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Effect of impurity ions on the charge separation and velocity shear
at a plasma edge

M. Shoucri, E. Pohn,a) P. Bertrand,b) G. Knorr,c) G. Kamelander,a) G. Manfredi,b) and A.
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~Received 15 December 1998; accepted 28 January 1999!

The problem of the formation of charge separation in a plasma in the presence of a steep density
gradient, the self-consistent electric field and the associatedE3B velocity, are studied using a
two-dimensional~2D! gyro-kinetic Vlasov code for the ions, with electrons following an adiabatic
law. The code shows the formation of a one-dimensional~1D! equilibrium charge at the plasma
edge. It is also shown that the presence of a small fraction of impurity ions at the plasma edge can
have a significant effect in increasing the effective charge separation and the associated electric
field. The present results show that only a kinetic code can solve the problem of the equilibrium
electric field in the presence of a density gradient, and point to the important role played by the ions’
gyro-radius in establishing a charge separation at a plasma edge. ©1999 American Institute of
Physics.@S1070-664X~99!02605-1#
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The problem of the existence of an equilibrium char
separation in a plasma in the presence of a density gradie
of major importance in the edge plasma physics and reve
shear equilibria associated with tokamaks, as well as in m
problems associated with plasma vacuum and plasma
transitions. We present in this work results obtained usin
two-dimensional~2D! gyro-kinetic code for the ions with
electrons following an adiabatic law. Details on the co
have been previously published.1,2 The code shows the for
mation of a 1D equilibrium charge at the plasma edge, wh
is stable to perturbations. It also shows that the presence
small fraction of impurity ions at the plasma edge can hav
significant effect in increasing the effective equilibriu
charge separation at the plasma edge in the presence
density gradient. Attention has long been pointed to the
portant role played by small fractions of impurity ions in th
peripheral region of a tokamak plasma, both in the excitat
of modes driven by the density gradient which control t
energy transport in the plasma edge,3,4 and in the fact that a
small quantity of impurity greatly enhances the radiati
losses in the plasma.5 However, impurity ions, having differ-
ent gyro-radii from those of the main plasma ions, hav
significant effect in modifying the effective charge at
plasma edge, and the self-consistent electric field.
present work is a contribution to this problem.

The pertinent equations for the gyro-kinetic code ha
been previously reported.1,2 We consider a two-dimensiona
slab geometry,x being the periodic~poloidal! direction and
y the nonperiodic~radial! direction. The magnetic fieldB is
situated in the (x,z) plane and makes an angleu with the x
axis. So any 2D charge separation is located in the (x,y)
plane, andz is the homogeneous toroidal direction. We a
sume that the motion perpendicular to the magnetic field
completely described by theE3B drift and the polarization
drift. We include in the equations a correction which tak
into account the finite Larmor radius effect for the ions. T
1401070-664X/99/6(5)/1401/4/$15.00
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pertinent equation for the ion distribution functionf i is given
by:1,6

] f i

]t
1¹–~v' f i !1v i cosu

] f i

]x
1

e

mi
Ex* cosu

] f i

]v i
50, ~1!

v'5vD1vpi , vD5E* 3B/B2, ~2!

vpi5
mi

eB2 F]E'
*

]t
1~vD1v i!–¹'E'

* G . ~3!

A similar equation holds for impurity ions withZe sub-
stituted instead of the chargee and mI instead ofmi . The
star over a quantity is an abbreviation for an integral opera
that takes into account the finiteness of the ion Larm
radius,2,6

a* ~r !5*G~r 2r 8!a~r 8!dr8, ~4!

whereG(r ) is a Gaussian kernel. In Fourier space, this o
eration becomes a filtering operation, which is numerica
easy to perform: each coefficient of theeik.r mode is multi-
plied by a factorGk5exp(2k'

2ri,I
2 /2), wherer i ,I is the Lar-

mor radius for ions and impurity ions (r i ,I5v t i ,I /vci,I).
Since the system is finite in they direction, we convolute the
function in Eq.~4! by first mirroring the function at the righ
boundary iny and thus doubling they interval. We then take
the Fourier transform and multiply the coefficients b
exp(2k'

2ri,I
2 /2), and then the function is Fourier transforme

back.
The Poisson equation reads as follows:

Dw524pe~ni* 1nI* 2ne!, E52¹w, ~5!

and ni ,I5* f i ,Idv i and the star overni ,I indicates again the
filtering operation defined in Eq.~4!. The electron densityne

in Eq. ~5! is calculated from an adiabatic law,

ne5n~y!eew/Te. ~6!
1 © 1999 American Institute of Physics

AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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We first start our calculation without impurity ions and ta
as initial ion density,

ni5n~y!50.5~11tanh~y/15!!. ~7!

The initial distribution function for the ions is given by

f i~x,y,v i!5
ni

A2pTi

ev i
2/2Ti ~y!. ~8!

The relevant physical parameters, in dimensionless form,
chosen as follows:

Te /Tio51; mi /me51840; vci /vpi50.1,

and the ratio of the ion gyro-radius to the Debye length
given by

r i /lDe5
v t i /vci

lDe
5

ATio /Te

vci /vpi
510. ~9!

Details of the numerical code have been previou
presented.1,6 The boundary conditions on the distributio
function are to setf i equal to zero foruv iu.Vmax in velocity
space. In configuration space, periodicity is assumed in thx
direction. In the nonperiodicy direction, the distribution
function was forced to be equal to zero on one extra po
outside the domain on the left, and to be identic to the
point on the right on one extra point outside the domain. T
computational domain is 0<x<128, 280<y<80, 25
<v i<5. The number of grid points isNxNyNv5643256
3128. Time is normalized tovpi

21 , velocity to the acoustic
velocity Cs5ATe /mi and length toCsvpi

21 . Our simulation
was performed withu589° and with a temperature profile

Ti~y!5Tio~0.210.4~11tanh~y/10!!!, ~10!

with Tio5Te51. We note that this temperature profile is f
the parallel to be magnetic field velocity direction@see Eq.
~8!#. The operation effected in Eq.~4! assumes a uniform
temperatureTio in the direction perpendicular to the ma
netic field. The potential is normalized toTe /e. Any charge
separation function of one space variabley is an equilibrium
solution of Eq.~1!,1 since in this caseEx50. However, in

FIG. 1. Ion density profileni ~full curve!, and the corresponding profileni*
calculated from Eq.~4! ~dotted curve! at the final equilibrium, calculated
from the gyro-kinetic code, for:~a! no impurity ions;~b! 5% impurity ions
with mI /mi510. Also shown is the densitynI* of the impurity for @curve
~c!, vertical scale is magnified by a factor of 10#.
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view of the fact thatEy has to be calculated from Eqs.~5!
and ~6!, one has to iterate a few hundred iterations betwe
Eqs.~1! and Eqs.~5! and~6!, starting from Eqs.~7! and~10!,
to reach the 1D self-consistent equilibrium. The initial profi
ni5n(y) is relaxed to the profile shown in Fig. 1. This equ
librium is stable in the sense that if the system is perturb
by a perturbation;« coskxx, the perturbation damps, leav
ing the one-dimensional system in equilibrium. The cor
sponding electron density calculated from Eq.~6! is very
close to the curveni* in Fig. 1. Indeed, in Fig. 2~a! the
charge (ni* 2ne) presented at the final equilibrium is sma
However, this small charge separation appearing in the
of the density profile results in an important potential sho
in Fig. 3~a!, due to the large ratior i /lDe . This can be also
understood if Eq.~5! is normalized to the ion gyro-radius
instead of the Debye length. In this case, Eq.~5! is written

¹2w52S r i

lDe
D 2

~ni* 1nI* 2ne!. ~11!

For r i /lD510 as in the present calculation, any sm
charge separation appearing in Eq.~11! will be multiplied by
a factor of 100. We have solved Eq.~11! applying the con-
dition of zero potential at both boundaries, but this is no

FIG. 2. Charge separationni* 1nI* 2ne : ~a! no impurity ionsnI* 50; ~b!
with 5% impurity ions withmI /mi510; ~c! with 2% impurity ions with
mI /mi510; ~d! with 5% impurity ions withmI /mi55.

FIG. 3. Equilibrium potential calculated from the gyro-kinetic code:~a! no
impurity ions; ~b! with 5% impurity ions withmI /mi510; ~c! with 2%
impurity ions withmI /mi510; ~d! with 5% impurity ions withmI /mi55.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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restriction andw or ]w/]y can be arbitrarily fixed at the
boundaries. Finally, the electric fieldEy52]w/]y at the
final equilibrium is shown in Fig. 4~a!.

We now add a small fraction of impurity ions withnI

50.05n(y), and useni50.95n(y) for the main ion species
We also assumeTI5Ti , and that the impurity ions are singl
ionized (Z51), andmI /mi510. In this case the impurity
gyro-radius is the order of 30, of the order of the scale len
of the temperature variation in Eq.~10!. However, results
obtained for wider systems give essentially the same qu
tative results. We use for the impurity ions another set
equations similar to Eqs.~1! and ~8!. Figure 1~c! shows the
impurity densitynI* , which gives a contribution in the tail o
the profile~at the left boundary! as important as the main io
contribution~note the factor of 10 in the right vertical scale!.
Figure 2~b! shows the charge separation (ni* 1nI* 2ne) ob-
tained in this case, which shows a small difference tow
the left boundary~where density is depleted! with the charge
obtained whennIÞ0, due to the fact that the impurity has
larger gyro-radius than the main ion species. The impu
ions, having a larger gyro-radius, add a small contribution
the charge closer to the left boundary~even though they are
only a small fraction!, in a location where the main ions hav
only a very small contribution. However, this small diffe
ence translates into an important difference in the potentia
Fig. 3~b! @see to the factor (r i /lDe)

2 in Eq. ~11!# and in the
electric field at the edge in Fig. 4~b! @which is close to the
double of the electric field whennI50 in Fig. 4~a!#.

We note also in Fig. 4 that a small positive bump alwa
appears in the profile of the electric field~transport barrier?!,
corresponding to the small negative potential well appea
in the potential profile in Fig. 3. The presence of this posit
electric field bump is confirmed by results obtained in a
fully kinetic code. The electric field profile can, in reality, b
much bigger. In the present simulation, we have u
mI /mi510. In practical experimental situations, this ra
can be much higher~krypton was used in the results pr
sented in our Ref. 7!, which will result in a larger gyroradius
and many impurities can be present which will result in
positive electric field wider than the bump we are presenti
For ions with charge numberZ>2, a random walk diffusion

FIG. 4. Electric field profileEy calculated with the gyro-kinetic code at th
final equilibrium: ~a! no impurity ions; ~b! with 5% impurity ions with
mI /mi510; ~c! with 2% impurity ions withmI /mi510; ~d! with 5% im-
purity ions withmI /mi55.
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can be caused by the fluttering of the gyro-radius as a re
of successive recombination and ionization events. Neu
impurities are subjected to transport across the magnetic
due to their unimpeded motion during the short atom
phases.8 Poloidal asymmetry of the impurity density, whic
occurs because of the rotation, results in an enhanceme
diffusivity.9 All these effects will add to a diffusion which
will further widen what is presented in the present simulat
as a ‘‘bump.’’ The electric field is dominantly increasing
the region of the gradient and reaches its peak on the
density side of the profile at the bottom of the gradient. It
therefore our belief that a speculation on the possible role
such a positive electric field on the transport barrier is app
priate.

Finally, the results in Figs. 2~c!, 2~d!, 4~c!, and 4~d! give
the effects of the impurity concentration and of the ra
mI /mi on the solution. In particular, the solution is sensiti
to the ratiomI /mi since it modifies the gyro-radius throug
the factor (mI /mi)

1/2. The factormI /mi is usually higher in
most tokamaks than the value of 10 taken in the pres
work. However, the finite dimension of our simulation bo
and the pertinence of the gyro-kinetic equations impo
some restriction on increasingmI /mi in the present simula-
tions. Having established the 1D nature of the solution, w
is in progress to apply a fully kinetic 1D code~three velocity
dimensions! to the present problem.

An ion’s gyro-radius plays an important role in the fo
mation of a charge separation at a plasma edge, in the p
ence of a steep gradient. The physics of this charge sep
tion is important not only in tokamak physics. For instanc
the existence of a shear layer at the edge of the reversed
experiment~RFX! has been recently reported,10 with a shear-
ing rate level comparable to tokamaks in the hig
confinement mode~H-mode!. For the parameters of RFX
the ratio ofr i /lDe'100. Attempts to explain the existenc
of this shear layer by a model which calculates the effec
unconfined ion orbits on particle and momentum at the e
of the plasma in RFX has been recently reported.11 We see in
the present results that the combined effect of a gradient
large ratio ofr i /lDe results in a charge separation and
electric field at a plasma edge due to the large orbits of
ions. The importance of impurity ions in the physics of t
edge has long been pointed out.3,4 Even a small fraction of
impurity ions can seriously modify the charge separation a
the electric field at the edge, due to the fact that impur
ions, with their large gyro-radii, can add a charge contrib
tion in the low density regions at the edge where the m
ions, with a smaller gyro-radius, cannot provide a contrib
tion. In addition, these ions with large gyro-radius can d
and diffuse across the magnetic field, and it has also b
recently pointed out in Ref. 2 that a very small diffusion a
plasma edge can lead to important modifications of
charge and the electric field at the plasma edge. We
point to the recent experimental result in the Frascati to
mak ~FTU! where the injection of a krypton impurity re
sulted in a sudden increased poloidal rotation.7 The impurity
ion’s profile plays an important role in the results we a
presenting. We have used a profile for the impurity io
similar to the profile of the major ion species. However, im
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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1404 Phys. Plasmas, Vol. 6, No. 5, May 1999 Letters
purity ions can be placed farther to the left of the ion profi
in Fig. 1, which will increase their contribution to the char
and to the electric field at the edge. It has also been poin
out in Ref. 3 that the profile of the impurity ions can som
times lead to instabilities. The physics of the transition at
edge of a plasma with the formation of an electric fie
seems to be a challenging subject. Work is underway to
ther studies on these problems, including a 1D fully kine
code ~1D in space and three velocity dimensions!, and a
gyro-kinetic code with three spatial dimensions.12 Eulerian
Vlasov codes, having a very low noise level, offer a power
tool for this investigation. Finally, we note that the region
the divertor in a tokamak is a region rich with impurities.
view of the present results, one expects an important ele
field to be present at the plasma edge in this region, and
can speculate that this electric field will certainly play a ro
in the divertor region, especially in what is called a detach
plasma. This is under investigation.
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