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Abstract

Improved methods for initially loading particles in a

magnetized simulation plasma with nonuniform density and

temperature distributions are proposed. In the usual guiding

center loading (GCL), a charge separation coming from finite

Larmor radius effects remains due to the difference between the

guiding center density and the actual density. The modified

guiding center loading 'MGCL) presented here eliminates

the electric field so generated and can be used for arbitrary

density and temperature profiles. Some applications of these

methods to actual simulations are given for comparison. The

significance of these methods of initial particle loadings is

also discussed.
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1. Introduction

With recent increases in simulation techniques and

development of electronic computers with faster speeds

and larger memories, particle simulation can now treat rather

large-scale plasmas in a nonuniform system [1, 2, 3]. However,

particle simulations usually consider uniform and infinite

plasmas and use periodic boundary conditions for both the particles

and the field quantities. In fact, actual experimental plasmas

are generally inhomogeneous. Many interesting phenomena are

involved in such plasmas:drift wave instabilities, trapped

particle instabilities, anomalous heat and particle transport

across a magnetic field, etc. Therefore, it is important in.,

particle simulations to treat inhomogeneous plasmas in a

satisfactory way.

Particle simulations follow the temporal and spatial

evolution of a system composed of a great number of charged

particles. If initial or boundary conditions are not properly

posed, numerical noise or instabilities can be excited, which

can mask or interrupt the phenomenon we want to simulate, .

even if the equations of motion are correctly integrated.

Boundary conditions, especially the treatment of particles at a

wall in a magnetized simulation plasma, have been recently

discussed in Ref.[4]. Many initial particle loading methods

for uniform and unmagnetized plasmas have been studied: for

example, the random start, the uniform start, the quiet start

[5], and the thermal start [6]. However, initial particle

loadings for a magnetized, nonuniform plasma have not been

- 2 -



studied in spite of many works using such a plasma.

The difficulty in specifying the initial conditions

for a magnetized and nonuniform plasma exists because we can not

explicitly and directly give the actual density distribution.

We can only assign the guiding center positions and velocities

to the simulation particles, following the prescribed equilibrium

distribution. The actual positions of the particles are

determined automatically by the guiding center positions and

velocities of those particles. The resultant actual density is

generally different from the given guiding center density [7].

The charge neutrality condition is commonly satisfied only for

the guiding center density [8]. The initial particle loading

following this condition is called GCL. Because the averaged

Larmor radii for particle species are quiJ different, the

actual density profiles do not satisfy the neutrality

condition. The resultant charge separation produces an electric

field which moves the plasma easily by E x B drifts, the

velocity of which is of the order of the diamagnetic velocity.

The energy associated with this E x B motion can greatly affect the

entire plasma behavior.

The main purpose of this paper is to propose more general

methods of particle loadings, which do not generate a charge

separation for arbitrary density and temperature profiles. Such

methods will be called the modified guiding center loadings

(MGCL). A more detailed explanation of the effects caused by

using the GCL method is presented in Sec.2. New methods of

initial particle loadings (MGCL) are presented in Sec.3 with a
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few applications to actual simulations. A discussion and

concluding remarks are given in Sec.5.

2. The Guiding Center Loading

Consider an electrostatic plasma in a constant external

magnetic field B_ along the z-axis. For simplicity, let us

a?3ume nonuniformity exists only in the x direction (slab

geometry). The extension to the case v;here nonuniformity

exists in the x-y plane, however, is straightforward for the

following discussion. Here we consider only density and

temperature gradients as the source of nonuniformity. An

equilibrium distribution f0(x, v) for species a with no drift

velocity along the magnetic field is usually given by [8]

m , ._ m v2

(1)

where m and ft represent the mass and cyclotron frequency; v

|v| ; N (x) and T (x) can be thought of the density and the

temperature distributions of the guiding centers located at

Xg = X + V V
Because of charge neutrality, the guiding center density

distribution for each species is usually given as follows:

The summation on the right hand side is extended over all the
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ion species. It is to be noted that N (x) is not the actual

density distribution, which is given by

no(x) = | fo(x, v)dv , (3)

because the actual position of a p.irticle is separated from its

guiding center position by its Larmor radius. The averaged

Larmor radii for various species are considerably different.

Hence charge neutrality for the n (x) is not satisfied. The

plasma is nonneutral almost everywhere, although overall charge

neutrality is still satisfied. This generates a macroscopic

electric field E = E(x)i (where 1 is a unit vector in the x
X X

direction), which shifts the plasma in the y direction due to E

x B drifts. In this way, an unexpected shearing flow will be

introduced in a simulation plasma if the above described

initial particle loading, following Eqs.(1) and (2), is used.

Now let us estimate the E x B drift velocity caused by

using the GCL method. We first examine the case for which only

a density gradient exists; i.e., T (x) = constant. The Fourier

transform of n (x) is obtained from Eq.(A.6), putting T (x)

= 1 (see Appendix I ) :

Vk) =

where N (x) , T (x) , n _, and p - are given by Eq.(A.7) and

represent the normalized density distribution, the normalized

temperature distribution, the averaged density, and the averaged

Larmor radius, respectively; periodicity with respect to x
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with the period L is assumed ; k = 2iri/L (i an integer) .

Suppose that the averaged Larmor radius is sufficiently less

than the characteristic length of the density gradient; then

Eq.(4) is written as

no(k) - No(k) = -

Carrying out the inverse transformation, we obtain for n (x) ,

p 2 d2N (x)
na(x) -Na(x) = n a Q - | ° _ _ £ _ . (6)

CL2£

Eq.(6) can also be derived directly from Eqs.(1) and (3),

expanding N (x + v /ft ) in a Taylor series and taking only the

first three terms [7]. The resultant electric field E can be

obtained from Eqs.(2) and (6) by using the Poisson equation.

Then, the E x B drift velocity, v = -cE /BQ, is

E _ 4iT£ ono0qopo0 ^2 dN(x) ,?)

Vy ~ ~ B ° i + 5 V V n 2 dx

where to is the plasma frequency, and the polarization effects

2 2 —1

of the plasma are included in the factor (1+Ew ->a/^a ) • We

also used the fact that N (x) = N(x) for each species. Note

that to 2/^cr
2 l s a n order of magnitude larger in value for the

ion species than for the electrons. Let a = a-' refer to the

dominant ion species for which u a
2/^0

Z is maximum in value;
"P1

then v may be rewritten as
c T

V
E ~ I gi'° 1 dN(x) ( .

y- 2 v B V dx
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On the other hand, the diamagnetic velocity for the species

a is given by [8] (see also Appendix II),

D cTa0 1 d V V

~ E D

Setting T (x) equal to unity in Eq.(9), we see that v and v

are quantities of the same order for usual parameters (U i/u
Da *

<< 1) , whereas the former is generally omitted in the theory

associated with drift waves [8].

In the more general case for V7hich both temperature and

density gradients exist, we have, for the difference between

n (x) and N (x) , from Eq.(A.6),

na(x) - Na(x) - na

(x)]

where we have assumed that k2p 2T (x) << 1 throughout the entire

E
x region. The expression for v can be obtained by replacing

N(x) with N(x)T(x) in Eq.(7) or (8), assuming T (x)= T(x)

v n
for each species. Again, we see that v and v are of

the same order of magnitude. Note the similarity between the

case of T (x) = constant and the case of N (x) = constant.

Also, the actual density profile is not uniform even if N (x)

= constamt, provided a temperature gradient exists. However,

for uniform plasmas, N (x) is equal to n (x), and no problem

occurs.

The effects mentioned above are commonly neglected in the

theory. However, In a simulation plasma ( and also in a

real plasma), the resultant small difference in the densities
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of different species excites a large-scale electric field,

which gives rise to macroscopic plasma flow on the order of

the diamagnetic velocity. In other words, an additional free

energy is introduced in the simulation plasma by using the GCL

technique, which may cause some unexpected instability, and

at the least can affect the long time plasma behavior. For

example, simulation of the nonlinear development of drift wave

instabilities and anomalous transport will be appreciably

influenced by this electric field. The effects produced by using

GCL are not necessarily unphysical, but they are detrimental to

the phenomenon we want to simulate, because they act as noise.

It is important to eliminate these electric fields in the

simulations. In the next section, we propose some methods for

loading the particles which do not generate an initial charge

separation.

3. Modified Guiding Center Loading

Here we present several initial particle loading schemes

(MGCL) which do not introduce an extraneous electric field.

In the discussion that follows, the approximation PCTn/LG << 1

(LG is the characteristic length of the gradient), which is

commonly used in local and nonlocal theories, is not employed.

Hence MGCL can be used exactly for arbitrary density and

temperature distributions.

3.2. The Case of Uniform Temperature

We first consider the case where only a density gradient



exists. If we change the guiding center distribution N (x) to

N (x) such that the actual density n (x) becomes equal to

N (x), then we will have no electric field because of the

complete charge neutrality (see Eq.(2)). The modified guiding

center distribution N (x) is easily found to be

Na
M(k) = exptj k2pa0

2]Na(k) . (11)

Replacing N0(k) with Na
M(k) in Eq. (4) , we find that no(k) is

equal to N (k), which proves the validity of Eq.(11). Carrying

out the inverse Fourier transformation, we obtain

N0
M(x) = I exp[i k2paO

2]N0(k)e
ikx . (12)

As long as the right hand side of Eq.(12) converges, we can

construct an arbitrary density distribution, n (x) = N (x),

choosing N (x) as the guiding center distribution.

The actual way to realize N (x) is as follows. First,

we define functions * (x) and $ (x) by

x x

#a(x) = I Na(x)dx ; *0
M(x) = | NCT

M(x)dx . (13)

M

Here $ (x) and $ (x) are the ratios of the number of particles

in the regions [0, x] to the total number of particles

corresponding to N (x) and N (x), respectively. The problem is

to find the method to distribute the particles, the number of

which is I , on the line [0, L] according to N (x). (On the
OX O

y-z plane, I x I particles should be distributed with equal

spacing for each particle position on the line.) Let us assume
- 9 _



that the particle positions x. in accordance with N (x) have

already been determined. Those positions are given by the

solution of the equation, (i-i/2)/I =$ (x)(i= 1, 2, •••, I ),
OX O u A

using the Newton method. Let a solution of (i-l/2)I =

$ (x) be represented by x. + 6x.; then we have the relation

V x i } = *aM(xi + 6 xi ) •

The difference 6x. represents the modification of the guiding

center position in the MGCL scheme from that of GCL. Expanding

the right hand side of Eq.(14) in a Taylor series and taking

only the first two terms (assuming |SX./LQ| << 1), we obtain

0(k)(e2
K pao - 1)(e1KX

6x = J£2 r — jT- , (15)
| l k x

where we have used Eqs.(12) and (13) .

Application of the GCL and MGCL methods, in the case of

uniform temperature, to the simulation of drift waves is shown

below. We used the electrostatic two-and-one-half-dimensional

dipole expansion code [9, 10] with a static magnetic field

slightly tilted from the z-direction in the y-direction.

Finite-sized particles [11, 12] with Gaussian-shaped charge

distributions were used. The plasma is bounded by conducting

walls at x=0 and x=L at which the electrostatic potential
A

is zero. Method I of Ref.4, which is quiet and produces no

numerical surface instability, is used for particle reflection

at the walls. Periodic boundary conditions are used in the y
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direction. The density distribution is chosen as [14],

No(x) = 1 - e tanh [(x -xQ)/l] , (16)

where e = 0.764, xQ = 32A, % = 7.64A, and A is the grid

spacing. The full dynamics of electrons and one-species ions

(q. = - q = e, e is electron charge ) are followed. The

parameters are; system size, L x L = 64A x 32A ; number of
x y

particles, N = N. = 16384; particle size, a = 1.5A ; time

step, u)peAt =0.4; nu/n^ = 25; «ce/«upe = 2; ADe = 2A , Te/T± =

4; angle between the magnetic field and 2-axis, 8 = 1.5°.

Figs.1-4 show the simulation results. In each figure,

the results from using GCL and MGCL are shown together. Fig.l(a)

shows the spatial profile of the k = 0 mode of the electrostatic

potential at t = 58u "* (averaged over 96co " ) . Instability

has not yet set in. With GCL, a large k = 0 potential is

clearly seen, as predicted in Sec.2. Asymmetry in the

potential profile comes from the difference in polarization

effects which are proportional to the density. The ratio of

the maximum density to the minimum density is 7.47, which is

consistent with the asymmetry of the potential. With MGCL,

the k = 0 potential mode is almost eliminated. Fig.l(b) shows

the spatial profile of the ion flux. The solid curve represents

the theoretical prediction for the diamagnetic flow with MGCL

(see Appendix II), which is (quite accidentally) the same as

the prediction of the local theory (Eg.(10)). The reduction of

measurements of the ion flux with GCL from the theory is

mainly due to E x B drifts produced by the potential presented
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in Fig.l(a). Some part of the reduction comes from the finite

Larmor radius effect, which is also discussed in Appendix II.

The rather small value for E x ^ drifts estimated from Fig.l(b)

as compared with the prediction of Eq.(8) would be due to

nonlocal polarization effects which are more complicated than

the simple factor of (1 + Ew 2/Q, 2 ) " 1 used in Sec.2. With

MGCL, the measurements agree very well with the theoretical

curve. Therefore, Fig.l shows that MGCL works satisfactorily,

as we had expected.

Fig.2 presents the temporal evolution of the k = 2ir/L

mode of the density perturbation which is averaged over [0,

L ]. This corresponds to the most unstable drift wave mode. An

appreciable difference between the results with GCL and KGCL is

observed. Especially in the nonlinear stage of the instability

(t •> 700w ) the difference is clearly seen, while in thepe

initial and linear stages, both results almost agree. Note the

drastic difference at the time (3) corresponding to t = 1400a)

in the figure. We also changed random numbers to confirm this

observation and found no appreciable change. Now let us go

into details of the difference. Fig.3 shows the spatial

profiles of the potential perturbations for k = 2TT/L and

k = 0 modes. We show the absolute value of the potential

perturbation for k = 2TT/L mode. Each number in the figures

corresponds to the time indicated in Fig.2. The difference in

the k =0 mode structures for both GCL and MGCL is clearly seen

at the time (3). With GCL (Fig.3(b)), the initial k =0 mode

structure seems to grow in time, whereas with MGCL (Fig.3(d))

the plasma center is positively charged at the time (3) when the

unstable mode has damped strongly. A difference in
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the k = 2ir/L mode structure is also seen. With GCL (Fig.3(a)), an
y x

appreciable change is not observed after saturation, whereas

with the case of MGCL (Fig.3(c)), the k = 2T/L mode is damped

strongly at the time (3), and especially where the k = 0 mode

is maximum. The spatial profile of the potential at the time

(3) is shown in Fig. 4. With GCL (Fig.4(a)), the k = 2ir/L

mode is still clearly observed to be superposed on the k = 0

mode, whereas with MGCL (Fig.4(b)), the k = 2TT/L mode is
y x

almost damped and the k = 0 mode is dominant. These

observations are consistent with Fig.3. All these figures show

a considerable difference in the nonlinear development of the

drift wave instability due to slight changes in the initial

conditions. This difference in both cases might come from

the nonlinear coupling of the k = 0 and k = 2TT/L modes.

These results also indicate the significance of properly treating

the k = 0 mode in drift wave simulation as well as in theory.
3.2 The Case of Uniform Density

Now let us consider the case of uniform density. As

Eq.(A.6) shows, n (k) assumes a rather complicated form in this

case and is represented by coupled equations for different k

modes. Therefore it is difficult to obtain N (x) in a way

similar to that described in the subsection 3.1. Another way

to eliminate the electric field is found using the fact that

the electron Larmor radius is an order of magnitude less than

the ion Larmor radius. We first distribute ions in configuration

space-using GCL. Next, the actual densities of the ion

species n .(x)are computed from Eqs.(A.3) and (A.6). Finally
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we distribute the guiding center positions of the electrons

according to the known n .(x) as

The actual way to compute the n .(x) is presented in Appendix

III. In this method, a slight charge separation remains

because of the difference between N (x) and n (x). However it is

2 2
quite small, being on the order of p. /LG n Q which is much
less than p_ n

2/L_2n n. The resultant E x B drift velocity is
O.'J \j O . U

2 2

much smaller than that for GCL, by the factor p _ /p Q ,

because of large shielding effects due to the ion species and a

small charge separation due to the electron species. If the

guiding center approximation is used to push electrons in the

simulation [1], this method is exact and produces no charge

separation. The extension of this method to the case where

both density and temperature gradients exist is straightforward.

If a temperature profile take a special form, we can use
2 2a simpler method without using the approximation, peQ /p Q

<< 1, which is similar to the method presented for the case of

uniform temperature. For example, consider the temperature

profile given by

T0(x) = 1 - e cos ^ £ ( e T < 1, i = 1, 2, • • • ) . (18)

Without loss of generality we shall consider the case i = 1.

This example is of importance because it applies to the simulation

Of thermal relaxation phenomena due to wave or classical transport

[14, 15]. For this temperature profile, we can easily obtain
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nQ(x) from Egs.(A.3) and (A.6):

n(x) = no[l+2 T e" f k 2 p 0 2 I R ( | k
2p0

2eT)cos kx] , (19)
lc=X

where k = 2irR/L (K = 1, 2, 3, ••• ) and the subscript 0

has been omitted. The R = 1 term is the dominant term in

Eg.(19). We intend to eliminate this dominant cerm by putting

1 - eN cos ^ , (20)

where et] is a presently undefined factor. For given iSr (x) and

T(x), using Egs.(A.3) and (A.6)t we obtain the actual density,

n(x) = nn[l + Z bKcos kx] , (21a)
0 k=l K

with

b R = 2e

(21b)

where I« is the modified Bessel function and a = (27rp./L) /2.

Putting b, to zero, we can determine eN :

2I1(ae ) aeT 2 ± aeT i,
e - ~ a e [ 1 { ) ' ( ) "^* l2(aeT)

2 7 T p0 2

(22)

The last expression in Eg.(22) agrees with the result which

would be derived from local theory. However, the range of

validity is (irp«/L) e_ << 1, whereas in local theory it is

2TTP_/L << 1. We can also use the exact expression in Eg. (22) .
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The other bj-'s for R > 2 are given by Eqs.(21b) and (22). They

are negligible compared with b, because b^ = I<~(ae,_) -

£NIE'(aET) = IK(° ! E
T ~

e
N' ~

 IK[aeT(
aE

T/2) J. The modified

guiding center positions are shifted from the equally

spaced positions x. (x. = (i-l/2)L/I , i=l, 2, ••• , I ) by

the shifts 6x., where

2irx.
-r-^ . (23)

Another application of this MGCL method and the GCL

method was performed. We used a two-dimensional code with a

static magnetic field in the z-direction. Periodic boundary

conditions were used both in the x-and y-directions. Only

electrons were followed? ions are a charge neutralizing

immobile background. The parameters are : N = 65536 ; L x L
e x y

= 64A x 64A ; a = 1.0A ; X = 2.0 A ; c. = 0.5, a /u

= 0.5; to At= 0.2; 9 = 0°. Fig.5 and 6 show the results using

GCL and MGCL. For both methods, all parameters are identical.

Fig.5(a) and (b) show the spatial profiles of the electrostatic

potential (k =0 mode) and of the macroscopic velocity. Time

averages are taken over a period [0, 6TT/U ] and spatial

averages are taken over a grid spacing. With GCL, we see in

Fig.5(a) a sinusoidal potential being built up, the profile of

which agrees very well with the prediction obtained from

the density perturbation given by Eq. (19) .. We also observe in

Fig.5(b) that, with GCL, the macroscopic velocity in the y-

direction. is reduced by a factor of 2 from the theoretical

curve for the diamagnetic velocity given by the local theory.
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This is because the E x B drift' velocity caused by the

potential of Fig.5(a) is in the opposite direction to the

diamagnetic velocity. The reduction factor is consistent with

the estimate in Sec.2. However, we observe no appreciable

potential using MGCL (Fig.5(a)), and hence the macroscopic

velocity in Fig.5(b) almost agrees with the theoretical curve.

Fig.6 shows the mean displacement of the guiding center

positions of the particles which are in the region 1/8L. < x

< 3/8L . With GCL, a systematic displacement due to E x B

drifts is clearly seen, which is quite consistent with

measurements in Fig.5. Note that the particle motion is

considerably affected by the use of GCL. But with MGCL, no

appreciable mean displacement is observed because the elrctric

field is satisfactorily eliminated. Here we see also that MGCL

works very well, as we had expected. This method (MGCL) has

also been used in simulations to study the relation between

heat and particle transport excited by the convective cell moda

[15].

4. Discussion and Conclusions

We have examined various schemes for initially loading

particles in a magnetized and nonuniform (VT and Vn) simulation

plasma. A simple guiding center loading (GCL), which only

satisfies the charge neutrality condition in the limit

that the Larmor radii of the particles approaches zero,

produces a charge separation since the averaged Larmor radii

for particle species are considerably different. We have
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presented methods (MGCL) which eliminate this charge separation

effect. These methods assign guiding center positions to the

simulation particles slightly modified from the positions

determined by the use of GCL. We can use MGCL methods for

arbitrary density and temperature profiles.

Some applications of the GCL and MGCL methods have been

given. MGCL works quite satisfactorily as expected. The example

of drift wave simulation driven by a density gradient shows

an appreciable difference between the results using GCL and

MGCL, especially in the nonlinear development of the instability.

Simulations of anomalous heat and particle transport and other

simulations which require a long simulation time, would also be

much influenced by initial conditions.

As a result, we claim that it is preferable to use MGCL

for the initial particle loading in simulating nonuniform and

magnetized plasmas. Evan if not used, the method of initial

particle loading should be clearly described in the simulations.

All the methods (MGCL) presented here are described in a slab

geometry where density and temperature gradients exist only in

the x direction. However, the extension of the methods to the

more general case, in which gradients exist both in the x and y

directions, is quite straightforward. For example, when the

temperature profile is uniform, the modified guiding center

density distribution N (x, y) is given as follows:

- 18 -



where k = 2irm/L and k = 2irn/L (m,n, integers) . The otherx x y y

generalization is to the case where there is magnetic shear

in the x direction. When the magnetic field is expressed as B

= (0, B (x) , BQ) (usually B (x) is taken to be xBQ/Ls, where

L is the shear length) the situation is simple because the

canonical momentum in the y direction is conserved and Eq.(1)

gives also the equilibrium distribution in this case (n = n(x),

T = T(x)). Then MGCL can be used without any modification for

this type of magnetic field. For magnetic shear of the type,

B = (B , BQ. B ) = (0, B (r), B n ) , in cylindrical coordinates,

where n = n(r) and T = T(r) are assumed, the same argument

prevails because the canonical angular momentum P- is

conserved. MGCL can be used in this case without any change

by transforming the results in Cartesian coordinates to those

in cylindrical coordinates. Initial particle loading schemes

which do not produce a charge separation for more complicated

geometries of the magnetic field, including toroidicity, will

be a future problem.
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Appendix I. Derivation of n (k)

Here we show the derivation of the Fourier transform of

n (x). Inserting Eq.(1) into Eq.(3) and carrying out the

integrations with respect to v and vr, we obtain

X 2

+co 2

n a ( x ) = Np(x+v /a ) l2 , ° / Q . ] l / 2 e x p [ - 2 T (x-+^ j a . ]dv .
>_m

 y a' y/ a' a y ' a'

(A.I)

Assuming periodicity of N (x) and T (x) with period L, we can

rewrite Eq.(A.l) in a Fourier series:

L

n (k) = f f n (x)e"lkx dx , (A. 2)

no(x) = j; n a (k)e l k x , (A.3)

where k = 2iri/L and i is an integer. From Eqs.(A.l) and (A.3) ,

n (k) is given by

.,.,_ 1

' 0

(A.4)

where we have replaced x + v /Q by X, Carrying out the

integration with respect to v , we have

L

n (k) = r I d x N«(x> exp[ —— T (x)]e"lkx . (A.5)

0 0 0

We can rewrite this equation as
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L
„ 2 _, 2fn / . . \ i _ - L - K - Xno(k) = -£^j dx Na(x) exp[- f k
2p a Q

2T a (x) ] e
 iJW\ (A.6)

0

where

Ng(x)= na0N(x); T, (x) = T 0 Q (x) ; P<J()= (T^/m^
 x'*/ | % | . (A, 7)

Here, n . and T « represent the averaged density and temperature,

respectively, and p Q is the averaged Larmor radius determined

from TaQ.

Appendix II. Derivation of v (x)

The flux density is determined as

r0y(x) =j vy fa(x, v) dv r (A.8)

where fQ(x, v) is given by Eq.(1) and Tax(x) = Taz (x) = 0.

Following the method described in Appendix If we obtain

r ^CT °
(A.9)

For the case of T (x) = 1, Eq.(A.9) reduces to

kcT
ray ( k ) = ±

Carrying out the inverse transformation we have for the

diamagnetic velocity,
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vay(X) "ay(X) " ng(x)

where n (x) is the actual density given by Eg.(4). Note that

n (x) is different from N (x). Using MGCL, replacing N (k)

with N (k), we obtain

dN (x)

This expression is the same as that given by local theory where

the approximation p Q/Lr << 1 is used. When T (x) is not constant,

we cannot obtain such a simple and exact expression as

Eg.(A.12).

Appendix III. A Calculation of n (k) (N (x) = constant)

Here we show an actual method to calculate n (k) without
a

numerical integrations for the case of N (x) = constant.

Putting T (x) = 1 - g (x) in Eg.(A.6) and expanding the

exponential term in a Taylor series, we have

(A.13)

where

Gan(k) = I

The function G (k) is obtained from G ,(k) inductively, using

the relation,
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Gan<k> = qllG a ( n-l)<<^ a l(k-q) . (A.15)

Then n (k) can be obtained numerically from Eqs.(A.13) and

(A.15). Here, it is implicitly assumed that the summation over

the infinite number of modes is replaced by a summation over

a finite number of modes (perhaps the first several modes).
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Figure Captions

Fig.l Spatial profiles of (a) electrostatic potential of

the k =0 mode and of (b) ion flux. The solid curve in (b)

represents the theoretical prediction for the diamagnetic

current. Time averages are taken over lOw <t<106o)

Fig.2 Temporal evolution of the k =2TT/L mode of the
Y x

density perturbation, averaged over 0<x<L .

Fig.3 Spatial profiles of the potential for k =2ir/L

and k =0 modes. For the k = 0 mode, absolute value of

the potential is shown. Each number in the figures

corresponds to the time indicated in Fig.2. Both GCL,

(a) and (b), and MGCL, (c) and (d), results are shown.

Fig.4 Spatial profiles of the electrostatic potential at

the time (3) for the cases of (a) GCL and (b) MGCL. Bold

curves represent positive values whereas light curves

represent negative values.

Fig.5 Spatial profiles of (a) the electrostatic potential

for the k =0 mode and of (b) the macroscopic electron

velocity, for the case of a single sinusoidal temperature

profile. A solid curve represents the theoretical

prediction.

Fig.6 Measurements of the mean displacement of the guiding

center positions of the particles in the region 1/8L .<>:

<3/8Lx.
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