Journal of Nuclear Materials 290±293 (2001) 1079±1083

www.elsevier.nl/locate/jnucmat

Heat and particle ¯uxes from collisionless scrape-o-layer
during tokamak plasma disruptions
A. Hassanein a,*, I. Konkashbaev a,b, L. Nikandrov b
b

a
Argonne National Laboratory, Argonne, IL, USA
Troitsk Institute for Innovation and Fusion Research, TRINITI, Pushkov 9, 142092 Troitsk, Moscow Region, Russian Federation

Abstract
The structure of collisionless scrape-o-layer (SOL) plasma in tokamak reactors is being studied to de®ne the
electron distribution function and the corresponding sheath potential between the divertor plate and the edge plasma.
One feature of the collisionless SOL plasma is that the edge plasma acts as an electrostatic trap for electrons because
electrons that originally have parallel energy lower than the wall potential will be trapped between the inner and outer
divertor plates. Trapped electrons are very important in collisionless SOL plasma and are mainly responsible for charge
neutralization of ions. Therefore, a full solution of the kinetic equation of particle transport to determine various
electron ¯uxes is required. In this study, the dynamics of the SOL plasma during disruption was investigated with a 2-D
numerical model that solves the kinetic Fokker±Planck equation for electron distribution. The main component of the
electric potential exists within a region where the SOL ions are absorbed, i.e., at the front of the expanding vapor
cloud. Ó 2001 Published by Elsevier Science B.V.
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1. Introduction
The steady operation of a plasma device is largely
determined by the boundary conditions at the divertor
or the limiter plates. The plasma processes at these
boundary walls are complex and usually require extensive numerical simulation codes to obtain insight
into the relative importance of the various interacting
phenomena and the desired optimal conditions for
enhanced operation. The divertor plate, for example, in
future fusion power device is a key component in removing particle and heat ¯uxes. In conventional divertor operation of existing tokamaks, as well as in future
devices, the plasma in the scrape-o-layer (SOL) is
highly collisional (T  100 eV). This means that the
particle mean free path k is much shorter than the par-
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allel or longitudinal distance L of the SOL between the
two opposite (inner and outer) divertor plates.
During normal operation of these devices, power to
the divertor plates usually does not exceed the critical
values at which melting or sublimation can occur.
However, during plasma instabilities such as hard disruptions the high incident power (P107 W=cm2 ) from
the SOL will cause signi®cant erosion of the divertor
plate from surface vaporization and splashing [1]. Although the actual heat ¯ux arriving at the divertor plate
during these events is signi®cantly reduced due to the
self-shielding eect from the divertor's own eroded material, the net erosion depth can still exceed hundreds of
micrometers per event, which would lead to serious
lifetime issues for these components. From numerical
simulations and modeling experiments, the erosion lifetime of the divertor plate material has been found to
depend on both the magnitude of the incident heat ¯ux
from the SOL and the energy distribution of ion/electron
¯uxes to the divertor plate [2]. Therefore, to more accurately predict plasma instability eects and to design
better laboratory simulation experiments, we must have
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a good understanding of SOL physics and the parameters that aect it.
During plasma instability events, the loss of con®nement will cause most of the core-particle ¯ux, to
arrive at the SOL with a relatively high temperature
T  T0 , where T0 (20±30 keV) is the core plasma temperature. This is in contrast to the normal operation
scenario wherein the temperature of the escaping particles from the core plasma to the SOL is relatively lower,
i.e., T < 1 keV, and the plasma is collisional. Because of
the high temperature of the escaping particles during
such events, the SOL plasma becomes collisionless and
thus requires dierent treatment than that of the SOL
during normal operation [3,4].
Collisionless SOL plasma behavior is also encountered during normal phases of operation with enhanced
con®nement [5]. This operation with low particle recycling and high temperature near the divertor plate was
demonstrated during recent device discharges of the JT60U with the use of boron-coated wall [6]. The plasma
temperature in the SOL can be several keV, which will
lead to a collisionless-plasma condition. The collisionless
behavior of a SOL during similar normal operations of
large helical fusion devices with enhanced particle con®nement was recently studied by Monte-Carlo numerical simulation methods [7]. A non-Monte-Carlo
(statistical ¯uctuation-free) Fokker±Planck model has
been recently applied to study kinetic eects in SOL [8].
The term `collisionless' in this paper does not mean
that collisions can always be neglected. It is used only to
indicate that the particle path length is much greater
than the length of the SOL, i.e., the distance between the
two opposite divertor plates along magnetic ®eld lines.
The full solution of the particle kinetic equation is still
required to describe particle distribution functions in the
SOL. This is because the lifetimes of particles that oscillate between plates at distances much shorter than the
length of the particle path (collisionless in space) will be
determined by collisions (collisional in time).
In a collisionless SOL plasma, the edge plasma acts
as an electrostatic trap for electrons, because electrons
that originally have parallel energy lower than the wall
potential energy will be trapped between the inner and
outer divertor plates. In a collisional SOL, however,
because of the short path length of both ions and electrons, neutralization of the ion charge is mainly due to
the SOL electrons moving toward the divertor plate.
Therefore, in contrast to the collisional SOL, charge
neutralization of ions in collisionless SOL plasma (see
above de®nition) occurs mainly because of these trapped
electrons. In more recent analyses, a collisionless SOL
plasma was studied without taking into account trapped
particles oscillating between the two negatively charged
inner and outer divertor plates [9]. In this case, the full
kinetic equation was not used. However, the existence of
trapped particles is quite important and requires that

the particle kinetic equation be solved to determine
the major parameters that are needed of the SOL, such
as negative potential and net heat load to divertor
plates [1].
2. Description of collisionless SOL plasma
The electrons in the SOL comprise three dierent
populations, based on their origins: the primary escaping electron ¯ux, the cold electrons, and the trapped
electrons [3]. The primary escaping electron ¯ux consists
of the hot electrons coming from the SOL and containing enough parallel energy to overcome the negative
stopping potential at the wall. The cold electrons are
those emitted from the cold dense plasma near walls
(i.e., walls of inner and outer divertor plates). The residence time of both ¯uxes have se  L=VTe 6 10 5 s,
is much less than the electron collision time see P
3  10 4 s, and thepresidence
 time of the hot ions in the
SOL si  L=VTi  mi =me se , where VTe , VTi are electron
and ion thermal velocity, respectively. Therefore, the
resulting electron density of such ¯uxes is low, and
its contribution to the charge equilibrium (ne  ni ) can
be neglected.
Some of the hot electrons with Ek < jeuj will be
trapped in the established electrostatic potential between
the two divertor plates. The characteristic lifetime of
these trapped electrons is determined by their diusion
from Coulomb collision in momentum space [3]. These
electrons are then considered collisionless in space but
collisional in time. Therefore, if Ek  Pk2 =m > jeuj as a
result of collisions, these electrons will escape the SOL.
The trapped electron density ntrap
is much higher than
e
the density of both escaping and cold electrons; therefore, charge neutralization of ions ni  ntrap
is mainly
e
due to these trapped electrons.
The ion current ji in the SOL is equal to the ion ¯ux
arriving from the core plasma. Near the walls, where the
potential is sharply decreased from 0 to u0 , the ions
accelerate. During normal operation and during disruptions, two types of heat ¯uxes arrive at the SOL from
the core plasma: particle heat ¯ux Wp , carried by the lost
particle ¯uxes of both electrons (Se ) and ions (Si ); and
heat ¯ux Wk , due to heat diusion [3]. The particle ¯uxes
Se;i are usually ambipolar; therefore, Se  Si  Sin . The
value of Sin can be estimated as Sin  n0 2pRpr2 =sp , where
n0 is the core plasma density, R the major radius, r the
minor radius, and sp is the particle con®nement time.
The corresponding particle heat ¯ux is Wp  3kT0 Sin . The
conduction heat ¯ux Wk is estimated as Wk  Q0 =sk ,
where Q0  3n0 kT0 2pRpr2 , sk is the characteristic time of
heat loss due to conduction, and k is the Boltzmann
constant. The total heat ¯ux W0 arriving at the SOL can
therefore be estimated as W0  Q0 =sE , 1=sE  1=sk
 1=sp , where sE is the energy con®nement time. The
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ratio of Wk to Wp is Wk =Wp  sp =sk . For normal operation sk is usually < sp ; therefore Wk > Wp .
From the experiments performed in JET device and
in TFTR machine [10,11], one may conclude that the
turbulent heat conduction ¯ux Wk may play an important role when compared with particle loss. There are no
separate measurements of heat ¯ux losses due to the heat
conduction or the heat ¯ux carried by the lost particles.
The total heat ¯ux, Wd , is usually estimated by dividing
the total core plasma energy Q0 by the disruption time
sd . As separate measurements are not available for Wk
and Wp , it is assumed that Wp  Wd and Wk  0. The ion
density ni in the SOL can be estimated from the stationary condition Ski  Sin , where the ion ¯ux, Ski , from
the SOL to the divertor plate is given by
1
1
Ski  p VTi ni 2prh ;
qs
2p
p
p 2pRr
ni 
n0 ;
VTi hsp

qs 

L RBu
2pR rBh

and

that the electrostatic potential is homogeneous along
magnetic ®eld lines (z-direction), i.e., u 0 < z < L  0,
but has a sharp jump at the walls, u z  0; L  u0 .
Thus, the velocity distribution of particles fa does not
depend on z, r, or poloidal angle /, and the problem is
therefore reduced from six dimensions to three dimensions, only in momentum space. After averaging on
azimuthal angle the problem can be treated as twodimensional one [12].
Finally for the dimensionless equation for the electron distribution function f can be written as the sum of
three dierential operators and source term q v; t, i.e.,
of
 1vv  1v  1##  q v; t;
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where h is the SOL width, Bu and Bh are, respectively,
the mean values of the poloidal and toroidal magnetic
®elds in the SOL [3]. The qs value depends on the speci®c
tokamak geometry and is usually close to unity in the
SOL.
3. Numerical simulation model
The problem now is to solve the stationary state of
the trapped electron population density in the SOL
plasma. An equilibrium electron density is established
between the incoming ¯ux of electrons from the core
plasma and the outgoing escaping electron ¯ux. The
incoming electron ¯ux arrives at the trap in the SOL
from the core by crossing the separatrix between the
open and the closed magnetic ®eld lines and then escapes
by crossing the separatrix (in momentum space) between
the trapped and escaping electrons.
The kinetic equation for the electron distribution
function f is given by the Fokker±Planck equation
X
ofa
ofa ~
F ofa
~
v

 La fa  

La;b fa ;
ot
o~
r ma o~
v
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where a v, b v, and c v are dimensionless functions.
The boundary conditions are
of
of 
p
v  0  0;
#
 0 and
ov
o#
2
5
p
of
v cos # > umax  2eu=m  0;
o#
assuming that the trapped particles crossing the separatrix between the trapped and escaping electrons leave
the SOL in a short time. The density of trapped ntrap
e
electrons is de®ned by integrating the distribution
function f over h and w, i.e.,
Z p Z
ntrap
 2p
e

2e/=m

0

p=2

0

f ww2 sin # d# dw:

6

The stopping potential is de®ned by the condition that
the trapped electron plasma density in the SOL equals
the ion density, i.e., ntrap
 ni :
e

2

where ma is the mass of particles of the ath species,
Fa  Fa t; r is the external force acting on them, and
Lab fa  is the Coulomb collision operator. The problem is
solved in the coordinate of z, r, and / used in the toroidal con®guration [3]. Such multidimensional problem
is quite dicult to solve and therefore, the following
assumptions are made. The SOL is assumed to be homogeneous across magnetic ®eld lines (this reduces the
problem to ®ve dimensions: two in space along z and
three in momentum space). Based on this assumption
the V  B force is reduced to zero. It is also assumed

4. Simulation results
For solving the Fokker±Planck kinetic equation, the
2-D SOLAS code was developed as part of the
HEIGHTS package [1]. Particle distribution functions
coming to the SOL from the core plasma are assumed to
have a Maxwellian shape. Calculations were carried out
for geometric parameters R, r, and h and various particles con®nement times sp to ®nd the stopping potential
that determines the distribution function of particles
arriving from the SOL to the wall (i.e., the front vapor
cloud above the divertor plate surface).
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In Fig. 1, the distribution function of the trapped
electrons fetrap is given in the planes of the velocities, i.e.,
longitudinal vk and transverse v? normalized to the
thermal velocity of the source VTe . It can be seen that
fetrap is essentially anisotropic and has twin-peaks at
jvk j  0.5 that is similar to the value obtained in [7] by
using Monte-Carlo simulation. The parallel distribution
function shows truncated tails, according to the
boundary condition stated in Eq. (5).
In Fig. 2, the dependence of normalized stopping
potential w  jeu=kT0 j on the SOL density during disruption ni is given for various values of parameter a, i.e.,
in Eq. (4), depending on tokamak characteristics (dimensions) and disruption duration. The stopping potential increases with density but decreases with a, which
is in agreement with the analytical solution presented by
Hassanein and Konkashbaev [3]. But the distribution
function is somewhat dierent with the minimum of fetrap
is near jvj  0 that is not found in [3] because of the
simpli®ed assumptions used. It can be seen in Fig. 2 that
the stopping potential for a wide range of parameters is
relatively low, w < 1, which is very dierent from the
collisional case in which the stopping potential is close to
ambipolar, i.e., w  3±4. As a consequence, the distribution function of particles coming from the SOL to the
wall (the vapor cloud near surface of the divertor plate)
diers with a corresponding dierence in heat and particle ¯uxes.
The electrons coming to the wall from the SOL
consist of two populations: hot electrons overcoming the
stopping potential Sehot and electrons diusing from the
electrostatic trap Setrap . The hot electron ¯ux is
1
Sehot  Se0 1
2

exp

w;

Se0 

n0 Rr
:
sp h

7

Fig. 2. Dependence of normalized potential on SOL density for
various values of parameter a.

The remaining electron ¯ux arriving from the trap is
1
Setrap  Se0 exp
2

w:

8

Consequently, the heat ¯ux carried by hot electrons with
Maxwellian distribution is



1 0
1
2 p
hot
We  Se kTo 1  1 U w p w exp
w ;
2
2
p
9
where U is the error function. In the frame of applied
assumptions, the energy of the trapped electrons diusing across the separatrix between the trapped and escaping electrons is Ek  0, therefore they only carry their
transverse energy. Thus, the trapped electrons energy
¯ux is
1
Wetrap  Se0 kT0 exp
2

w:

10

The remaining energy of the electrons is transferred into
the potential energy of the electrostatic ®eld in the SOL
trap. Ions leaving the SOL are accelerated by this potential, and their distribution function is Mawellian but
shifted in longitudinal direction in DEk  w. The energy
¯ux carried by the ions is
Wi  Wi 0  DW ;
DW  We0

Wehot

1 3
Wi 0  Si0 kT0 ;
2 2
Wetrap ;

Si0  Se0 ;

1 3
We0  Se0 kT0 :
2 2

11

5. Summary and conclusions
Fig. 1. Distribution function of trapped electrons in planes of
normalized velocities.

The overall damage to the divertor plate and nearby
components during a disruption is determined from the
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characteristics and the spatial distribution of the developed vapor cloud. The spatial distribution of this vapor
plasma depends on the distribution function of the
particles coming from the SOL to the divertor plate.
During disruptions, the SOL plasma is always collisionless in both existing tokamaks and future devices.
One of the main features of collisionless SOL plasma is
that the edge plasma acts as an electrostatic trap for
electrons, because electrons that originally have parallel
energy lower than the wall potential will be trapped
between the inner and outer plates. Trapped electrons
are important in collisionless SOL plasma to neutralize
the charge of the ions. A 2-D numerical code (SOLAS)
has been developed to solve the Fokker±Planck equation to calculate electron distribution functions to
provide detail modeling of wide ranges of plasma parameters. The potential between the divertor plates is
relatively low, eu=kT < 1, contrary to that of the collisional SOL plasma eu=kT  3±4. The distribution
function of the trapped electrons is anisotropic and exhibits a minimum at jV j  0. The parallel distribution
function shows twin-peaks at jVk j  0:5VTe with truncated tails.
It is important to note that the situation in the case of
a tokamak disruption is quite dierent than that during
normal operation. During a disruption a dense cold
vapor cloud is formed near the walls due to the incident high heat ¯ux. The front of this cloud expands
with velocity up to 100 km/s with high density of
about 1016 ±1017 cm 3 and temperature of 30±50 eV [2].
Therefore, the usual term of secondary electrons and
in®nite emissivity do not usually apply in the disruption
case. In this case the cold electron beams arise from the
vapor cloud due to the existing negative potential between the wall and SOL plasma. Also during disruption
no recyling is taking place since the vapor cloud is expanding into the SOL with high velocity. This could
have the eect of slightly decreasing the SOL length,
which does not aect the results of this study.
The average energy of trapped electrons is determined from the stopping potential u. Electrons arriving
at the wall (the vapor plasma near the divertor plates
surface) from the SOL during disruptions consist of two
populations: hot electrons overcoming the stopping
potential and carrying most of the electron energy from
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the core plasma, and electrons diusing from the electrostatic trap and carrying much less energy ¯ux. Part of
the electron energy is spent in keeping the energy of
electrostatic ®eld in the SOL. This energy is being spent
in accelerating the ions through the negative potential u.
The distribution function of escaping hot electrons has a
Maxwellian form and so the electrons diusing from
trap in the transverse direction, but are monoenergetic in
the longitudinal direction. The accelerated ions from the
SOL have a Mawellian distribution that is shifted in
the longitudinal direction, with DEk  w. The spatial
distribution of the vapor plasma parameters during a
disruption, and the overall damage to the divertor plate
and nearby components, are determined from the energy
distribution of ions and electrons.
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