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Charge separation at a plasma edge in the presence of a density gradient
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A fully kinetic code for ions[one dimensional1-D) in space, and using the three velocity
dimensions in velocity spa¢és 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 Physid$51070-664X00)03906-9

I. INTRODUCTION wellian with constant temperature. As we shall see in the
present results, this is not generally the case, especially for

The problem of the formation of a charge separation in ahe large gyro-orbit impurity ions which give an important
plasma in the presence of a steep density gradient is of majaontribution to the charge at the edge. The combined effect
importance in many physical problems. In tokamak physicsdue to the existence of a potential and an electric field at the
it is the central problem in the physics associated with theedge, with the gyration in velocity space across the magnetic
high confinement modéH modg and the reversed shear field, will generally distort the distribution functions from a
equilibria. In a previous work,we presented a study of this Maxwellian. In addition, the fully kinetic code allows us to
problem using a two-dimensional gyro-kinetic code for thestudy the edge localized oscillations associated with the gy-
ions, with electrons following an adiabatic law. The gyro- ration of the ions. The kinetic code also confirms the results
kinetic code showed the formation of a stalftar the param- of Ref. 1 that small fractions of impurity ions can add a
eters studied one-dimensional1-D) equilibrium, with an  significant contribution to the charge and electric field in the
effective charge separation which resulted from the conjupresence of a gradient, and gives a more accurate description
gate or simultaneous effect of the finite ions’ gyroradius andf the kinetic of the ions and of the impurities. Also, the
the presence of the steep density gradient. In this case th@esent simulation follows the formation and buildup of the
electron density changes rapidly over an ion orbit size angbotential at the edge and shows how the presence of impurity
the electrons cannot exactly compensate the ions chargens contribute to a significant acceleration of the fast
along the gradient, due to finite ions’ gyroradius. This effectbuildup of the potential and charge separation at the edge.
is especially important for large values pf/\p. (p; is the Attention has long been paid to the important role played
ions’ gyroradius andkp, the Debye length by small fractions of impurity ions in the peripheral region of

We complement the results published in Ref. 1 with thea tokamak plasma, both in the excitation of modes driven by
present work, which studies the same problem using a fullghe density gradient which control the energy transport in the
kinetic 1-D Eulerian Vlasov code for the ioriene spatial plasma edgé; and in the fact that small quantities of impu-
dimension and three velocity dimensigrishe numerical so-  fity ions greatly enhance the radiation losses in the plasma.
lution is effected by integrating the Vlasov equation alongPreliminary results with the present kinetic code, which in-
the characteristics, which are the exact ion orbits, using &ludes the important effect of the ions gyroradius, have been
method of fractional stepsee Ref. 2 The gyro-kinetic ap- presented in Ref. 6. The present results point out the impor-
proximation used in Ref. 1 imposes some limitations on thdance of the finite ions gyroradius effect in many problems of
scale lengths of the parameters used. It also involves an aplasma-wall transition with steep plasma parameters. Eule-
eraging in the direction perpendicular to the magnetic fieldian Vlasov codes, having a low noise level, offer a powerful
over a distribution function which is assumed to be a Max-tool for the study of these problems.

Il. THE PERTINENT EQUATIONS
dAlso at: Forschungszentrum Seibersdorf, Seibersdorf, Austria. . . .
bAlso at: Department of Physics and Astronomy, University of lowa, lowa. We approximate the plasma edge in the toroidal geom-
°Also at: LPMI URA 835, UniversiteHenri PoincargNancy, France. etry by a slab. We consider a 1-D slab geometry, ytoi-
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rection representing the radial direction. The 1-D Vlasov  T_/T;,=1, m,/m,=1840, w¢i/wy=0.1,

equation for the main ions’ distribution function
the I —10 @

fi(y,vx,vy,v,) is written: m, /m; =

of of e of and the ratio of the ion gyroradius to the Debye length is

1 1 .
- —= enb

o +uy 2y eri (E+vXB) 7o 0 (1) giv y
with a similar equation for the impurity distribution function  p, /\ pe= " foe _VTio/Te 10. ®
f,, with the subscript 1 replacing the subscript " in Eq. Ape  @cil wpi

(1) B denotes the constant magnetic field situated in therhe numerical code uses a method of fractional steps asso-
(x,2) plane, and makes an ange=89° with thex axis (Z  ciated with cubic spline interpolation, similar to what has
represents the periodic toroidal direction angtpresents the peen used in Ref. 1. This method has proven through many
periodic poloidal direction, which are considered homoge-applications to give accurate resu(tee Ref. 2 We use a
neous in the present calculatiorv is the velocity and the time stepAt=0.1. The computational domain is 80<y
electric fieldE is calculated from <80, —4<v,<4, —4<v <4, —4<v,<4. The number of

E= —Vo, @) gri_d points isNvaxvaNUZ: 160x 50X 50X 50: O_ur si.mu—

lation was performed witld=89° (the magnetic field is al-

where the potentiap is calculated from Poisson’s equation most in the toriodak direction, with a small component in
(for singly ionized impurity ion&Z=1): the periodic poloidalx direction, and with a temperature
profile for the distribution irv,, as indicated in Eq(6):

andn; = [f; | dv. The electron density, is calculated from Ti(y)=Tio(0.2+ 0.4(1 + tant(y/10))) ©
an adiabatic law, with T;,o=T.=1, andT,(y)=T;(y) for the impurity ions. In
the parameters presented, we have kept the parameters as
close as possible to what has been presented in Ref. 1.

As we mentioned in Sec. |, we are calculating a charge
separation in a non-neutral plasma along a gradient when@l, RESULTS WITH A SINGLE ION SPECIES
the electron density changes rapidly over an ion orbit size,
and the electrons cannot exactly compensate the ions char = . ) :
along the gradient. This charge separation is calculated o ],_?Edn,—do W'rt]h the profllt_ats IChOSPTIT Itn qus')t’h(@’ a.ng[. |
the Debye length scale, which is assumed small but ﬁniteb )'.Id € fct?l € St OV;/.S ant tlr?l Iad oscl allzqn w akr:. nitia
Hence the importance of calculating the potential from the ulidup ot the po en.lalo atthe gésee '9- 1, reaching a
Poisson equation. peak att=_30, decaying, then again reaching anoth_er peak at

We normalize time tao,jil. Velocity is normalized to t=285. This corresponds to a period of about 55 orifGur

units where time is normalized t@_*, the gyro-period ig
. N T ; . U . .
the aco_ulstlc velocm@%— _Te/m" a_nd length is normalized =27l w.;=62.8). Then the oscillation repeats itself with the
to Cswp,;~. The potential is normalized td./e. We take as

" . same period. Note that during the oscillation, as the main
initial density potential peak is decaying, a second peak, coming from be-
n(y)=0.51+tanHy/15)) (5) hind from inside the plasma, is growing until it dominates
and generates the main peak at the maximum. Note also, as
the oscillation progresses in time, the minimum of the poten-
tial building up to the point where the difference between the

Ap=—4me(n;+n,—n,) 3

Ne=n(y)e®'Te. (4

In this first simulation, we us@;=n(y) [given in Eg.

in the domain—80<y<80.
The initial distribution function for the main ions is

given by maximum and the minimum profiles is small, and the oscil-

1 2 2 1 5 lation takes the form of a constant pulsation of the potential

fily,v)=ni;—= e~ (vxtuy) ’ZTiO(sz L »e UZ/2TiY)(6)  profile. The potential builds up an important structure with a
i0 i

potential profile with a strong positive bump near the edge
A similar expression is used for the impurity ions’ dis- (see the results frorh=945 tot=995). Figure 2 shows the

tribution f,(y,v). Temperature is assumed constafi) in  electric field profile, which is rapidly building up a shape
the direction almost perpendicular to the magnetic field, andvith a positive bump in the center, confining the ions to the
having a profileT;(y) in the direction almost parallel to the right. This electric field oscillates with the potential, but al-
magnetic field. This is done to keep our initial conditionsways keeps a small positive bumpy structure in the center as
close to what was presented in Ref. 1, since the averaginge advance in time, as we see from Fig. 2. The electric field
over the gyro-motion was effected with a constant temperaprofile in Fig. 2 decays to a negative value at the edge, where
ture in the direction normal to the magnetic field. Also, dur-we have fixed the potential equal to zero at the left boundary.
ing the evolution of the system, the gyration around the magNote, as time advances, the almost constant decay of the
netic field has a tendency to evolve the temperature to alectric field at the edge, while behind the edge to the interior
constant value in the direction perpendicular to the magnetithe wavy structure of the field with an oscillation which

field. gives the appearance of being generated at the right, inside
The relevant physical parameters, in dimensionless fornthe plasma, where the potential is zero, and propagating to
are chosen as follows: the left. Note during a period of oscillation, for instance from
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t=945 tot=995, the electric field at the very edge remain-to t=920. Note the persistent oscillation until the end, keep-
ing nearly constant, in spite of the wavy profile which oscil- ing essentially the same period as at the beginning. The elec-
lates in time behind the edge. Note during the first half of thetron density profile calculated from E¢) shows the same
oscillation, for instance front=945 to t=970, the pulse profile as in Fig. 4(since the charge;—n, of the order of
coming from the inside with the peak which seems to propa10 3).
gate toward the edge. This is followed during the second half
of the oscillation cycle, from =975 to 995, by the peaks |\, peq\)| 15 OBTAINED WITH IMPURITY IONS
decaying or growing at almost the same position, a picture
close to a standing wave. Note also a similar pattern in the We repeat the simulation presented in Sec. Il by adding
time evolution of the potential, with the slope at the edge ofa small fraction of impurity ions, to show the effect of a
the corresponding potential profile in Fig. 1 remaining essensmall fraction of impurity ions on the rapid buildup of the
tially constant(see the results froh=945 to 995. During  potential and electric field. We use parameters similar to
the first half of the oscillation cycle from=945 tot=970, what has been presented in Ref. 1. We use for the initial
there is a pulse-like structure going up-hill on the negativeimpurity density profilen,=0.05(y), wheren(y) is defined
slope of the potential bump until it reaches the peak, whileén Eq. (5). We use for the main ion species=0.9m(y),
during the second half-period of the oscillation, from i.e., we have 5% impurity ions. So the main ions’ and the
=975 to 995, the pulsation on the negative slope side of th@mpurity ions’ profile decay initially in a similar way toward
potential bump seems to collapse to the minimumtat the edge. We assume a temperature profile for the impurity
=995. The same pattern of oscillation appears in the evoluions T,(y)=T;(y), whereT;(y) is defined in Eq.(9). We
tion of the charge in Fig. 3. The differenag—n, is the also assume that the impurity ions are singly ionizé&d (
charge contribution to Eq3), and Fig. 3 shows the charge =1), andm,/m;=10. We use for the impurity ions another
n;—n, at different times. This charge is relatively sm@f  set of equations similar to Eq&l) and (6) for the impurity
the order of 10%), and it is this small difference between ions’ distribution functionf,(y,vy Wy ,Ug).
andn, which, for large values gb; /\pe, and in the presence Initially, we haven;+n,=n(y). The results show ini-
of a density gradient, translates into an important contributially the development of an oscillation similar to what has
tion in the calculation of the potentiéee the discussion in been presented in Sec. lIl. In fact, during the first period of
Ref. 1. the oscillation, the evolution of the potential, the charge, and
Figure 4 shows the ion density profile during different the electric field arédentical to what has been presented in
periods of the charge oscillation, during the period from Fig. 1 during the first period of the oscillation. The main
=680 to 730, for instance. It shows how the gradient slowlyions, evolving more rapidly than the heavy impurity, adjust
oscillates in time. See during the first half of the oscillationthemselves initially so that the total ion density+n, , ini-
(for instance, fromt =840 to 863 when the charge pulse is tially equal ton(y) att=0, remains identical to the density
propagating to the left, the density profile collapsing slowlyn; obtained in the simulation presented during the first period
from the top, while during the second half of the oscillationof oscillation in the results of Sec. Ill. It results that the
(from t=870 tot=_885, for instanck the top of the density chargen;+n,—n., and consequently the potential and the
plateau reforming itself, then collapsing again from895  electric field, are identical during the first period of oscilla-
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tions to the equivalent ones in Sec. lll. The impurity ions,main ion species the gyro-period is 56 in our unitEhis
however, with a larger gyroradius diffuse more rapidly to thedouble periodicity of the main species and the impurity ions
outside(to the left of the space domain in the figuthan the (56 and 560, respectivelyas its signature in the results. We
main ion species. In Fig. 5, we see how the impurity ions’present in Fig. 9 the time evolution of the potent&ill
density extends toward the left, adding a positive charge in aurve and the chargéotted curve, multiplied by a factor of
region which cannot be reached by the smaller gyroradiu20) monitored at the positiop= — 40 (around the maximum
main ion species, which are effectively pushed back by thef the potential, and the electric fielda broken curve mul-
electric field than the heavy impurity ions. This results in atiplied by a factor of 10 monitored at the positiog=—15
positive charge accumulation at the edge due essentially t@round the maximum of the positive bump of the electric
the contribution of the small fraction of impurity ions. Figure field). The beating of the two periods of gyration is apparent
6 shows the potential at different times. &t 240, for in-  in Fig. 9. there is a big peak in the potential due to the
stance, we see how the minimum potential for the presenimpurity ions rushing to the edge &t 150, followed by
results with impurity ions is more important than the corre-another peak arount=720. On this is superimposed the
sponding one presented in Fig. 1. Figures 7 and 8 show theain ions gyro-period of about 56. We show in Fig. 10 the
electric field and the charge, respectively, where the chargpotential profile at the peak at 720 (curve b, to be com-
for the present simulation is\(+n,—n,). The curves in Fig. pared with the corresponding one from Sec. (Burve a.

8 show in the present simulation an accumulation of a posiThe gyration of the impurity ions brings another peak around
tive charge at the edge resulting from the impurity ions,t=710, increasing the positive charge accumulation at the
while the remaining charge toward the center remains closedge, together with the electric field and the potensale

to what has been presented in Sec. Ill. The electric fieldhe impurity ions’ density extending to the edge in Fig. 5
presented in Fig. 7 indicates an increase in the electric fieltNote, however, that the difference in the profiles in Figs.
in the present simulation at the very edge with respect to th&0—-12 appears essentially fp« —40. Fory> — 40, the pro-
results obtained in Sec. Ill. However, with,/m;=10, the files remain close. This means in the present case that in the
gyro-period of the impurity ions is around 5@€ince for the  calculation of the charge;+n,—n,, the total contribution

1.1 . . , 1.1
< =
= 0825} = 0825
& z
g [ E FIG. 5. The density profiles at different times. The full
£ osst £ 055 curve is for the electrons. Main ions and impurity ions
S i =3 are in broken curves. The scale of the impurity ions is
20_2755 [ 20_2755 multiplied by 10.
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n;+n, must be very close foy> — 40 to the ion contribution Finally, we show in Figs. 13—-15 the contour plots of the

n; calculated in Sec. lll, since the charge presented in Fig. 1®llowing functions:
at t=720 is essentially the same fgr>—40. Aroundt
=2390, the impurity ions have already executed around five
gyrations. There is an almost constant profile of the charge,
electric field, and potential at the very edge of the plasma,
and the pattern of the oscillations is still appearing coming S

from behind the edge. This oscillation pattern, which appears Fi(y.wo= fﬁxjiwfi(y,vx,vy 0)dvy dv, (12)

as coming from the interior and damping at the edge, is now

the complicated combination of the main ion gyration andwith similar plots for the impurity distributions,(y,v,) and
the impurity ions’ gyration. We present in Figs. 6—8 a com-F,(y,v,).

plete cycle of these fromh=2340 tot=2390. The electric In Fig. 13 the contour plots dF;(y,v,) is presented at
field at the very edge is at least 50% higher with respect ta=2370(around one of the peaks of the potential in Fiy. 9
what has been obtained in Sec. Ill without impurity ions. We see from Fig. 13 how the positive bump of the electric

Fi(Yva):J7 fﬁ fi(yvvx-vyavz)dvx dv,, (10
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field is pushing the main ion species away from the edgeelectric field with the gyration in velocity space across the
Figure 14 presents the corresponding impurity ions’ distribuimagnetic field will generally distort the distribution functions
tion F,(y,v,) calculated fronf,(y,v,vy,v,) asindicated in  from a Maxwellian. In the present normalization, the thermal
Eqg. (10), att=2380. Note how the impurity ions extend to ions gyroradius is 10 length units for the present parameters.
the left boundary, providing a positive charge in a region theThe impurity gyroradiugwith m, /m;=10) is about 30. This
main ion species are not reaching, prevented by the positivis close to the scale length of the electrostatic potential bump
part of electric field. A contour plot of the distribution func- calculated. We are certainly in a regime where the exact orbit
tion F;(y,v,) [see Eq(11) for the main ion specigds pre- integration in the self-consistent field using the fully kinetic
sented in Fig. 15 at=2370. The corresponding contour plot code is necessary, and the validity of the gyro-kinetic equa-
of the impurity ions’ distributionF,(y,v,) is given in Fig. tions to describe these large gyro-orbit ions and impurities
16. The distribution functions in Figs. 13—16 are those closeould be at best approximate. The gyro-kinetic equations
to the perpendicular direction of the magnetic field and araised in Ref. 1 are averaged over the ion gyration assuming a
not Maxwellian. It is clear that the resulting effect of the Maxwellian distribution in the direction perpendicular to the
magnetic field, with constant temperature. The results we
present may be qualitatively close to the results presented in
Ref. 1 for the present set of parameténsthin a factor of
about 2, without necessarily implying that this will always
be the case and for other sets of parameters, and that all the
assumptions used in the derivation of the gyro-kinetic equa-
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FIG. 9. Time evolution of the potential and the charge monitored at the
positiony=—40 (charge is multiplied by a factor of 20and the electric
field (monitored at the positiog= — 15, multiplied by a factor 10for the FIG. 10. Potential profiles at=720 for (a) the case without impurity ions,
case with impurity ions. (b) the case with impurity ions.

Downloaded 21 Sep 2000 to 192.93.241.42.Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



2524 Phys. Plasmas, Vol. 7, No. 6, June 2000

0.1 : . .
[ t=720

0.05 |
o i
Q
=
2 0
g
=

-0.05

Olg—p b 70 30

y

FIG. 11. Electric field profile€, att="720 for(a) the case without impurity
ions, (b) the case with impurity ions.

tions presented in Ref. 1 are necessarily fulfiled. However,
the present results, calculated with the same parameters as in
Ref. 1, offer a useful indication on how good the gyro-
kinetic approximation used in Ref. 1 is for the present prob-
lem and set of parameters, and for the present distortion of
the distribution functions.

V. CONCLUSIONS

With a time stepAt=0.1, we have followed for more
than 27 000 time steps, for the case with impurity ions pre-
sented in Sec. IV, the formation and the evolution of a
charge separation of the order of 1) together with the
self-consistent electric field and potential, in the presence of
a density gradient at a plasma edge. The formation of the
charge separation and the electric field at the edge of the
plasma results from the fact that due to the finite ion gyro-
radius, the electrons cannot exactly compensate the ion
charge along the gradient. We have shown that the presence
of a small fraction of impurity ion$5% in the present simu-
lation, with m;/m;=10) at the plasma edge can have a sig-
nificant effect in the more rapid buildup and increase of the
charge and the associated electric field at the edge, in com-
parison to the case when no impurity ions were inclubd

0'1 1] T T
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0.05 |
)
o0
@]

-0.05 |

Ol 040 %0

FIG. 12. Charge profilesn{+n,—n) at t=720 for (a) the case without
impurity ions, (b) the case with impurity ions.
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FIG. 13. Contour plot of;(y,v,) for the main ions at=2370.

FIG. 14. Contour of(y,v,) for the impurity ions at=2370.

FIG. 15. Contour plot of;(y,v,) for the main ions at=2370.

FIG. 16. Contour ploF,(y,v,) for the impurity ions at=2370.
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impurity ions have been assumed to have a similar profilémportant not only in tokamak physics. For instance, the ex-
shape as the main ion species in the present simulation; hovistence of a shear layer at the edge of the reversed field
ever, impurity can usually be more concentrated at the edgexperiment has been recently reportédith a shearing rate
and consequently gives a more effective contribution to thdevel comparable to tokamaks in the high-confinement mode
edge positive chargeThe potential and electric field created (H mode. Also, similar results were reported in toroidal he-
are increasing along the gradient. The electric field reacheslial plasmat*
peak on the low side of the gradient, and the potential is It is beyond the scope of the present work to discuss
reaching a peak further away, in front of the gradient. Wecylindrical geometry effects on the present results. We note,
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