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Effect of impurity ions on the charge separation and velocity shear
at a plasma edge
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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 associate® velocity, are studied using a
two-dimensional2D) gyro-kinetic Vlasov code for the ions, with electrons following an adiabatic
law. The code shows the formation of a one-dimensidaBl) 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 edg&99® American Institute of
Physics[S1070-664X99)02605-1

The problem of the existence of an equilibrium chargepertinent equation for the ion distribution functibnis given
separation in a plasma in the presence of a density gradient kgy:*®
of major importance in the edge plasma physics and reversed

e . . - [ar of; e of;

shear equilibria associated with tokamaks, as wellasinmany ' y.(, f)+v,cosd— + —E* cosd—=0, (1)
problems associated with plasma vacuum and plasma wall It ox - m, oy
transitions. We present in this work results obtained using a
two-dimensional(2D) gyro-kinetic code for the ions with
electrons following an adiabatic law. Details on the code m. [gE*
have been previously publishéd.The code shows the for- upiz—B'z a_tL
mation of a 1D equilibrium charge at the plasma edge, which €
is stable to perturbations. It also shows that the presence of a A similar equation holds for impurity ions witAe sub-
small fraction of impurity ions at the plasma edge can have &tituted instead of the chargeand m, instead ofm;. The
significant effect in increasing the effective equilibrium star over a quantity is an abbreviation for an integral operator
charge separation at the plasma edge in the presence oftlaat takes into account the finiteness of the ion Larmor
density gradient. Attention has long been pointed to the imradius®®
portant role played by small fractions of impurity ions in the . . o
peripheral region of a tokamak plasma, both in the excitation & (P=JG(r=r"a(rdr’, @
of modes driven by the density gradient which control theyhereG(r) is a Gaussian kernel. In Fourier space, this op-
energy transport in the plasma eddand in the fact that a  eration becomes a filtering operation, which is numerically
small quantity of impurity greatly enhances the radiationeasy to perform: each coefficient of teé" mode is multi-
losses in the plasrr?aHowever, |mpUr|ty ions, haVing differ- p||ed by a factoer: exp(_kfpsl/Z), Wherepi’I is the Lar-
ent gyro-radii from those of the main plasma ions, have anor radius for ions and impurity ionsp(|=vyj |/ wei ).
significant effect in modifying the effective charge at a Since the system is finite in thedirection, we convolute the
plasma edge, and the self-consistent electric field. Theunction in Eq.(4) by first mirroring the function at the right
present work is a contribution to this problem. boundary iny and thus doubling thg interval. We then take

The pertinent equations for the gyro-kinetic code havethe Fourier transform and multiply the coefficients by
been previously reportetf. We consider a two-dimensional exp(—k?p?/2), and then the function is Fourier transformed
slab geometryx being the periodi¢poloida) direction and  back.

v, =UvptUp, vp=E* X B/B? (2

+(vptuy) -V, ET|. (3

y the nonperiodidradial) direction. The magnetic fiel® is The Poisson equation reads as follows:
situated in the X,z) plane and makes an anglewith the x . .
axis. So any 2D charge separation is located in the)( Ap=—4me(ni +ni —ne), E=-Vo, 5

plane, andz is the homogeneous toroidal direction. We as-, |
I

completely described by tHex B drift and the polarization
drift. We include in the equations a correction which takes
into account the finite Larmor radius effect for the ions. The nezn(y)ee‘P’Te. (6)

in Eq. (5) is calculated from an adiabatic law,

1070-664X/99/6(5)/1401/4/$15.00 1401 © 1999 American Institute of Physics
Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



1402 Phys. Plasmas, Vol. 6, No. 5, May 1999 Letters

1.100, T T T 0.0030 . T :

0.825 0.0015
> 1§
§ 1% o
R 0.550 %‘ B 0
g = C

0.275 -0.0015

%0 20 0 40 50 00030 =20 30

FIG. 1. lon density profilen; (full curve), and the corresponding profire FIG. 2. Charge separatiom’ +nf" —n,: (8 no impurity ionsny =0; (b)
calculated from Eq(4) (dotted curvg at the final equilibrium, calculated with 5% impurity ions withm, /m;=10; (c) with 2% impurity ions with
from the gyro-kinetic code, for(a) no impurity ions;(b) 5% impurity ions m, /m;=10; (d) with 5% impurity ions withm, /m;=5.

with m, /m;=10. Also shown is the density} of the impurity for[curve

(c), vertical scale is magnified by a factor of]10

view of the fact thatE, has to be calculated from Eq&)
and(6), one has to iterate a few hundred iterations between
Egs.(1) and Eqgs(5) and(6), starting from Eqs(7) and(10),
to reach the 1D self-consistent equilibrium. The initial profile
n;=n(y)=0.51+tanhy/15)). (7)  nj=n(y) is relaxed to the profile shown in Fig. 1. This equi-
librium is stable in the sense that if the system is perturbed
by a perturbation~ e coskx, the perturbation damps, leav-
ing the one-dimensional system in equilibrium. The corre-
e””m W, (8 sponding electron density calculated from E6) is very
close to the curven® in Fig. 1. Indeed, in Fig. @) the
The relevant physical parameters, in dimensionless form, areharge 0 —n.) presented at the final equilibrium is small.
chosen as follows: However, this small charge separation appearing in the tail
. _ ) _ of the density profile results in an important potential shown
TelTio=1; m;i/me=1840; wi/wpi=0.1 in Fig. 3(a), due to the large ratip;/\pe. This can be also
and the ratio of the ion gyro-radius to the Debye length isunderstood if Eq(5) is normalized to the ion gyro-radius,

We first start our calculation without impurity ions and take
as initial ion density,

The initial distribution function for the ions is given by

fi(X,y,U”): \/ﬁ

given by instead of the Debye length. In this case, B).is written
_Uti/wci_ \/TiO/Te_ 2 Pl
pi/\pe= oo walwy =10. 9) Vép=— )\De (n +nf—ng). 11

Details of the numerical code have been previously  For p;/\p=10 as in the present calculation, any small
presented® The boundary conditions on the distribution charge separation appearing in Etyl) will be multiplied by
function are to sef; equal to zero fofv | >V in velocity  a factor of 100. We have solved E@.1) applying the con-
space. In configuration space, periodicity is assumed ix the dition of zero potential at both boundaries, but this is not a
direction. In the nonperiodigy direction, the distribution
function was forced to be equal to zero on one extra point
outside the domain on the left, and to be identic to the last
point on the right on one extra point outside the domain. The
computational domain is €x=<128, —80<y=<80, —5 [
<yp;<5. The number of grid pomts i8l,NyN, =64x 256 0.88
X 128. Time is normalized to , , velocity to the acoustic
velocity C,= T./m; and Iength taCswp; L Our simulation
was performed with9=89° and with a temperature profile

Ti(y)=Tx(0.2+ 0.4 1+ tanh(y/10))), (10

with T;,=T.=1. We note that this temperature profile is for
the parallel to be magnetic field velocity directipsee Eq.
(8)]. The operation effected in E¢4) assumes a uniform 0.10¢—"75 R 30
temperatureT;, in the direction perpendicular to the mag- y

netic ﬂe_ld' The pOtentlal IS normahzefd T(?‘—‘/e' Any _(‘fha_rge FIG. 3. Equilibrium potential calculated from the gyro-kinetic cot®:no
separation function of one space variaples an equilibrium  impurity ions; (b) with 5% impurity ions withm, /m;=10; (c) with 2%
solution of Eq.(1),! since in this cas&,=0. However, in  impurity ions withm, /m, = 10; (d) with 5% impurity ions withm, /m,=5.
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0.06 . . ¢ can be caused by the fluttering of the gyro-radius as a result
of successive recombination and ionization events. Neutral
impurities are subjected to transport across the magnetic field
due to their unimpeded motion during the short atomic
phase$. Poloidal asymmetry of the impurity density, which
occurs because of the rotation, results in an enhancement of
diffusivity.® All these effects will add to a diffusion which
will further widen what is presented in the present simulation
as a “bump.” The electric field is dominantly increasing in
the region of the gradient and reaches its peak on the low
-0.06 s s : density side of the profile at the bottom of the gradient. It is
80 40 (y) 40 80 therefore our belief that a speculation on the possible role of
such a positive electric field on the transport barrier is appro-
FIG. 4. Electric field profileE, calculated with the gyro-kinetic code at the priate.
final equilibrium:_(a) no _impur_ity_ions; (l_)) with 5% impurity ions \{vith Finally, the results in FigS.(E), 2(d), 4(c), and 4d) give
me'"/i?;‘ ;ig;vs%"n‘g'lt?rﬁfgnpumy fons withm, /m;=10; () with 5% Im- o atacts of the impurity concentration and of the ratio
' m, /m; on the solution. In particular, the solution is sensitive
to the ratiom, /m; since it modifies the gyro-radius through
restriction ande or de/dy can be arbitrarily fixed at the the factor n,/m;)Y2. The factorm, /m; is usually higher in
boundaries. Finally, the electric field,=—d¢/dy at the  most tokamaks than the value of 10 taken in the present
final equilibrium is shown in Fig. @). work. However, the finite dimension of our simulation box
We now add a small fraction of impurity ions withy and the pertinence of the gyro-kinetic equations impose
=0.05(y), and usen;=0.95(y) for the main ion species. some restriction on increasirmg, /m; in the present simula-
We also assumé&, =T;, and that the impurity ions are singly tions. Having established the 1D nature of the solution, work
ionized Z=1), andm,;/m;=10. In this case the impurity is in progress to apply a fully kinetic 1D codthree velocity
gyro-radius is the order of 30, of the order of the scale lengthlimension$ to the present problem.
of the temperature variation in Eq10). However, results An ion’s gyro-radius plays an important role in the for-
obtained for wider systems give essentially the same qualimation of a charge separation at a plasma edge, in the pres-
tative results. We use for the impurity ions another set ofence of a steep gradient. The physics of this charge separa-
equations similar to Eqg1) and (8). Figure Xc) shows the tion is important not only in tokamak physics. For instance,
impurity densityn] , which gives a contribution in the tail of the existence of a shear layer at the edge of the reversed field
the profile(at the left boundaryas important as the main ion experimen(RFX) has been recently reportéwith a shear-
contribution(note the factor of 10 in the right vertical scale ing rate level comparable to tokamaks in the high-
Figure 2b) shows the charge separatiom*(+n; —n,) ob-  confinement modéH-mode. For the parameters of RFX,
tained in this case, which shows a small difference towardhe ratio ofp; /\pe~100. Attempts to explain the existence
the left boundarywhere density is depletgavith the charge  of this shear layer by a model which calculates the effect of
obtained whem, # 0, due to the fact that the impurity has a unconfined ion orbits on particle and momentum at the edge
larger gyro-radius than the main ion species. The impurityof the plasma in RFX has been recently repoffedie see in
ions, having a larger gyro-radius, add a small contribution tadhe present results that the combined effect of a gradient and
the charge closer to the left bounddeven though they are large ratio ofp;/\pe results in a charge separation and an
only a small fractiop, in a location where the main ions have electric field at a plasma edge due to the large orbits of the
only a very small contribution. However, this small differ- ions. The importance of impurity ions in the physics of the
ence translates into an important difference in the potential irdge has long been pointed ddtEven a small fraction of
Fig. 3(b) [see to the factord;/\pe)? in Eq.(11)] and in the  impurity ions can seriously modify the charge separation and
electric field at the edge in Fig.(d) [which is close to the the electric field at the edge, due to the fact that impurity
double of the electric field when,=0 in Fig. 4a)]. ions, with their large gyro-radii, can add a charge contribu-
We note also in Fig. 4 that a small positive bump alwaystion in the low density regions at the edge where the main
appears in the profile of the electric fidldansport barrie  ions, with a smaller gyro-radius, cannot provide a contribu-
corresponding to the small negative potential well appearingion. In addition, these ions with large gyro-radius can drift
in the potential profile in Fig. 3. The presence of this positiveand diffuse across the magnetic field, and it has also been
electric field bump is confirmed by results obtained in a 1Drecently pointed out in Ref. 2 that a very small diffusion at a
fully kinetic code. The electric field profile can, in reality, be plasma edge can lead to important modifications of the
much bigger. In the present simulation, we have useaharge and the electric field at the plasma edge. We also
m,/m;=10. In practical experimental situations, this ratio point to the recent experimental result in the Frascati toka-
can be much highetkrypton was used in the results pre- mak (FTU) where the injection of a krypton impurity re-
sented in our Ref.)7 which will result in a larger gyroradius, sulted in a sudden increased poloidal rotafidthe impurity
and many impurities can be present which will result in aion’s profile plays an important role in the results we are
positive electric field wider than the bump we are presentingpresenting. We have used a profile for the impurity ions
For ions with charge numbét=2, a random walk diffusion similar to the profile of the major ion species. However, im-
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