3 ) (6)
/exp (—mt1 /QTM d /fad3

It introduces a conductive energy flux into the SOL by randomly exchanging the source

Sea = Sga

particles in the confinement region for the SOL particles according to the rate S'qa.

The impact of plasma on the target plates gives rise to the emission of secondary
electrons. The influence of secondary electrons is an important issue to be investigated
in the high temperature divertor operation. The secondary electron emission term in the

model Fokker-Planck equation is expressed as
Soe = e ] |’U;| — e )d3 g(v) . (7)
Tie / oAy

where é, is the emission coefficient which depends on the energy of incident electrons
and the material of the target plate. Secondary electrons are born at the plates with
a typical kinetic energy of a few eV and accelerated by the sheath potential to a speed
Ve = \/m m entering the SOL (note that magnetic field normal to the plates is
assumed). The velocity distribution function g(7) for secondary electrons as a source in
Eq.(7), can be reasonably set as

9(7) = exp ( ﬂf;i) 6y — ve) ; & + ve) )

with 75, ~ a few eV'. In Eq.(8), two §—functions represent two components of the sec-
ondary electrons from two divertor plates (or two sides of a limiter), and the perpendicular
component is trivially assumed to be Maxwellian.

The model Fokker-Planck equations are solved via particle Monte Carlo simulation.
In each time step At following the evolution of simulation system, the procedures are as

follows:

1. Colliding particles with each other, which changes particle velocities via the Monte

Carlo nonlinear collision operator;



2. Removing some particles from the system according to the sink terms in the equa-

tions. which models the loss of particles and energy to the plates:

3. Replacing randomly some particles with the source particles (i.e., the main plasma
near the separatrix) in terms of S, and S,,, which models the cross-field conductive

heat flux from the core region;

4. Injecting new particles into the system in terms of S, Sy, and Ss., which models
the ambipolar cross-field particle transport from the core region and the secondary

electron emission from the plates, respectively.

The step 2 is incorporated via killing particles. The probability of a particle to be killed

in a time interval At is

At
1 —e 7™’ for untrapped electrons (v; > v.) and ions

plyy) = ,

0. otherwise.
Whether a particle is killed is determined by compering p(v)) with a random number
uniformly distributed between 0 and 1. Time is advanced by repeating steps 1-4 until the
system becomes stationary satisfying the charge neutrality and zero-current condition. A
steady state SOL plasma and total potential drop are finally obtained in terms of total
particle flux and input power across the separatrix, the temperature of main plasma near

the separatrix, secondary eleciron emission coefficient, and the SOL size.

3. SIMULATION RESULTS

The SOL plasma is simulated by the above model over a wide range of Coulomb
collisionality. We neglect electron-ion collisions for numerical simplicity. The ramifications
of neglecting unlike collisions were previously discussed{11]. The input parameters are
listed in Table I. The collisionality is changed by varying the connection length L. The

secondary electron emission coefficient 4, takes 0.0, 0.5 and 0.8 in the simulations.
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TABLE I. PARAMETERS USED TO SIMULATE SOL PLASMA

Total particle fluxes I't =T% = 6.0 x 10°! sec!
Source temperatures Tee =T =T, = 2.0 keV
SOL volume Vsor = 0.5 m?

Electron exchange rate Sge = 1.0 ~ 7.05;

(Si = S.=T/Vsor
=1.2 x 102 m3sec™)
Ion exchange rate Se =00
Secondary electron emission coefficient 8. = 0.0, 0.5, 0.8

Perpendicular temperature of secondary electrons 73, = 1.0 eV

Mass ratio m;/m. = 1836 (hydrogen)
2450.0 m, collisional
Magnetic field line length L =4 590.1m, moderate

122.5 m, collisionless

Figure 1 shows the dependence of the ion density (i.e, plasma density) of the SOL
plasma on the the connection length L. Because the strength of the plate sink action is
inversely dependent on the connection length (see Eqs.(4) and (5)), the plasma density of
the SOL increases as the connection length increases. In Fig.1, log(n;/n,) and log(L /27,v;)

obey following linear relation approximately

n;
log — = 1.80 4+ 0.8271
Og n.&‘ + Og( TSUS

) (9)

within the accuracy of 3%, where v, = \/2T,/m. and time scale 7, and density scale n,

used for normalization are defined by the relations

. om, 3/ 13?2
Si= e and 7= Y el
Ts ne 7 4/metnsln A

The Coulomb logarithm is set to be a constant (In A = 17) in the simulations.

It was shown by the previous simulation that the electron distribution function in
the collisional SOL plasma (L = 2450 m) is nearly Maxwellian[11]. In collisionless SOL
plasma the situation is very different. Figure 2 shows the steady-state electron distribution
function of collisionless SOL plasma in the simulation with L = 122.5 m and 6, = 0.8.

The parallel distribution function (Fig.2(a)) shows truncated tails outside v} = ¥, because
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energetic electrons with dm e > —e® are directly lost and the collisions are too weak
to supply sufficient electrons into the loss region with ¢ > v Also due to the low
collisionality secondary electrons are not thermalized. as is indicated by the peaks near
vy = v, in Fig.2(a) as well as the small contours near vy = z. in Fig.2(b}). Compared to
the circular contour plot of electron distribution in collisional case[11]. the contour plot
in Fig.2(b) indicates that electron are anisotropic in collisionless case. In many previous
studies a Maxwellian distribution is assumed for electrons. However, as seen from Fig.2.
the electron distribution function is far from a Maxwellian in low collisionality regime.
which also indicates that, in studying the SOL plasma a kinetic treatment for electrons is
required and a nonlinear collision operator should be used.

The conductive energy flux from the confinement region into the SOL has been included
in the model in addition to the convective energy flux to ensure integrated balance of
energy flowing to the SOL and energy lost to the limiter/divertor plates. The conductive
energy flux can not be neglected in & self-consistent determination of the SOL structure.
The influence of conductive energy flux on the SOL plasma is now examined by changing
the conductive input power through the exchange rate Sqe. The conductive input power
is contributed by cross-field conductive energy flux g™ of electron

—con = 3¢
on'nd = -/:g Ge" d. S = §Sqe(Tse - Te)‘ (10)
A

where integration is performed over the separatrix surface S4. The simulations are per-
formed for collisional (L = 2450 m) and collisionless (L = 122.5 m} SOL plasma with
the secondary electron emission coefficient é, = 0.5. The variations of normalized total
potential drop ¢®/T.. electron sheath energy tramsmission factor . and electron tem-
perature with conductive input power " are illustrated in Fig.3. The electron energy
transmission factor is defined as

P, =~ T.IT. (11)

where P. is electron loss energy flux of the SOL to the plate, T, is the electron temper-
ature of the SOL and T'** is jon loss flux to the plate, which is equal to net electron
flux to the plate. Figures 3(a) and 3(b) show that the conductive energy flux has little
influence on e®/Ty; and ~. in both collisional and collisionless SOL plasmas. While the
electron temperature shown in Fig.3(c) sensitively depends on the conductive energy flux.
The electron temperature rises as the conductive input power is increased. As discussed

previously. the energy exchange between electrons and ions due to e-i collisions is weak
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even in a collisional SOL plasma[l1]. As energy exchange between electrons and ions is

neglected, Eq.(11) can be rewritten at steady state as
Qin — 7eTeF§‘1oss, (12)

where Q" is the total electron input power across separatrix into the SOL and I js
total ion loss flux to the plates (ie, the flux integrated over the surface of the plates).
The total electron input power Q¥ consists of the conductive input power Q¢ and the

convective input power Q:°"". Since the total input flux I'! is fixed, the total loss flux
Ff,loss

T

and the convective input power Q¢°"" are fixed. With regard to the energy balance
relation given by Eq.(12), the results shown in Figs.3(b) and 3(c) state that the change
in Q¥ only due to the conductive input power Q¢ causes the essential change in the
electron temperature 7, but not in the electron energy transmission factor .. The electron
temperature T, increases with proportional to the conductive input power Q™ under
the fixed collisionality. In contrast with it, the electron energy transmission factor -, is
almost independent of the conductive input power Q"4 but depends on the collisionality.
Although it is difficult to control Q" in a simulation {note that Q<° is not a direct input
parameter as is seen from Eq.(10)), it is possible to compare various simulation results
with different collisionality under the same total electron input power by utilizing the fact
that the electron energy transmission factor v, is almost independent of the conductive
input power @%*¢. Namely, under the same total electron input power and the different
collisionalities, the electron temperature at the steady state T, is inversely proportional
to the electron energy transmission factor «.; 7, x 1/7..

The isothermal fluid model[13] gives normalized potential drop e®/T, and electron

sheath energy transmission factor +. as follows

e 1 m, T; _s Vo
E =3 ln[(QWm,)(l + Te)(l 8.)7°] — In(2 . ) (13)
2 ed
%*—l_ée—iﬂ (14)

where Vp and ¢, are the ion initial mean speed ( the speed at the point far from the
plasma-sheath interface ) and the ion acoustic speed, respectively. Our simulation results
of e®/T. and «, for collisional SOL plasma have been shown to be in close agreement
with these analytic predictions[11]. The simulations are performed over a wide range of

collisionality. ‘The dependences of e®/T,; and . on collisionality are presented in Fig.4.
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Note that in these simulations, the cross-field particle flux and then cross-field convective
energy fiux of electrons are same (i.e, S, is same). but the conductive energy flux and
then conductive input power of electrons are different. Since, as indicated in Fig.3, the
normalized potential drop e® /T, and electron energy transmission factor are not sensitive
to the conductive input power, the difference in e®/T, shown in Fig.4(a) and difference
in v, shown in Fig.4(b) are attributed essentially to the difference in collisionality and in
secondary electron emission coeficient. In Fig.4(a), increase in the secondary emission
coefficient is found, over a wide range of collisionality, to reduce the total potential drop.

This observation can be understood from the condition of zero-current to the plate
088 lass
[ =T = {1 6", (15)

where I and T'2* are electron net loss flux and primary electron loss flux to the plate,
respectively. As the secondary emission is increased, the primary electron flux must in-
crease to maintain a constant net flux and then a zero current to the plate. This is done
by reducing the potential drop to enlarge the number of untrapped electrons, as indicated
by Fig.4(a). For the same secondary emission coefficient, the normalized potential drop
e® /T, in Fig.4(a) shows an increase with collisionality, which is consistent with the results
of PIC simulations[14,15] where the secondary emission is not included. To understand
the increase of e®/T., with collisionality, it is helpful to compare the parallel electrons
distribution function in collisionless case (see Fig.2(a)) to that in collisional case which is
close to a Maxwellian[11]. The parallel distribution function in collisionless SOL plasma
has a truncated tail outside v > v.. The primary electron flux to the plate is contributed
only by the tail with v > 2. of the distribution function. For a collisionless SOL plasma
having the same primary electron flux to the plate as collisional SOL plasma, a lower
potential barrier is needed. Thus, the potential drop increases with collisionality as shown
in Fig.4(a). Tt is also shown in Fig.4(a) that the increase in e® /T, becomes slower as the
the secondary emission becomes stronger.

The analytical prediction of ., Eq.(14), is based on the hydrodynamic description
of ions and the assumption of Maxwellian electrons, and thus not valid for collisionless
SOL plasma. In Fig.4(b), for the same secondary emission coefficient the electron energy
transmission factor «. is found to decrease with the decrease in collisionality. Especially
in the presence of strong secondary emission, -, in low collisionality regime is significantly

reduced relative to the one in high collisionality regime. This result provided by our
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simulations is essential for us to understand the cooling effect of secondary electrons in
the high temperature divertor operation. The cooling role of secondary electrons occurs
in whole collisionality regime, which can be seen in Fig.4(b) where 7. increases with &,
over a wide range of collisionality. The secondary electrons cool the SOL plasma partially
through reducing the sheath potential and partially through collisional energy exchange.
As is mentioned in the previous paragraph with regard to EQ.(11), we know that, with
the same input power, the electron temperature at the steady state is decreased as the
secondary emission increases. The smaller values of 7, shown in Fig.4(b) mean higher
temperatures 7, in collisionless SOL than in collisional SOL (under the same input power).
Since . is reduced with the decrease in the collisionality, the cooling effect of secondary
electrons becomes weak in collisionless case. Therefore, even if there is a strong secondary

emission, the high temperature can be maintained in the collisionless SOL plasma.

4. SUMMARY

The SOL plasma has been simulated over a wide range of collisionality by using the
particle Monte Carlo model.

The collisionless SOL plasma has been investigated related to the high temperature di-
vertor operation. A strong deviation of the electron distribution function from Maxwellian
has been shown. 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 v, is reduced as decreasing collisionality and that its value in collisionless regime 18
considerably smaller than in collisional regime. 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 primary
understanding of cooling effect of secondary electrons in the high temperature divertor
operation and a positive evidence that the high temperature divertor operation may be
possible.

The influence of cross-field conductive energy flux on the SOL plasma has been inves-
tigated. e®/T,) and -y, are found to be insensitive to the change in the electron conductive
mput power; while 7, is raised as the conductive input power increases.

Our simulations have also demonstrated that the potential drop —e®/T,; increases

12



with collisionality and decreases with increasing the secondary emission.
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Figure Captions

Fig. 1 Dependence of the SOL plasma density on the connection length L.

Fig. 2 Electron distribution function from the simulation of collisionless SOL plasma
with é. = 0.8: {a) parallel distribution function log f. vs. mevﬁ /(2T ) ( the dashed
line shows the Maxwellian distribution with the same temperature and the dotted
lines denote the positions of vy = v, = /—2¢®/m..) and (b) contour plot of the
distribution function (velocities are normalized by the thermal velocity of source

v, = /2T /me).

Fig. 3 Dependence of (a) normalized potential —e® /T, (b) electron energy transmission
factor 7. and (c) electron temperature T, on the conductive input power Q°*¢ for

both collisional (circles) and collisionless (squares) SOL plasma.

Fig. 4 Dependence of (a) the normalized potential —e®/T,y and (b) the electron en-
ergy transmission factor ., on Coulomb collisionality for three secondary emission

coefficients, 6. = 0 {circles), &, = 0.5 (squares) and é, = 0.8 {triangles).
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Fig. 1 Dependence of the SOL plasma density on the connection length L.



Fig. 2 Electron distribution function from the simulation of collisionless SOL plasma
with 6. = 0.8: (a) parallel distribution function log foy vs. mevt/(2T.y) (the dashed line
shows the Maxwellian distribution with the same temperature and the dotted lines denote
the positions of |G| = vc = \/_—m ) and (b) contour plot of the distribution function
(velocities are normalized by the thermal velocity of source v, = 1/2Ts/me)-
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