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Abstract

An implicit, electromagnetic particle (kinetic) simulation method is presented that
can deal with multi-dimensional, inhomogeneous and finite beta plasmas in large space
and time scales. To include the diamagnetic effects in strongly magunetized (we. > wpe)
and inhomogeneous, kinetic plasmas of the large scales, full-implicit " directly-coupled
field-particle equations” are derived by using the backward time-decentered scheme and
the guiding center approximation with the magnetic drifts about the electron perpen-
dicular motion. This algorithm has been implemented for studies of inhomogeneous and
magnetized plasmas of three-dimensions. The basic algorithm of the code is described
and several physics applications are shown for the Alfven-ion-cyclotron instability and

kink instability of the peaked density ion beam.
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1 Introduction

Many people have noticed an existence of the giant gap in space and time be-
tween the microscopic (kinetic} and macroscopic (magnetohydrodynamic) natures of
plasmas. Due to the difference in the physical parameters, it was virtually impossible
to treat these two regimes simmultaneously in a self-consistent manner. Nevertheless,
many important and interesting problems of space and fusion plasmas fall on this cat-
egory. For example, the anomalous transport and its control are of vital importance
for the success of magnetically confined fusion but its mechanism has not been well
identified. In space physics, there are alsc varieties of plasma phenomena that belong
to this macroscale kinetic regime. Typical of them are the magnetosonic shocks with
the ion scale length and the kinetic Alfven wave that causes substantial wave-particle

interactions through its longitudinal electric field.

The aforementioned large space-scale and low frequency plasma phenomena occur-
ring between the microscopic and macroscopic regimes could be adequately studied by
neither the traditional (explicit) particle code nor the MHD simulation method. Ex-
tensive efforts were made in the 1980’s in the United States and Japan to develop new
simulation tools to overcome this difficulty. After the decade of research and develop-
ment, ”the moment implicit”, "macroscale electromagnetic” and ”gyrokinetic” particle

simulations seem to be promising among them.

The moment implicit method derives implicit moment equations relying on the
concept used in the fluid dynamics and predicts the future electromagnetic field from
the lowest two velocity moments. These moments are calculated by summations over
the particles. This type of the code known as "the Venus code” was developed in
Los Alamos National Laboratory in early 80’s and was successfully applied to laser
irradiation and various beam-plasma processes'’. This method was recently modified
in one-dimension to avoid the iterative solution of the electromagnetic field by taking

higher terms in the Taylor expansion into account?.

The macroscale particle simulation® (MACROS) developed by the author since




early 1984 has been constructed on the physical insight that the backward time-
decentered electromagpetic field acts to selectively suppress high frequency oscillations
of plasma particles. The macroscale particle code has many favorable common fea-
tures with the Venus code for large-scale simulations; both of the codes adopt the
backward time-decentered scheme. The difference is that the macroscale particle sim-
ulation utilizes the particle nature directly that is contained in the original Newton-
Maxwell equations. Therefore the macroscale particle simulation is less restrictive
about the time step size. These characteristics are realized by virtue of the implicit-
ness of ”directly-coupled field-particle equations” which are the equations to determine

the future electromagnetic field.

Tt is noted in passing that the macroscale particle simulation is qualitatively different
from the magnetostatic (Darwin) algorithm which uses V x B = (47 /c)jr instead of
the full Maxwell equations. The latter requires complete separation of the transverse
current jp (V-jp = 0) from the longitudinal one; otherwise numerical instability results.
Furthermore, the Darwin algorithm is essentially an explicit model which is bound by
wpAt <1 and Az/Ap. < 1.

The concept of the gyrokinetic simulation®’ which was initially motivated in the
Princeton Plasma Physics Laboratory is different from the previous implicit methods
in the point that it is based on the smallness ¢-ordering on the wavelengths and the
amplitude of the electromagnetic field. Many terms are dropped from the original
kinetic equations following the ordering. Therefore, this type of the code is correct and
officient when the smallness ordering assumptions are fully satisfied. However, when
the assumptions are marginally satisfied, many corrective terms should be taken into

account to make the simulation physically meaningful.

When we concentrate our attention to the "kinetic” transport processes occurring
in fusion and space plasmas with "macro” (MIID)-scales, we can list up several require-
ments to be satisfied by the simulation codes. First, the simulation code must have an
ahility of handling the kinetic plasmas in multi-dimensions where the space and time

scales are not microscopic, i.e., wp At > 1 and Az > ¢/wpe > Ape. Second, magneti-



cally confined plasmas are strongly magnetized (w., > wye) and quite inhomogeneous in
density; the magnetic field changes its orientation and strength in space. Moreover, the

diamagnetic effects are not ignorable to treat the finite beta (temperature) plasmas.

An intermediate, so-called semi-implicit version of the macroscale particle simu-
lation code was finished by 1986. This version of the code is applicable to plasmas
with the magnetic nuil points and was actually applied to variety of studies such as
excitation of the kinetic Alfven wave /plasma heating®, and current-beam injection
/kink instability®. Although these studies were virtually the first to have ever been
made by the large-scale, kinetic simulation code of general purposes, the time step was
limited to wy, At < 1 due to the predictor-correcter method adopted to calculate the

future current density in the field equation. (Full implicitness is violated here.)

The macroscale particle simulation code that can deal with homogeneous plasmas
in large space and time scales was completed by 1988. The validity of the algorithm
was extensively studied and verified both analytically and mimerically®). However, this
version did not include the diamagnetic drift current and the field iteration failed for
a plasma with large density inhomogeneity. Recently the old version of the macroscale
particle simulation code has been upgraded to deal with inhomogeneous kinetic plas-
mas in large (MHD) scales. Specifically, the drift approximation with the magnetic
drifts has been introduced to the ”perpendicular” motion of the electrons; the electron
cyclotron time scale is as short as that of the Langmuir oscillations, i.e., w,, ~ w, for
magnetically confined plasmas. By contrast, the parallel part of the electron motion is
traced exactly as the particle species. The slightly backward time-decentered scheme is
used as before, both in the equations of motion and the Maxwell equations to attenuate

high frequency oscillations in the plasma.

The characteristic features of the macroscale particle simulation code thus devel-
oped are summarized in Table I. One of the important features here is that low fre-
quency, electromagnetic (electrostatic, of course) waves and structures with wA? < 1
are propeily reproduced where w is their characteristic frequency. Therefore, Landau

and cyclotron resonance effects are included in the code. Since full particle dynamics




are retained for the ions and the parallel part of the electron motion (on top of the
drift motion in the perpendicular direction), various particle orbit effects in the in-
homogeneous plasmas, such as finite Larmor radius effect, banana and trapped orbit
effects in the torus geometry, are included in the macroscale particle code. Moreover,
the code is numerically stable both in linear and nonlinear stages by virtue of the
simple backward time-decentered scheme adopted. These characteristic features make
the macroscale particle simulation method quite suitable for studies of large space and

time-scale, kinetic and nonlinear processes occurring in magnetized plasmas.

As will be described in Sec.2, the key of the code is that it is completely implicit
in time. In order to get rid of the Courant condition that severely limits the time
step for given space grid intervals, the Maxwell equations are directly coupled with the
equations of motion of particles. This procedure results in the full-implicit ”directly-
coupled field-particle (DCFP) equations.” The macroscale particle simulation may be
thus called ”directly-coupled implicit method” in a technical sense. A special iterative
technique is devised to solve this coupled field-particle equations for inhomogeneous
density plasmas; the iteration converges in a few cycles in one-dimension, and in a

couple of ten cycles in three-dimensions.

In the next section, the algorithm of the macroscale particle code will be described
for the simulation of inhomogeneous, magnetized plasmas in multi-dimensions. Several

physics applications to large-scale, kinetic problems will be shown in Sec.3 and 4.

2 General Algorithm

2.1 Field and particle equations

The foregoing characteristic features of the macroscale particle simmlation are real-
ized partly by the introduction of the slightly backward time-decentered scheme both

into the Maxwell equations and the equations of motion of particles®). The Maxwell



equations with the time level suffices are given by
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where b = (B/B) is the unit vector along the magnetic field line, and the direction of
the parallel velocity of the electrons is defined by

ViR = g prrilz (), (10)

The E x B, gradient-B and the curvature drift terms are incorporated in the perpen-

dicular motion of the electrons.

The parameters o and v which appear in Maxwell equations and the equations of
motion are the implicitness parameters that are chosen slightly larger than ; depending

on trade-off between the accuracy and stability of the code. The decentering shift of the




time level of the curl terms in Eqs.(1)(2) causes damping of high frequency light waves
and that of the current density in Eq.(1) results in attenuation of high frequency plasma
waves. Damping of high frequency electrostatic waves with w ~ w,, is attributed to the
decentering shift of the field’s time level in the equations of motion. It was proved both
analytically and numerically that the decentering shift of the £ x B term in Eq.(9) is

a necessary condition for the numerical stability®).

It should be noted that the guiding-center approximation is made just for the
" perpendicular” part of the electron motion in order to eliminate the electron cyclotron
time scale w,. By contrast, the ion and electron parallel motions are traced exactly
as the particle species. These treatments make this code appropriate for the study of
kinetic plasma transport in magnetically confined fusion plasmas for which the relation
Wee ™ Wpe > Wy holds. It may be a natural extension of the present code to introduce
the guiding center approximation also to the ions which enables us simulations with a

yet larger time scale with w,;A¢ > 1 at an expense of some physics on ions.

2.2 Equations in the finite difference form

The techniques that make the present implicit algorithm realistic are shown here.

The equation of moiion for the ions in the finite difference form is written as

, o

vt o= vt At [E“*“(""*‘*) + J_-Cm x B (x0)]. {11)
If Eq.(11) is solved in terms of v]*? using the interpolation v**1/2 = 1(v" 4 v**1),

then we have
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Similarly, the equations of motion for the electrons are written as

I

o= x4 AtV R (16)
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vt = o+ A [T Erre(h) — EJ_V“B“* T, (15)

e

The field is evaluated at the ”predicted” position 5(;“” = x; + At v;(z)l " where

vj(;)l " is calculated by means of only the known field values at ¢ = ¢*.
The Maxwell equations in the finite-difference form assume the form
E** — E® = cAtV x B™™® — 4xAt P, (17)
B! — B® = —cAIV x E*te (18)
In order to avoid the Courant condition that severely restricts the size of the time step

At against the given space grid interval, we eliminate B**! from Eqs.(17)(18) using

the linear interpolation of the field quantity to the non-integer time level:
E™* = oE* 4+ (1 - )E" (19)
This procedure yields an equation governing the future electromagnetic field

[ 14 (acAtPV x Vx JE™ = [1- ol ~a)(cAt)’V x Vx | E

(20)
+ cAtV x B* — 4nAt .

In the above equation, all the terms except (1.} balance with each other for the
electromagnetic part; by contrast, the {1.) terms and the current density contribute to

determine the electrostatic field.

2.3 Directly-coupled field-particle equations

Since the implicitness parameters must be chosen as «, v > %, the current density in
the equation (20) is unknown and needs to be predicted by some ways. This constitutes

the key of the present algorithm which is done by expressing the current density directly




in terms of the electromagnetic field:
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The symbols ¥; and ¥, denote summations over the ions and electrons, respectively.
Substitution of this expression into Eq.(20) with Eqs.(12)-(16) and {18) forms a closed
set of the Courant-condition-free, implicit equations. These equations are named

" directly-coupled field-particle equations”.

The third and fourth equations of Maxwell equations, Eqs.(3)(4) are the conditions
to determine the initial field and need not be used at ¢ > 0 mathematically. However in
reality, use of the space grids inevitably causes an assignment error to the longitudinal
part of the current density. Therefore, correction to the electric field is required”). This

is done by deriving an correction equation to the longitudinal electric field:
E = E— Vg, (26)

where E is the true electric field, and E is the electric field before the correction (the
solution to Eq.{20)). The Gauss equation (3) then yields an equation for ¢,

—V%p = 4z - VB, (27)

Since the charge density at ¢ = " is not known beforehand in the implicit algorithm,

the formula is used that expands the charge density® around the predicted position

n+1,
X(l) :

M x) = T, eSEx-xT)

7

= T, 6,S(x—x") = V- 5; ¢6x,5(x — x33)-

(28)
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being the true position, and Xy the position

calculated using E**" and B*'. For example, the displacement for the ions becomes
1 eB\?
)1 @)
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Thus, 6x, depends only on é¢ and Eqs.(27)(28) constitute the equations to determine

t
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the correction scalar potential field.

2.4 Miscellaneous

In the macroscale particle simulation, all the physical quantities are normalized by

the four basic units, the length: c/uw,., time: w;el, mass: m,, charge: ¢, as

f=——— f=wpt, h, =L & =2 30
C/wpe pe” ) 2 M, y 3 e ( )
Other quantities are normalized as combinations of these basic four units;

eE B eB

w

, B=

, .
Wpe MeCltpe MeCliipe

(31)

Quantities with (") are used in the simulation. This normalization is suitable for

v=2 o=

0| <g

treating electromagnetic waves and instabilities. With this normalization, the constant
in the field equations is transformed as (4r) — (1/n,) and the light speed (¢) disappears

everywhere [ ng: the average particle number density per cell.

Since the coupled equations are solved in the (z,y, k,) space, the arrangement of
the spatial grids needs to be specified for two-dimensional Cartesian coordinate space
(Figure 1). Each component of the electromagnetic field and the source terms has its
own grid system so that their spatial derivatives become centered with respect to the
non-derivative terms. This is done by inspecting the Maxwell equations in the finite
difference form. The proper combinations of the electromagnetic field in the coupled
equations thai share the same grid points are (., B,) and (E,, B,); E, and B, are
defined on their own grids. With this choice, the accuracy of the spatial derivatives is

kept to the second order.

Filtering of both the source terms in the coupled equations and the electromag-

netic field acting on particles are required to reduce short wavelength errors associated
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with the finite difference method. In terms of the (z,y) coordinate, the digital filter-
ing technique known as five-point smoothing” is done which is a combination of the
three-point higher-mode filtering and the lower-mode boosting”. The weight of this
smoothing should be (—&, &, 18, &, —11—6) for consecutive five points along one direc-
tion. At the system boundary (wall), proper boundary conditions must be imposed on

each field quantity.

The supercomputers are generally equiped with the vectorization feature for the
do-loop operations. This feature can be efficiently utilized even for the fast Fourier
transform (FFT) in the multi-dimensional circumstances. The highest degree of vec-
torization is achieved for the FFT scheme if all the (z,y) components are Fourier-

transformed simultaneously as a one-dimensional array in terms of the same k, value.

1t should be noted that Eq.(21) and (28) include summations over the product of
the particle and field quantities which represent a coupling of the neighboring plasma
elements through the electromagnetic field. These calculations are usually too expen-
sive otherwise the following approximation is made use of for the coupling terms:

Y e, Er(x,)S(x—x,) = Z e, B"S(x—x,) +ay e, (B — E*)S(x — x,§32)

K

= e, EMx,)5(x — x;) + ap(x)(E** —E")(x). (33)

7

The linear interpolation (19) is used in the first line and p(x) = 3=, ¢,5(x — x,). The
surnmations through the particle list are thus separated from the iteration cycle of the
coupled field-particle equations. Since the major contribution is contained in the first
term of (33) whose calculation is done ”accurately”, this approximation is considered to
be quite acceptable. This point has been verified numerically®). Analytic and numerical

proof of the macroscale particle simulation in general is found in Reference [3].

There are several remarks before closing this technical section. First, exactly iden-
tical expressions must be used in the particle movers and the corresponding parts in
the directly-coupled field-particle equations. Violation to this rule always leads to a
rapid blowup of the code. Secondly, for the proper tracking of the cyclotron motion

11



the complete time-centered integration scheme should be used in the Lorentz term of
the particle mover in order to avoid a fictious acceleration of the ions. Moreover, in
the initial transient state, give the electron E x B term somewhat less than the correct

value; this enables us to avoid an overreaction of this "passive” term.

Next, the time step At should be chosen as: w,At < 0.4 for proper ion orbit
tracking, and Ay mq.vAf € 1 to correctly resolve the wave with the wavelength
A = 27/ k)| mee (Short waves are usually eliminated by the digital filtering). Another
limitation to the time step arises from the possible discrepancy between the true particle

position x;"h and the predicted position i;”"’

which is used to evaluate the field acting
on the super-particles (see just below Eq.(16)). The difference of the two positions for

the electrons, for example, is written as

§xp = X;”""’ - )”(;”" = At (V;"H’(2 — Vf("g)”z) (34)
1 —< a n n n
= E’Y(At)z(m_)(EﬁH - JE”) + vAt (V.l.+qu - V.L)~ (35)

The accuracy condition may be given by

Az Az {E'Yﬂt — (E||+ - Ep) + YT -V} < 1 (36)

These electric fields include both the physical component and the noises due to particle
discreteness. For the monochromatic sinusoidal wave of i~ e* A we have

Eﬁ”’" — Ef = iawAt E. (37)

Since awAt < 1 for the resolved modes in the macroscale particle simulation, |6xp |
can be made small enough compared with the cell size. However, without any precau-
tions the discrepancy due to the noise field could be as large as

1 —_—
6XD,n ~ E’Y(At)z‘(rn—e) Enoise + 'YAt V.L,noi.se- (38)

This can be apparently larger than the former value if the noise level is comparable to
the signal level. Therefore, in order to make the difference |§xp| small compared with
the cell size, more number of particles is required to reduce the noise level, thereby

increasing the size of the time step Af.
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3 Application 1: Alfven Ion Cyclotron Instability

As the first physics application of the macroscale particle code, one-dimensional
simulation results are described where the Alfven-ion-cyclotron (AIC) wave is driven

unstable by the ion temperature anisotropy.

The Alfven-ion-cyclotron instability was investigated by many authors a,na,lyticallym)

and numerically!*™*®. The dispersion relation of the AIC wave that propagates parallel

to the ambient magnetic field is given by

W = R L)A€ + e kz’“)Z(g,) (39)
- w;(l_?ljl_) [l+§=Z(Ez)] = 0, (40)

where £, = (wtwee)/kve, & = (wEwe)/kvy with we,, we being the electron and ion cy-
clotron frequencies and v,, v; the thermal speeds of the electrons and ions, respectively.

The perpendicular temperature of the ions, T, 1s defined by -

o0 =} 1
Tl = 211'/_ duyy /o dviv, (§m,;vi) fily), v). (41)

Here f,(v),v1) is the velocity distribution function of the ions. When the perpendic-
ular temperature is greater than the parallel one, ie., (7' /7j):; > 1, then the AIC
instability is excited. The typical frequency in the large anisotropy limit is w ~ wy,,
the growth rate v ~ (£.1./2)'/? and the wavenumber ck/w,, ~ 1. The aforementioned
dispersion relation reveals that any ion velocity distribution with the same tempera-
ture anisotropy is equivalent for the AIC instability’®. The spectrum width of the
unstable wavenumber and the maximum growth rate are the increasing functions of

the (7' /T}}); ratio and the ion beta value.

In the past the so-called hybrid particle code used to be the major tool of simulating
the AIC instability. In the hybrid simulation the electrons were treated as the massless
species and the electrostatic part of the electric field was essentially omitted'®3). By
contrast, in the present macroscale particle simulation the electrons are treated as the

particle species along the magnetic field line; only the £ x B drift term is included
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in this application in the perpendicular direction. Before starting the simulation, the
initial velocities are given to the ions and electrons so that each of the species follows
the Maxwell distribution at rest. The temperature anisotropy of (T, /T)); = 5 — 20
is given to the ions. The other parameiers chosen are the sytemn size L, = 120c/w,,,
the electron thermal speed vefc = 0.2, the temperature ratio Ta/T. = 1, and the
ambient magnetic field strength w,, /wpe = 0.7 which corresponds to w, Jwe, = 0.1 for
m, /m, = 50 case. (Note that the electron cyclotron frequency does not appear in the
present simulation algorithm.) The parallel beta value is then By ~ 8 x 1072, The
number of the cells in the z-direction is 128, the number of particles for each species
is 12,800 and the time step is w, At = 20. The quiet start technique of loading four

particles in pair is used to minimize the initial noise.

The time histories of the perturbed magnetic and electric field energies are shown
for (T/Ty). = 20 case in Fig 2(aj and (b), respectively. The magnetic field energy
grows exponentially from the initial low noise level and saturates around wet ~ 40,
For the electric field the initial noise level is dominated by the electrostatic field, and
the electromagnetic instability appears to emerge abruptly above the noise level at
wet ~ 30. The growth rate is measured to be v/w, ~ 0.44 for the mode three with
ck/wy: ~ 1.1 which is in agreement with the linear theory of the AIC instability.

The time history of the ion temperature anisotropy, (7'L/T});, is shown in Fig.2(c).
When the intensity of the perturbed magnetic field reaches a certain level, i.e., < 682 >
/8mnT; ~ 0.2, the temperature anisotropy begins to decrease. (This decrease begins
much earlier and occurs more gradually if the quiet start technique is not used.) This
process occurs relatively in a short time scale, 13wz;'. The final value of the anisotropy,
(T'L/T}); = 2is found to be almost independent of the initial temperature anisotropies;
the measured final anisotropies are 2.0, 1.8 and 2.3 for the initial anisotropies of 5, 10
and 20, respectively. The run with the smaller initial anisotropy (7. /7}),0 = 5 has
been made until w,t ~ 500. For the (T'/Th)wo = 20 case, another run is performed
with a longer system size L, = 240c/w,. because the longer wavelength modes are

still expected to be unstable in the later stage with subdued anisotropy. The run is
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continued up to wyt ~ 84 but the anisotropy completely ceases to decrease at wyt ~ 70

and the final value of the anisotropy is measured to be (TL/Ty): = 1.9

The three components of the electric field at w,t = 42 are plotted in Fig.3. We can
see somewhat deformed sinusoidal wave of the mode number three. The electromag-
netic components associated with the AIC instability, £, and E,, are already larger
than the electrostatic component E, at this stage. The mode number of the most
unstable wave, four in the middle of the linear stage, has decreased to three at the

beginning of the nonlinear stage of Fig.3.

A series of ion scatter plots in the (v,,v1), (2, v,) and (2, ¢) spaces are shown from
top to bottom in Fig.4, respectively. Here, ¢ = tan™?(v,/v,) is the phase angle of the
perpendicular velocity of the ions. The ions receive a remarkable pitch angle scattering
during wet ~ 30 — 40. This is most clearly seen as the change in the (v,,v,) space
distribution from the needle-like distribution into a more isotropic round-shaped one
at later times. This phenomenon has been observed as the decrease in the temperature

anisotropy in Fig.2(c).

More interesting observation is that the ions and electrons are highly modulated
both in the velocity space and the configuration space. The ion modulation in the
phase space (z, ¢} at the end of the linear stage w.f ~ 42 (Fig.4(c)) is in-phase ‘with the
magnetic perturbation of Fig.4(d) and by 90 degrees out-of-phase with the electric field.
This modulation of the velocity phase angle in response to the magnetic perturbation
was also reported by the hybrid simulation'?. However, the density modulation in the
configuration space, which is shown in Fig.5 at w,t ~ 42 and 56, develops only after
the occurrence of the velocity modulation. This phenomenon has newly been noticed

in the present macroscale particle sirnulation.

The modulation of the velocity phase angle is just a consequence of the AIC in-
stability which occurs linearly in response to the wave perturbation. On the other
hand, the modulation in the configuration space, i.e. the density perturbation, occurs

following the pitch angle scattering process. In other words, the density perturbation
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occurs in the nonlinear stage of the instability. The number of the density peaks is
equal to twice the mode number of the dominant AIC magnetic perturbation. A good
spatial correlation is found between the ion density modulation and the intensity of
the magnetic field | B|?(z); the ion density is higher where the magnetic field intensity

is lower, and vice versa. The electrons suffer from nearly the same modulations both

in tha volacity o
111 wais Vaoaloslaw =}

¢}

may be attributed to the electromagnetic ponderomotive force < 6E x 6B > (z) du
to the finite amplitude AIC waves.

The overall results of the AIC instability have agreed well between the present
macroscale simulation and the past hybrid simulation. The efficiency of the computa-
tion is twice better for the hybrid simulation in one-dimensional case. However, many
of us found in the past that the hybrid simulation abruptly ended up with a blowup
of the code in the middle of the nonlinear stage of the instability. The macroscale
simulation could continue far beyond this point and is considered to be more viable

than the hybrid simulation.

4 Application 2: Kink Instability of Peaked Den-
sity Beam

The full-implicit algorithm of the macroscale particle simulation described in Sec.2
is now applied to kink instability in the three-dimensional space which occurs to the
current-carrying ion beam with an inhomogeneous density profile. The simulation of
the Alfven critical current and kink instability was carried out several years ago against
the relativistic electron beam by using the semi-implicit version of the macroscale
particle code®. Here we use the full-implicit version of the macroscale particle code.
The latter has been found to be at least ten times more efficient than the former for

the same physics problem.

The simulation is performed in the three-dimensional space (z,y, z, v;, vy, v ); par-
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ticles move in this six-dimensional space. The electromagnetic field is solved in the real
(configuration) space for z and y coordinates and in the Fourier space for the periodic
z-coordinate toward which the ambient magnetic field is applied. This type of the field
solver is favorable for treating inhomogeneous density, wall-bound plasmas. Moreover,
this code is to be expandable without any major changes to non-square poloidal cross

section and/or torus geometries such as tokamaks and stellarators.

The system size of the simulation is L, = L, = 40c¢/w,. and L, = 400c/w,, with
27 x 27 x 32 grids in each direction. The electrons and ions have a bell-shaped density
profile mo(r) ~ 1/ cosh?(r/L,) which is peaked at the center of the (z,y) plane. The
width of the density profile is L, = 15¢/uy,.. Aninitial drift along the ambient magnetic
field is given to the ions to create the current-carrying beam. The initial drift speed
vy, is chosen so that the safety factor at the radial distance r = L,, becomes g{r) = 0.5.
Other physical parameters are: the ambient magnetic field strength w,./wy. = 1, the
temperature ratio 7./T: = 1 and the electron beta value f. = 0.09. (Note that the
magnetic field strength is given by the ratio wee/wpe.) The mass ratio is m;/m, = 50
and the time step is w,. At = 20. This corresponds to w;Af = 0.4 under the given

parameters.

In the simulation run a helical distortion of the ion beam becomes apparent from
wat ~ 40. The distortion has the mode number m/n=1/2 in the early stage. The
displacement due to this distortion takes a maximum value around wgt ~ 130 and
stays at this level thereafter. Fig.6 is the bird’s-eye view plot of the ion distribution in
the (z,y, z) space. At wnt ~ 140, the m/n=1/1 helical distortion is clearly observed
with the m/n=1/2 mode superimposed on it . Almost the same helical distortion in
the spatial phase and the amplitude is observed for the electrons. This fact implies an

occurrence of the helical distortion of the magnetic field structure.

The poloidal magnetic field is plotted in Fig.7 for the four poloidal cross sections
with the equal torcidal separation. The helical shift of the magnetic axis is found
as expected, although the average position of the axis has moved somewhat above

Tz = %Lz. For the present run the poloidal Alfven time is calculated to be 74 =
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L./vap ~ 11wz where v ap = B/ (47rm,n)1" 2. Since the above helical distortion occurs
in a few poloidal Alfven times, it is considered to be an ideal magnetohydrodynamic

phenomenon - the ideal kink instability'*).

5 Conclusion

In this paper, the advanced implicit algorithm has been presented that is to be
applied to studies of finite beta kinetic and inhomogeneous plasmas in large space
and time scales. The keys of the code are the introduction of the slightly backward
time-decentered scheme, use of the directly-coupled field-particle equations-and the
guiding center approximation of the electron perpendicular motion. The code has
been successfully implemented for studies of three-dimensional, inhomogeneous and

magnetized plasmas.

As a verification of the code, two physics applications have been shown in Sec.3
and 4. In the first application, the Alfven-ion-cyclotron instability has been shown
to be excited by the initially given jon temperature anisotropy. The ions suffer from
the pitch-angle scattering and strong modulations both in the phase and configuration
spaces. The anisotropy relaxes to (7% /7j|) & 2 irrespective of the initial anisotropies. In
the second application, the current-carrying ion beam with the inhomogeneous density
profile has been shown to undergo the helical kink instability in the ideal magnetohy-

drodynamic time scale.

As has been described in this paper, the macroscale particle simulation has enabled
us the studies of kinetic plasmas in large space and time scales that were not possible
by either the traditional particle or magnetohydrodynamic simulation methods. The
efficiency of the macroscale particle simulation is comparable {about one half) with the
hybrid particle simulation. But the macroscale simulation retains physical processes
concerning the electrons which are completely ignored in the hybrid simulation. More-

over, the macroscale particle simulation is stable even when the hybrid simulation fails
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nurmerically.

In the future several extensions are possible. The extension to the torus geometry
(r, 2, ¢) is necessary to study stability and transport processes occurring in tokamaks
and stellarators. Use of the guiding-center approximation for the perpendicular motion
of the ions is also suggested to perform simulations with w,At 3> 1. To deal with
the plasma with magnetic field nulls, the macroscale particle code with full-particle
species is required. (Its coding is simpler than the present one.) But the condition
wMez At < 0.4 may limit its simulation parameters. Alternatively, paste up of the

electron guiding-center code (B # 0) and the full-particle species code may be possible.

Finally, in order to make the code really helpful for the study of transport processes
in magnetized plasmas, 1t is necessary to know the nature of numerical noises and to find
out the noise reduction technique associated with the particle discreteness. Intensive
research efforts are now being exploited in this area (see Sec.2.4). In the near future,
the macroscale particle simulation code will be modified te include the torus effects
and/or the inter-particle collision that is too microscopic to take into the macroscopic

regime of our interest.
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Appendix: Flow Chart of MACROS Code

A series of subroutines that constitute one time cycle of the macroscale particle
simulation is shown here. The top part of the flow chart shows the initial loading of

the particles and the electromagnetic field. The names in parentheses on the right

are the subtoutines for each procedure. The bottom part shows one time cycle of the

simulation.

[Initiai loading of particles and ﬁelds) (INIT)

Calculate constants, index tables (incl. FFT table).

Generate particles in (z, y, 2, v,, 3, v.) space.

Accumulate j and g (FULMOV, DRMOVE; IPC= —1)

Calculate initial electromagnetic field | (EMFLDO)

Conversion of electron velocity:

(INITVE)

('U.r: Yy, UZ) - (»u) Vi, U”)

@;art of the time cycle ]

Accumulate moments used in DCFP eq. | (FULMOV, DRMOVE; IPC=1)

Solve the field E**!, B**! with DCFP eq. | (EMFILD)

Accumulate moments used in 5y eq. (FULMV2, DRMOV?2)

Solve é¢ and correct En+1 (ESCORR)

Advance particles to x™*! and v**! (FULMOV, DRMOVE; [PC=0)
Plasma diagnosis (DIAGNS)
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[
IF t < tp, and (ctime) < (ctime},, GOTO

\

Start of the time cycle

END
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Table

Table 1. Characteristics of Macroscale Particle Simulation Code

e Large space and time scales:
wpe AL 3> 1, weeAt > 1, and Azf(cfw,,) > 1
¢ Fully electromagnetic.
¢ Multi-dimensions in any geometry (Cartesian, cylinder, torus).
¢ Inhomogeneous density profile and arbitrary magnetic field structure.
¢ Fully kinetic:
lons: 3-D motion
electrons: parallel direction — 1-D motion with (—=uV|B) force.

perpendicular direction — guiding-center approximation
( E x B, VB, curvature drifts )

r Y
Resonance effects (Landau, cyclotron resonances)
Orbit effects: finite Larmor radius effects

- diamagnetic current included.

banana orbit...

Longitudinal particle transport
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Figure Captions

Figure 1. Field grid system in the two-dimensional Cartesian space. Each component

of the electromagnetic field is calculated on the points of its own grid system.

Figure 2. Time histories of the perturbed magnetic and electric field energies (in
logarithmic scales) and the temperature anisotropy (7' /7};); for the AIC instability of
(T /Tj)oo = 20.

Figure 3. The three components of the electric field, E,, E, and E, at w,t = 42.
Figure 4. Scatter plots of the ions in the (v,,v1), (z,v.) and (z, ¥) spaces (from top
to bottom, respectively) for wst = 0,42 and 56 [¢) = tan™'(v, /v, )]. The phase angle

of the magnetic perturbation, tan™'(B,/B;) is shown against the z coordinate in the

bottom row.

Figure 5. The spatial profiles of the ion and electron densities, and the intensity of
the magnetic field | B?| at (a) wyt = 42 and (b) wyt = 56.

Fignre 6. Occurrence of the helical kink instability against the ion beam with the
peaked density profile in the three-dimensional magnetized plasma where the spatial

distribution of the ions is shown at w,t ~ 0 and 140.

Figure 7. The magnetic field of w,,t ~ 140 in the poloidal cross sections at

— 1 i 3
z = 0, ZLJ"’ 'Z'L_-, and ZLI'
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