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Charge separation at a plasma edge in the presence of a density gradient
M. Shoucri, E. Pohn,a) G. Knorr,b) P. Bertrand,c) G. Kamelander,a) G. Manfredi,c)

and A. Ghizzoc)

Centre Canadien de fusion Magne´tique, Varennes, Que´bec, J3X 1S1, Canada

~Received 17 December 1999; accepted 11 February 2000!

A fully kinetic code for ions @one dimensional~1-D! in space, and using the three velocity
dimensions in velocity space# is used to study the problem of the formation of a charge separation
with the self-consistent electric field in a plasma in the presence of a density gradient. Electrons are
treated using an adiabatic law. Graphical results are presented which follow the formation of a 1-D
steady state showing the formation of an oscillating positive potential bump toward the edge of the
plasma. These oscillations are closely associated with the gyration of the ions. It is also shown that
the presence of a small fraction of impurity ions at the plasma edge can have a significant effect on
the rapid buildup of the potential at the edge, and in increasing the charge separation and the
associated electric field at the edge, in comparison to the case when no impurity ions are included.
The present results show the importance of a kinetic solution to the problem of the equilibrium
electric field and charge separation in the presence of a density gradient, and point to the important
role played by the finite ions’ gyroradius and the important contribution of impurity ions in this case.
© 2000 American Institute of Physics.@S1070-664X~00!03906-9#
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I. INTRODUCTION

The problem of the formation of a charge separation i
plasma in the presence of a steep density gradient is of m
importance in many physical problems. In tokamak phys
it is the central problem in the physics associated with
high confinement mode~H mode! and the reversed shea
equilibria. In a previous work,1 we presented a study of thi
problem using a two-dimensional gyro-kinetic code for t
ions, with electrons following an adiabatic law. The gyr
kinetic code showed the formation of a stable~for the param-
eters studied! one-dimensional~1-D! equilibrium, with an
effective charge separation which resulted from the con
gate or simultaneous effect of the finite ions’ gyroradius a
the presence of the steep density gradient. In this case
electron density changes rapidly over an ion orbit size
the electrons cannot exactly compensate the ions ch
along the gradient, due to finite ions’ gyroradius. This eff
is especially important for large values ofr i /lDe (r i is the
ions’ gyroradius andlDe the Debye length!.

We complement the results published in Ref. 1 with t
present work, which studies the same problem using a f
kinetic 1-D Eulerian Vlasov code for the ions~one spatial
dimension and three velocity dimensions!. The numerical so-
lution is effected by integrating the Vlasov equation alo
the characteristics, which are the exact ion orbits, usin
method of fractional steps~see Ref. 2!. The gyro-kinetic ap-
proximation used in Ref. 1 imposes some limitations on
scale lengths of the parameters used. It also involves an
eraging in the direction perpendicular to the magnetic fi
over a distribution function which is assumed to be a Ma

a!Also at: Forschungszentrum Seibersdorf, Seibersdorf, Austria.
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wellian with constant temperature. As we shall see in
present results, this is not generally the case, especially
the large gyro-orbit impurity ions which give an importa
contribution to the charge at the edge. The combined ef
due to the existence of a potential and an electric field at
edge, with the gyration in velocity space across the magn
field, will generally distort the distribution functions from
Maxwellian. In addition, the fully kinetic code allows us t
study the edge localized oscillations associated with the
ration of the ions. The kinetic code also confirms the resu
of Ref. 1 that small fractions of impurity ions can add
significant contribution to the charge and electric field in t
presence of a gradient, and gives a more accurate descri
of the kinetic of the ions and of the impurities. Also, th
present simulation follows the formation and buildup of t
potential at the edge and shows how the presence of impu
ions contribute to a significant acceleration of the fa
buildup of the potential and charge separation at the edg

Attention has long been paid to the important role play
by small fractions of impurity ions in the peripheral region
a tokamak plasma, both in the excitation of modes driven
the density gradient which control the energy transport in
plasma edge,3,4 and in the fact that small quantities of impu
rity ions greatly enhance the radiation losses in the plasm5

Preliminary results with the present kinetic code, which
cludes the important effect of the ions gyroradius, have b
presented in Ref. 6. The present results point out the imp
tance of the finite ions gyroradius effect in many problems
plasma–wall transition with steep plasma parameters. E
rian Vlasov codes, having a low noise level, offer a power
tool for the study of these problems.

II. THE PERTINENT EQUATIONS

We approximate the plasma edge in the toroidal geo
etry by a slab. We consider a 1-D slab geometry, they di-

.

7 © 2000 American Institute of Physics
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rection representing the radial direction. The 1-D Vlas
equation for the main ions’ distribution functio
f i(y,vx ,vy ,vz) is written:

] f i

]t
1vy

] f i

]y
1

e

mi
~E1vÃB!•

] f

]n
50 ~1!

with a similar equation for the impurity distribution functio
f I , with the subscript ‘‘I’’ replacing the subscript ‘‘i’’ in Eq.
~1! B denotes the constant magnetic field situated in
(x,z) plane, and makes an angleu589° with thex axis (z
represents the periodic toroidal direction andx represents the
periodic poloidal direction, which are considered homog
neous in the present calculation!. v is the velocity and the
electric fieldE is calculated from

E52¹w, ~2!

where the potentialw is calculated from Poisson’s equatio
~for singly ionized impurity ionsZ51):

Dw524pe~ni1nI2ne! ~3!

andni ,I5* f i ,I dv. The electron densityne is calculated from
an adiabatic law,

ne5n~y!eew/Te. ~4!

As we mentioned in Sec. I, we are calculating a cha
separation in a non-neutral plasma along a gradient wh
the electron density changes rapidly over an ion orbit s
and the electrons cannot exactly compensate the ions ch
along the gradient. This charge separation is calculated
the Debye length scale, which is assumed small but fin
Hence the importance of calculating the potential from
Poisson equation.

We normalize time tovpi
21. Velocity is normalized to

the acoustic velocityCs5ATe /mi , and length is normalized
to Csvpi

21. The potential is normalized toTe /e. We take as
initial density

n~y!50.5~11tanh~y/15!! ~5!

in the domain280,y,80.
The initial distribution function for the main ions i

given by

f i~y,v!5ni

1

2pTi0
e2~vx

2
1vy

2
!2/2Ti0

1

~2pTi~y!1/2e2vz
2/2Ti ~y!. ~6!

A similar expression is used for the impurity ions’ di
tribution f I(y,v). Temperature is assumed constant (Ti0) in
the direction almost perpendicular to the magnetic field, a
having a profileTi(y) in the direction almost parallel to th
magnetic field. This is done to keep our initial conditio
close to what was presented in Ref. 1, since the avera
over the gyro-motion was effected with a constant tempe
ture in the direction normal to the magnetic field. Also, du
ing the evolution of the system, the gyration around the m
netic field has a tendency to evolve the temperature t
constant value in the direction perpendicular to the magn
field.

The relevant physical parameters, in dimensionless fo
are chosen as follows:
Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to 
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Te /Ti051, mi /me51840, vci /vpi50.1,
~7!

mI /mi510

and the ratio of the ion gyroradius to the Debye length
given by

r i /lDe5
v t i /vci

lDe
5

ATi0 /Te

vci /vpi
510. ~8!

The numerical code uses a method of fractional steps a
ciated with cubic spline interpolation, similar to what h
been used in Ref. 1. This method has proven through m
applications to give accurate results~see Ref. 2!. We use a
time stepDt50.1. The computational domain is280,y
,80, 24,vx,4, 24,vy,4, 24,vz,4. The number of
grid points isNyNvxNvyNvz5160350350350. Our simu-
lation was performed withu589° ~the magnetic field is al-
most in the toriodalz direction, with a small component in
the periodic poloidalx direction!, and with a temperature
profile for the distribution invz , as indicated in Eq.~6!:

Ti~y!5Ti0~0.210.4~11tanh~y/10!!! ~9!

with Ti05Te51, andTI(y)5Ti(y) for the impurity ions. In
the parameters presented, we have kept the paramete
close as possible to what has been presented in Ref. 1.

III. RESULTS WITH A SINGLE ION SPECIES

In this first simulation, we useni5n(y) @given in Eq.
~5!#, andnI50 with the profiles chosen in Eqs.~5!, ~6!, and
~9!. The code shows an initial oscillation with an initia
buildup of the potentialw at the edge~see Fig. 1!, reaching a
peak att530, decaying, then again reaching another pea
t585. This corresponds to a period of about 55 or 56~in our
units where time is normalized tovpi

21, the gyro-period ist
52p/vci562.8). Then the oscillation repeats itself with th
same period. Note that during the oscillation, as the m
potential peak is decaying, a second peak, coming from
hind from inside the plasma, is growing until it dominat
and generates the main peak at the maximum. Note also
the oscillation progresses in time, the minimum of the pot
tial building up to the point where the difference between
maximum and the minimum profiles is small, and the osc
lation takes the form of a constant pulsation of the poten
profile. The potential builds up an important structure with
potential profile with a strong positive bump near the ed
~see the results fromt5945 to t5995). Figure 2 shows the
electric field profile, which is rapidly building up a shap
with a positive bump in the center, confining the ions to t
right. This electric field oscillates with the potential, but a
ways keeps a small positive bumpy structure in the cente
we advance in time, as we see from Fig. 2. The electric fi
profile in Fig. 2 decays to a negative value at the edge, wh
we have fixed the potential equal to zero at the left bounda
Note, as time advances, the almost constant decay of
electric field at the edge, while behind the edge to the inte
the wavy structure of the field with an oscillation whic
gives the appearance of being generated at the right, in
the plasma, where the potential is zero, and propagatin
the left. Note during a period of oscillation, for instance fro
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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FIG. 1. Potential profile at different times for the cas
without impurity ions.

FIG. 2. Electric field profileEy at different times for
the case without impurity ions.
Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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FIG. 3. Charge (ni2ne) at different times for the case
without impurity ions.
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t5945 to t5995, the electric field at the very edge rema
ing nearly constant, in spite of the wavy profile which osc
lates in time behind the edge. Note during the first half of
oscillation, for instance fromt5945 to t5970, the pulse
coming from the inside with the peak which seems to pro
gate toward the edge. This is followed during the second
of the oscillation cycle, fromt5975 to 995, by the peak
decaying or growing at almost the same position, a pict
close to a standing wave. Note also a similar pattern in
time evolution of the potential, with the slope at the edge
the corresponding potential profile in Fig. 1 remaining ess
tially constant~see the results fromt5945 to 995!. During
the first half of the oscillation cycle fromt5945 to t5970,
there is a pulse-like structure going up-hill on the negat
slope of the potential bump until it reaches the peak, wh
during the second half-period of the oscillation, fromt
5975 to 995, the pulsation on the negative slope side of
potential bump seems to collapse to the minimum at
5995. The same pattern of oscillation appears in the ev
tion of the charge in Fig. 3. The differenceni2ne is the
charge contribution to Eq.~3!, and Fig. 3 shows the charg
ni2ne at different times. This charge is relatively small~of
the order of 1023), and it is this small difference betweenni

andne which, for large values ofr i /lDe, and in the presence
of a density gradient, translates into an important contri
tion in the calculation of the potential~see the discussion in
Ref. 1!.

Figure 4 shows the ion density profile during differe
periods of the charge oscillation, during the period fromt
5680 to 730, for instance. It shows how the gradient slow
oscillates in time. See during the first half of the oscillati
~for instance, fromt5840 to 865! when the charge pulse i
propagating to the left, the density profile collapsing slow
from the top, while during the second half of the oscillati
~from t5870 to t5885, for instance!, the top of the density
plateau reforming itself, then collapsing again fromt5895
Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to 
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to t5920. Note the persistent oscillation until the end, kee
ing essentially the same period as at the beginning. The e
tron density profile calculated from Eq.~4! shows the same
profile as in Fig. 4~since the chargeni2ne of the order of
1023).

IV. RESULTS OBTAINED WITH IMPURITY IONS

We repeat the simulation presented in Sec. III by add
a small fraction of impurity ions, to show the effect of
small fraction of impurity ions on the rapid buildup of th
potential and electric field. We use parameters similar
what has been presented in Ref. 1. We use for the in
impurity density profilenI50.05n(y), wheren(y) is defined
in Eq. ~5!. We use for the main ion speciesni50.95n(y),
i.e., we have 5% impurity ions. So the main ions’ and t
impurity ions’ profile decay initially in a similar way toward
the edge. We assume a temperature profile for the impu
ions TI(y)5Ti(y), whereTi(y) is defined in Eq.~9!. We
also assume that the impurity ions are singly ionizedZ
51), andmI /mi510. We use for the impurity ions anothe
set of equations similar to Eqs.~1! and ~6! for the impurity
ions’ distribution functionf I(y,vx ,vy ,vz).

Initially, we haveni1nI5n(y). The results show ini-
tially the development of an oscillation similar to what h
been presented in Sec. III. In fact, during the first period
the oscillation, the evolution of the potential, the charge, a
the electric field areidentical to what has been presented
Fig. 1 during the first period of the oscillation. The ma
ions, evolving more rapidly than the heavy impurity, adju
themselves initially so that the total ion densityni1nI , ini-
tially equal ton(y) at t50, remains identical to the densit
ni obtained in the simulation presented during the first per
of oscillation in the results of Sec. III. It results that th
chargeni1nI2ne , and consequently the potential and t
electric field, are identical during the first period of oscill
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



e

2521Phys. Plasmas, Vol. 7, No. 6, June 2000 Charge separation at a plasma edge in the presence . . .
FIG. 4. The ion density profile at different times for th
case without impurity ions.
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the
tions to the equivalent ones in Sec. III. The impurity ion
however, with a larger gyroradius diffuse more rapidly to t
outside~to the left of the space domain in the figure! than the
main ion species. In Fig. 5, we see how the impurity ion
density extends toward the left, adding a positive charge
region which cannot be reached by the smaller gyrorad
main ion species, which are effectively pushed back by
electric field than the heavy impurity ions. This results in
positive charge accumulation at the edge due essential
the contribution of the small fraction of impurity ions. Figu
6 shows the potential at different times. Att5240, for in-
stance, we see how the minimum potential for the pres
results with impurity ions is more important than the cor
sponding one presented in Fig. 1. Figures 7 and 8 show
electric field and the charge, respectively, where the cha
for the present simulation is (ni1nI2ne). The curves in Fig.
8 show in the present simulation an accumulation of a p
tive charge at the edge resulting from the impurity ion
while the remaining charge toward the center remains c
to what has been presented in Sec. III. The electric fi
presented in Fig. 7 indicates an increase in the electric fi
in the present simulation at the very edge with respect to
results obtained in Sec. III. However, withmI /mi510, the
gyro-period of the impurity ions is around 560~since for the
Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to 
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main ion species the gyro-period is 56 in our units!. This
double periodicity of the main species and the impurity io
~56 and 560, respectively! has its signature in the results. W
present in Fig. 9 the time evolution of the potential~full
curve! and the charge~dotted curve, multiplied by a factor o
20! monitored at the positiony5240 ~around the maximum
of the potential!, and the electric field~a broken curve mul-
tiplied by a factor of 10! monitored at the positiony5215
~around the maximum of the positive bump of the elect
field!. The beating of the two periods of gyration is appare
in Fig. 9. there is a big peak in the potential due to t
impurity ions rushing to the edge att5150, followed by
another peak aroundt5720. On this is superimposed th
main ions gyro-period of about 56. We show in Fig. 10 t
potential profile at the peak att5720 ~curve b!, to be com-
pared with the corresponding one from Sec. III~curve a!.
The gyration of the impurity ions brings another peak arou
t5710, increasing the positive charge accumulation at
edge, together with the electric field and the potential~see
the impurity ions’ density extending to the edge in Fig. 5!.
Note, however, that the difference in the profiles in Fig
10–12 appears essentially fory,240. Fory.240, the pro-
files remain close. This means in the present case that in
calculation of the chargeni1nI2ne , the total contribution
ll
s
is
FIG. 5. The density profiles at different times. The fu
curve is for the electrons. Main ions and impurity ion
are in broken curves. The scale of the impurity ions
multiplied by 10.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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FIG. 6. Potential profiles at different times for the ca
with impurity ions.
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ni1nI must be very close fory.240 to the ion contribution
ni calculated in Sec. III, since the charge presented in Fig
at t5720 is essentially the same fory.240. Around t
52390, the impurity ions have already executed around
gyrations. There is an almost constant profile of the cha
electric field, and potential at the very edge of the plasm
and the pattern of the oscillations is still appearing comi
from behind the edge. This oscillation pattern, which appe
as coming from the interior and damping at the edge, is n
the complicated combination of the main ion gyration a
the impurity ions’ gyration. We present in Figs. 6–8 a co
plete cycle of these fromt52340 to t52390. The electric
field at the very edge is at least 50% higher with respec
what has been obtained in Sec. III without impurity ions.
Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to 
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Finally, we show in Figs. 13–15 the contour plots of t
following functions:

Fi~y,vy!5E
2`

` E
2`

`

f i~y,vx ,vy ,vz!dvx dvz , ~10!

Fi~y,vx!5E
2`

` E
2`

`

f i~y,vx ,vy ,vz!dvy dvz ~11!

with similar plots for the impurity distributionsFI(y,vy) and
FI(y,vx).

In Fig. 13 the contour plots ofFi(y,vy) is presented at
t52370~around one of the peaks of the potential in Fig.!.
We see from Fig. 13 how the positive bump of the elect
e
FIG. 7. Electric field profiles at different times for th
case with impurity ions.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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FIG. 8. Charge profiles (ni1nI2ne) at different times
for the case with impurity ions.
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field is pushing the main ion species away from the ed
Figure 14 presents the corresponding impurity ions’ distri
tion FI(y,vy) calculated fromf I(y,vx ,vy ,vz) as indicated in
Eq. ~10!, at t52380. Note how the impurity ions extend t
the left boundary, providing a positive charge in a region
main ion species are not reaching, prevented by the pos
part of electric field. A contour plot of the distribution func
tion Fi(y,vx) @see Eq.~11! for the main ion species# is pre-
sented in Fig. 15 att52370. The corresponding contour pl
of the impurity ions’ distributionFI(y,vx) is given in Fig.
16. The distribution functions in Figs. 13–16 are those cl
to the perpendicular direction of the magnetic field and
not Maxwellian. It is clear that the resulting effect of th

FIG. 9. Time evolution of the potential and the charge monitored at
position y5240 ~charge is multiplied by a factor of 20!, and the electric
field ~monitored at the positiony5215, multiplied by a factor 10! for the
case with impurity ions.
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electric field with the gyration in velocity space across t
magnetic field will generally distort the distribution function
from a Maxwellian. In the present normalization, the therm
ions gyroradius is 10 length units for the present paramet
The impurity gyroradius~with mI /mi510) is about 30. This
is close to the scale length of the electrostatic potential bu
calculated. We are certainly in a regime where the exact o
integration in the self-consistent field using the fully kine
code is necessary, and the validity of the gyro-kinetic eq
tions to describe these large gyro-orbit ions and impurit
could be at best approximate. The gyro-kinetic equatio
used in Ref. 1 are averaged over the ion gyration assumi
Maxwellian distribution in the direction perpendicular to th
magnetic field, with constant temperature. The results
present may be qualitatively close to the results presente
Ref. 1 for the present set of parameters~within a factor of
about 2!, without necessarily implying that this will alway
be the case and for other sets of parameters, and that a
assumptions used in the derivation of the gyro-kinetic eq

e

FIG. 10. Potential profiles att5720 for ~a! the case without impurity ions,
~b! the case with impurity ions.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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tions presented in Ref. 1 are necessarily fulfilled. Howev
the present results, calculated with the same parameters
Ref. 1, offer a useful indication on how good the gyr
kinetic approximation used in Ref. 1 is for the present pro
lem and set of parameters, and for the present distortio
the distribution functions.

V. CONCLUSIONS

With a time stepDt50.1, we have followed for more
than 27 000 time steps, for the case with impurity ions p
sented in Sec. IV, the formation and the evolution of
charge separation of the order of 1023, together with the
self-consistent electric field and potential, in the presenc
a density gradient at a plasma edge. The formation of
charge separation and the electric field at the edge of
plasma results from the fact that due to the finite ion gy
radius, the electrons cannot exactly compensate the
charge along the gradient. We have shown that the pres
of a small fraction of impurity ions~5% in the present simu
lation, with mI /mi510) at the plasma edge can have a s
nificant effect in the more rapid buildup and increase of
charge and the associated electric field at the edge, in c
parison to the case when no impurity ions were included~the

FIG. 11. Electric field profilesEy at t5720 for~a! the case without impurity
ions, ~b! the case with impurity ions.

FIG. 12. Charge profiles (ni1nI2ne) at t5720 for ~a! the case without
impurity ions,~b! the case with impurity ions.
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FIG. 13. Contour plot ofFi(y,vy) for the main ions att52370.

FIG. 14. Contour ofFI(y,vy) for the impurity ions att52370.

FIG. 15. Contour plot ofFi(y,vx) for the main ions att52370.

FIG. 16. Contour plotFI(y,vx) for the impurity ions att52370.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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impurity ions have been assumed to have a similar pro
shape as the main ion species in the present simulation; h
ever, impurity can usually be more concentrated at the e
and consequently gives a more effective contribution to
edge positive charge!. The potential and electric field create
are increasing along the gradient. The electric field reach
peak on the low side of the gradient, and the potentia
reaching a peak further away, in front of the gradient. W
have also shown that in the presence of a gradient, there
oscillations at the edge which are closely related to the
ration of the ions.

We have followed the evolution of periodic oscillation
at the plasma edge due to the ions’ gyro-motion. For a m
netic field of 2 T, this corresponds to a period of 1028 s.
Edge localized modes~ELMs! are oscillations appearing a
the tokamak edge. A typical period of oscillation of ELM
will be around 1023 s. We have pointed to the strong depe
dence of the effective charge at the edge on the param
r i /lDe. During the poloidal rotation of the edge plasma, th
parameter is strongly modulated due to the variation of
toroidal magnetic field. This strong modulation ofr i /lDe

during the poloidal rotation of the edge translates into
strong modulation of the effective charge and potent
which can certainly be associated with the ELMs~edge lo-
calized modes!. For the results reported for TdeV~Tokamak
de Varennes!, for instance,7 the poloidal velocity of the edge
at the separatrix is about 2.2 km/s. The minor radius is ab
0.22 m. This translates into an average period of polo
rotation of about 2p30.22/2200'0.631023 s.

There is experimental evidence4,8 of increased poloida
rotation at a plasma edge with the injection of impurity ion
In the present simulation, we have usedmI /mi510. In prac-
tical experimental situations, this ratio can be much big
~krypton was used in the results presented in Ref. 8!, which
will result in a larger gyroradius. The importance of lar
gyroradius impurity ions in creating a charge at a plas
edge has also been recently pointed out in Ref. 9. What
pears in the present simulation as a small positive bump
the electric field at the edge can in practice be more imp
tant. In addition, many impurities can be present at the ed
Friction with neutrals and other collisions at the edge c
also play a very important role in the physics of the pres
problem. As pointed out in Ref. 10, for ions with charg
numberZ>2, a random walk diffusion can be caused by t
fluttering of the gyroradius as a result of successive rec
bination and ionization events. Neutral impurities are s
jected to transport across the magnetic field due to their
impeded motion during the short atomic phases. T
importance of charge exchange events with cold neutra
oms has been recently noted in Ref. 11. Poloidal asymm
of the impurity density, which occurs because of the rotati
results in an enhancement of diffusivity.12 All these effects
will add to a diffusion which will further widen what is pre
sented in the present simulation as a small positive bum
the electric field profile. We can speculate that this elec
field will have an important effect on what is usually calle
the transport barrier, and will result in new transport effe
at the edge which are neither neoclassical nor anomalou
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important not only in tokamak physics. For instance, the
istence of a shear layer at the edge of the reversed
experiment has been recently reported,13 with a shearing rate
level comparable to tokamaks in the high-confinement m
~H mode!. Also, similar results were reported in toroidal h
lical plasma.14

It is beyond the scope of the present work to discu
cylindrical geometry effects on the present results. We n
however, that these effects could be relevant in studying
charge separation at a plasma edge.15

Finally, we note that the region of the divertor in a t
kamak is a region rich with impurities and cold neutral a
oms, in which friction due to charge exchange can be imp
tant. In view of the present results, one expects an impor
electric field to be present in this region, an one expects
this electric field will play an important role in the diverto
region, especially in what is called a detached plasma
gime.

The present results show the power and the importa
of the Eulerian Vlasov codes, which with their low nois
level offer a powerful tool for the study of these problem
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