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Preface

"The Second U.S.-Japan Workshop on Advanced Plasaa Modeling"

aeet at IPP Nagoya froa March 23-27th, 19B7. The program and list

of participants can be found in appendices I and II respectively

of Vol.11 of this series.

This volume contains complete papers for a nuaber of papers

that are reported only in Abstract fora in Voluae II. All the

participants found this workshop very valuable with a large

aaount of information exchange and discussions of new techniques

developed by various groups.

J.M. Dawson

T. Kaaiaura



A Vlasov ion zero mass electron model for plasma simulations

John M. Daxuson and F. Kaze.mine.zhad

UCLA

Introduction

The present work is the outgrowth of the earlier work on the hybrid particle -fluid

modeling which was presented in the 1985 US-Japan workshop on advanced modeling1.

In that work we presented a model which treated ions as fluid elements and electrons

as a massless fluid. We showed how the two and three dimensional versions of that code

predicted most of the MHD waves and their excellent agreements with the linear analytic

predictions.

At that point we tried to simulate certain phenomenon which had been observed to

generate ion Bernstein modes. However the model did not yield sharp peaks at the ion

Bernstein harmonics.

For that reason we generalized the model to include kinetic ion effects rather than

simply treating them as a fluid. This modification sharpened the peaks of the power

spectra at the various ion cyclotron harmonics for all the wave modes. The code was then

tested by comparisons of the observed dispersion relations from simulations with those

predicted from linear analytic theory; the agreement was good.

The code did however have some problems. In our investigation of the Bernstein

waves, we found the code tended to be numerically unstable since high thermal velocities

had to be used for the particles; this tended to violate the CFL condition for the tail of the

Maxwellian distribution. When looking at velocity space instabilities this problem became

very serious. Therefore, very short time steps were required in order to carry out the long

computer run needed to see the physical instabilities.

Another problem encountered was that the magnetic field showed the generation of
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very short wavelength disturbances of the order of a few grid spacings independent of

how fine a grid was used. As a means to eliminate these unphysical short wavelengths we

applied a. Fourier filter smoothing technique to the magnetic field, which eliminated the

presence of modes with wavelengths below a certain size(i.e., usually the particle size of

the finite sized particles). Having done so, those short wavelength waves were eliminated

but energy conservation became very poor. It was observed that by reducing the time step

by a factor of two the energy conservation was twice as good. From this we concluded that

the the B field smoothing introduced an error in the velocity computation which was to

the lowest order quadratic in the time step. This enabled us to improve the calculation of

the velocity by stepping the model through two time steps of size (A£)/2 and then going

back and advancing it by one step of size At. The difference between the two results was

then used to calculate a correction to the velocities and positions (this is identical to the

deffered approach to the limit, or to the Richardson extrapolation used to solve ordinary

differential equations ). This method improved energy conservation by a factor of 400

for time steps which were 10 times larger. The resulting code is in most ways better for

practical problems in fusion and space plasmas.

Analytic treatment

We know that the time evolution of the trajectories of a collection of charged particles

in their self consistent electromagnetic fields is identical to the Vlasov equation with a

singular distribution function 2.(i.e. Klimontovich equation). Furthermore if two particle

correlations are ignored in the BBGKY hierarchy obtained by ensemble averaging the

Klimontovich equation, the Vlasov equation is obtained.

As a result we can use the Vlasov equation for our kinetic ions:

dt



where /,• is the ion distribution function with:

ne = rii= I fidv = n (2)

(ne,ni are electron and ion densities respectively).

The massless electrons however satisfy the following equation:

£+^i=0 (3)
c

where ve is the electron fluid velocity. In writing equation (3) we assume perfect conduc-

tivity along B e.g.

£ • 5 = 0 (4)

The current j is therefore :

£ - -envc +e vfidv (5)

This current j , according to equation (2) (quasineutrality assumption) must be divergence

free. Thus:

V > = 0 (6)

This also implies that

U=° (6')

The relevant Maxwell equations are:

* " * - ; # <"

V x B = —j (neglect displacement current) (8)

Substituting (5) into (8) gives:

I = — 5 x B = -enve + 1 I fivdv (9)

Which then implies:

' ^ ^ 5 x f i (10)



As a result using (3) and (10) we have:

B

x B
c
x (V x

47rne
m B x f vfidv

nc

Finally using (7) and (11) we get:

^ = cVx{B_x{VxB)_BxfvJldv_}
a. — 1 A— nc } y '

Likewise using (1) and (3) we get:

L/kJif i MJLfi\^ (13)
<?< - 5 r A/,-1 c c \ dv

Substituting ve from (10) in (13) gives:

a/, | v df,: t e f ( V x g ) x g effjVxBdv | g x B | g/t- = p

5< ~ dr M, \ 4̂ -ne nee c j dv

Equations (12) and (14) form the analytic basis of our model. They involve only / , and

B_(E_ does not appear explicitly) and are similar in form to Vlasov equation with self

consistenet fields.

In order to obtain the analytic dispersion relation (12) and (14) have been linearized

as follows:

3£ [&>x(Vxg,) Boxfufidv] (12,
dt 1 4nnoc TIQC

dfn | v a/.-i t t » x i o a / i ! [

(14')
e f ( V x B J x Bo f fnv x B^dv_ v x Bj 1 a/,0 _

A/, 1 4^noc 7 «oc c f dv

In these two equations quantities with subscript one are the first order perturbations and

those with subscript zero are the background quantities. In deriving (14') we have assumed

V x B o = 0. Upon assuming f\ = /i(«,0)e(--~w ' ' and B_t = 6Bc^-£~w^ and using (12')
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and (14') we get the following analytic dispersion relation for the case of perpendicular

propagation:

r+oo f 3 Ir+oo

Jo
x

c (k±v\ { ^

w + (l-n)uc u-(l+n)(jjc
= 0

(15)

where v = v±, UJC is the ion cyclotron frequency and v& is the Alfven phase velocity,<zxc is

the perpendicular temperature of the ions and nc is their average density at equilibrium.

Numerical model and its test

The relevant equations for our particle model are: (i is the subscript specifying each

and every ion).

§ = * (16)

d& _ e (F , V.i (17)

((16) and (17) are identical to using Vlasov equation (13) as mentioned before). Using v_'
vfjdv.

as the average ion velocities in a given cell in (ll) gives:(i.e. v'

BxjVxB) , Bxv'
= 1

4irne c

using (17) and (18) gives:

<fet « (v.i ~ v!) x S_ _ e g x g x g )
dt Mi c Mi Anne

and upon using (18) in (7) we get:

dt — Airne

5

(18)

(19)

(20)



Equations (19) and (20) have been pushed in the model in the following way. B_, the particle

positions r,-, and the density n are known at integer time steps, the particle velocities are

known at half integer time steps as illustrated in figure la. First «,- is pushed from time

step / - 1/2 to time step I + 1/2 using equation (19) and the values of B_ at /. Then the

average values of v is calculated at time step / from:

Next B_ is pushed from time step / to / + 1/2 using eq. (20) and the average value of y_ at

/. These values of B_ and v_ at / + 1/2 are then used to advance B all the way to / + !. This

is a Lax Wendroff method for computing B. The particles are used to compute the plasma

density using the standard area weighting method.

Using the geometry of figure (3) certain simulations were performed. However as figure

(4) indicates upon plotting the contours of the magnetic field, very short wavelengths are

seen to be generated; these are of the order of grid spacings. As Figure (5) also indicates

using a finer grid system only resulted in shorter wavelength disturbances even though the

ratio of the grid size to the Larmor radius was much smaller. Wavelengths of the order

of the grid spacings are unphysical and must be generated by the numerical method of

solving for B. As a result we eliminated such short wavelength waves by applying a k space

filter(a is the cutoff length):

Kil^fllijr^ (22)

As figure (6) indicates the short wavelength disturbances were eliminated as a result.

However, this resulted in the energy conservation becoming very poor. We observed,

roughly, an energy gain of 10% in a few cyclotron periods. However the energy conservation

improved by a factor of two when the time step was halved e.g. Aw =14% in wc,t = 48

for At = .00625/Wei, while Aw =7% in ucit = 48 for At = .003125/w<;i, where w is the



total energy of the system and Au; is it's change over the time ujc{t = 48. Consequently

as At —* At/2, Aw —* Aw/2, which indicates a linear dependence of Awtot on At. From

this we concluded that the error in Av (6v) went like 6v « e, (At)2 and is introduced in

each time step cumulatively. (At is the time step). The error introduced in a given time

step is:

Aw = {v+ 6v)2 - v2 = 2v6v = 2vu (At)2 (23)

As a result the total error for n time steps is:

Awtot^2nvei(At)2 = 2-—vei{At)2

Zit (24)
= 2vTuAt

where T is the total duration of the computer run.

This simple argument makes it plausible that Awtot has a At dependence. In order

to eliminate this error we made a parallel run with half the time step, and at the end of

each full time step we corrected the velocity in the following manner.

If uj indicates the velocity from the parallel run (e.g. with time step At/2),then upon

going from time step / + 1/2 to / •+• 3/2 we introduce an error for each time step e.g.,

« H K H ) •*•(¥)' <->
where vie is the correct velocity at / + 3/2. If we push v{ (t + i ) one time step At we

introduce one larger error as follows:

(26)

Upon eliminating 6,- from (25) and (26) one obtains for the correct velocity:

Figures (lb) and (2) show this treatment and its flow chart respectively.
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As a result, conservation of energy was improved by a factor of 400 for the same time

duration as figures (7) and (8) testify. This remained so for runs with time steps 10 times

larger.

A reasonable question may well arise at this point. We made the corrections on the

velocity, but what about the magnetic field and the particle positions? As figures (9) and

(10) indicate the fields taken with the half time step pusher and that with the full time

step pusher at roughly the same time(note, they are off in time by ^ as figure 1b shows)

are quite close. As a result we did not introduce these corrections, although introducing

them might well result in some furthur improvement.

Finally the model was tested against linear analytic prediction of the dispersion re-

lation (eq. 15). Figure (11) shows a typical power density spectrum. One clearly sees

the existence of clear peaks at the integer multiples of the ion cyclotron frequency. While

figure (12) compares the analytic results ( solid curves are solutions of eq. 15 ) against

simulation results (asterisks are taken from the density power spectrum ). The agreement

is good in light of the finite sized grids and finite sized nature of the particles. Finally

figure (13) shows the orbits of certain particles taken at random. The circular orbits well

justify the existence of finite Larmor radius effects and thus the existence of ion Bernstein

waves.

In conclusion the model has been fully tested in all respects and passed all those

tests. It has so far been used to study an ion ring in velocity space instabilities and

such important effects as the nonlinear wave saturation effects. Also it has been used to

study the interaction of an outflowing cometary gas and the solar wind with successes in

qualitatively demonstrating complex plasma effects shown in the AMPTE experimental

results. We have developed a three dimensional version of this code which we believe could

be applied to a wide range of problems in fusion and space plasma physics.
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Figure captions

Fig. 1 Time stepping scheme for 5 , r, n, v in the parallel run.

Fig. 2 Flow chart of the parallel scheme.

Fig. 3 Geometry of the plasma model.

Fig. 4 B field contour plot of a 32 x 32 system witout smoothing.

Fig. 5 B field contour plot of a 64 x 128 system without smoothing.

Fig. 6 B field contour plot of a 32 x 32 system with smoothing.

Fig. 7 Total energy plot of a run without the parallel run.

Fig. 8 Total energy plot of a run with the parallel run.

Fig. 9 Contour plot of B field at half time step.

Fig. 10 Contour plot of B field at full time step.

Fig. 11 A typical power density spectrum.

Fig. 12 Analytic versus simulation dispersion relations for perpendicular propagation.

Fig. 13 Trajectory of some particles plotted at random.
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The time stepping scheme for the par-
allel run
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Fig. 1
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schematically

run with the time step At

Y , B , x initially known at to

push once with the time step
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Geometry

z

B,

— y

Fig. 3
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Thermal runs. VT= 0.1 B 0 Z
s4.0

Contour plot of magnetic field. No smoothing.

TM60

Fig. 4

14



64 x 128 system
Contour plot of mognetic field. No smoothing
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Fig. 5
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Thermal run vT=I.O B0Z=0.25
Contour plot of magnetic field. Smoothed
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Plot of total energy versus time before the in-
sertion of the "parallel run" subroutine with
the time step At = .00625/u;CJ
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Plot of total energy versus time after the in-

sertion of the "parallel run" subroutine with

the time step At = .00625/wc,
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Contour plots of Bz at half time
step nend = 100

y 40

Fig. 9
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Contour plots of Bz at t = 20
(100 time steps) full time step

T = 2 0

20
Fig. 10



Typicol power spectrum for wc= 0.125

(simulation results)
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Dispersion relation
* Simulation points Solid curves5 analytic results
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Orbits of the some random particles
taken at T
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Modeling of Subtle Kinetic Processes in Plasma Simulation*

Richard D. Sydora, Viktor K. Decyk, and John M. Dawson

Department of Physics
University of California at Los Angeles

Los Angeles, California 90024 USA

ABSTRACT

A new diagnostic method for plasma simulation models is presented
which.enables one to probe the subtle dielectric properties of the plasma
medium. The procedure involves the removal of the background plasma
response in order to isolate the effects of small perturbing influences which
are externally added. We have found the technique accurately describes
fundamental kinetic plasma behavior such as the shielding of individual
test charges and currents. Wave emission studies and drag of test parti-
cles has been carried out in explicit particle algorithms as well as large
time step implicit and gyrokinetic models. Accurate plasma behavior is
produced and it is possible to investigate in detail, processes which can
be compared with plasma kinetic theory. The technique of subtraction
is not only limited to particle simulation models but also can be used
in MHD or fluid models where resolution is difficult due to the intensity
of the background response relative to the phenomena one is interested
in measuring, such as a weakly growing instability or nonlinear mode
coupling effect.

*Proceedings of the U.S.-Japan Advanced Plasma Modeling Workshop, Nagoya,
Japan, March 23-27, 1987.



1. Introduction

The investigation of linear and nonlinear behavior in plasma simulation mod-

els can be very difficult due to the enhanced discreteness effects associated with

the use of a finite number of particles. Diagnostics to demonstrate the correct

physical behavior in simulation models are often made using two time correlation

functions of the field quantities, such as the electrostatic potential and current,

in order to determine the normal mode damping and frequency spectrum. Also,

the time averaged field energy of each Fourier mode is measured in order to verify

the correct equi'partition of wave energy density.

More stringent tests on the simulation models such as the verification of the

test particle behavior (i.e. dynamic shielding and friction) are more difficult due

to the noise produced by the finite number of macro-particles as well as the errors

in interpolation on a spatial grid which is used to mediate the particle interaction.

Some effort has been given to the study of colli'sional processes in the finite-sized

particle models [1,2], however, little effort has been given to quantifying the

dynamic shielding and diffusion of individual test charges [3] which ultimately

leads to the development of noise (incoherent spectral components) and collective

effects in the simulations [4].

The particle simulations can be regarded more closely as a real experiment

because the model is independent of any statistical assumptions. Statistical quan-

tities such as the two point temporal and spatial correlations can be constructed

from the data and compared with theories. Unlike real experiments, however,

the numerical experiments are reproducible exactly but like a real experiment

it can be difficult to extract the desired effects because of the large number of

physical processes which occur. The concept of a test charge or test wave has
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proved to be an important tool in the theoretical development of plasma kinetics.

For instance in a thermal plasma one is interested in probing the response of the

plasma to a test charge or current from an antenna or the effects of a test wave

coupling to a turbulent bath of coupled waves and particles. These may be re-

garded as subtle effects generally difficult to measure with satisfactory statistical

accuracy.

In this paper we present an alternative method for investigating subtle plasma

behavior and this method is not based on a statistical formulation, but on the

reproducibility of the simulation experiments. We use the physical process of

dynamic shielding of test charges as an illustration of the technique and detail one

can acheive in the dynamics of the model. In section 2 the diagnostic procedure is

presented and we discuss the details of the implementation in simulation models.

In section 3 examples are presented illustrating the utility of the method and

how the technique is able to be used in verification of physical behavior in new

models. In section 4 further applications are discussed and conclusions are given.

2. The Subtraction Method

The basic procedure in the subtraction technique is to perform two simulation

runs with exactly the same initial conditions, however, in one of the runs a small

perturbing influence is added such as an extra charge or small current. The

resultant electric and magnetic field data from each run is retained at selected

time steps and the two results are subtracted at each selected time step. In

essence this may be regarded as the perfect data filter and if it is computationally

feasible to perform many simulation runs with nearly the same initial conditions

and subtract the results, then we are able to probe subtle processes which occur.

The procedure is not limited to small perturbations. Those effects in both
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simulations, which do not depend on the perturbation, will be identical in both

runs and hence will be identically subtracted out. However, if the perturbation is

strong, there will be little in the simulation which will depend on the perturbation

and the subtraction is not necessary. This simple procedure can be extended in

many ways. For instance, one could also perform.a sequence of subtractions for

a system with many diiferent test charges or a system driven by a low amplitude

source current at different wavenumbers and frequencies. The total perturbed

plasma response would be given as:

<p(xJ) = o1(xJ)-<f>]{x,t) , j=2, . . . , JV '1)

where <j>\ is the electrostatic potential, for example, of the reference run and

the subscript j refers to runs with different perturbations. If one is interested in

probing the response of the plasma at a certain scale, a test wave can be launched

which may or may not be a normal mode of the system. The coupling of the test

wave to other waves and its decay rate can be measured with good accuracy.

The subtraction method can be further generalized to the study of weakly

unstable systems. A simulation run at thermal equilibrium can be made and a

second run with the free energy source included can be subtracted.

3. Applications of the Method

3.1 Test Particle Shielding

A first application of the subtraction method has been to the problem of De-

bye screening of test particles. The test particle can be thought of as generating

all w and k's in the Fourier transform sense. The subtraction technique gives the

plasma response and thus we can investigate the dielectric in detail. The
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electrostatic potential surrounding a test charge moving at constant velocity, v,

is given by:

where the test charge density is p(x,t) — qxS(x — xo — vt) for t > 0. To obtain

the response in (x, t) space one first inverts the Laplace transform in time and

applying Cauchy's theorem, integrates over k, assuming poles at u = k • v and

u> = wj, where WJ are roots of the dielectric e. This gives:

(3)

with:
ik-(x-xo-vt)

(3a)
-oo [**) k2e(k,k • v)

^ - — = - (36)

where n is the spatial dimensionality [5]. The first term on the right hand side of

equation (3) is the Debye cloud potential and the second term is the Ce'renkov

term which is usually neglected because Wj is always damped. For modes near

marginal stability <j>c can be larger than 4>D- If a cold plasma model is used for

the dielectric response:

one obtains:

JO, x > xo + vt
<l>D(x,t) = < iiars.sins^fx_Xo_vt\\ x<x0+vt W

= -2itqr\x - x0\cos(upt) (6)

„{!£(* _Xo_ vt)} _ J f f l ! ^ ) , x>xo

s i n ( W p < ) ) x<xo
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The unshielded potential, 2Trqr\x — xo\,. which oscillates at ui = uip is the plasma

response to the sudden creation of a new charge at t=0. The oscillations at

wp = kv is the excitation of the plasma wake by the test charge. The full kinetic

solution of equation (3) for a test charge moving at v = 3vte is given in Figure 1.

A large 'ringing' caused by the sudden creation of the test charge is evident and

masks the wake behind the charge. This effect is prevalent even when the charge

is turned on adiabatkally and is also independent of the particle velocity. To rid

this effect an electron-positron pair is created instead of a single test charge. One

of the pairs moves to the right while the other is created at rest. This cancels the

large 'ringing' and we are left with the plasma wave excited by the test charge as

well as the polarization cloud around the stationary portion of the pair. These

are shown in Figure 2 for four different velocity classes of particles. We next

turn to the simulation results which are compared with the analytic predictions

of test particle behavior.

A standard one-dimensional, electrostatic finite-sized particle-in-cell simula-

tion model with second order spline functions for interpolating the charge and

forces, was used to obtain the results. In the reference run the electrons were

distributed uniformily in space with a Maxwellian velocity distribution from a

Gaussian random number generator. The ions are assumed to be a fixed neutral-

izing background. In addition one extra test charge with zero velocity is included.

A second run is prepared identically except that the extra test charge moves to

the right with velocity v. The time evolution of the electrostatic potential at

each point in space and time is recorded in each run and the difference between

the two is displayed. Both periodic and vacuum boundary condtions have been

used.
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The agreement between theory and simulation is quite remarkable, especially

at early times. Figure 3 illustrates the case of a test charge moving at 3i>te using

the bounded model. At time step upt = 40 discreteness effects begin to occur

and theoretical predictions show substantial deviation from the simulation. In

this case nXo = 4000 and u)pAt = 0.2. The discreteness effects observed in

the simulation include the excitation of a precursor in front of the particle, an

interference pattern in the wake indicating excitation of short wavelength modes

in the wake and locai growth or enhancement of the amplitude in parts of the

wake.

A study of the properties of these effects has led to some understanding of

their origin. The precursor does not depend on the test charge itself and the

leading edge propagates near 4vte which is the velocity of the fastest simulation

particle. Therefore, the precursor is quite likely caused by background electrons

traversing the wake behind the test charge, overtaking it, and because of the

long time memory propagates the disturbance in front of the test charge. The

enhancement of the short wavelength part of the spectrum behind the wake is

thought to be due to collisions between two fast particles giving rise to elec-

trostatic bremstralung [6]. Finally, the local growth in the plasma wake has

been shown to depend only on the discreteness parameter, by making simula-

tion runs with larger numbers of particles per cell, and therefore may depend on

pre-existing fluctuation levels of the waves in the plasma.

3.2 Physical Properties of Implicit Particle Simulation Models

We now turn to an application of the subtraction method to long time step

plasma simulation models. In particular, the direct implicit particle model, and

for simplicity one dimensional models are considered, however generalizations of
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the procedures to two and three dimensions is straightforward [7].

In the direct implicit algorithm the particle mover is decentered in such a

way as to lengthen the time step and this results in equations of motion resem-

bling a slightly damped harmonic oscillator. In order to produce normal mode

damping at certain scales while leaving others undamped, a modified Poisson

equation is constructed. The imolicit particle codes are not energy conserv-

ing because damped equations of motion are used, although acceptable values

of energy conservation can be acheived. The physical sources of nonconserva-

tion are important to understand and in this section the subtraction method is

used as a more intuitive approach since unphysical modifications are introduced

by the finite time step that depend on wavelength and particle velocity. The

Balescu-Lenard equation can be written for the plasma medium which supports

lower frequency oscillations and damps out the high frequency components but

the physical processes are buried in the mathematical details and it not easy to

determine which physical process dominates.

When finite time step and spatial grid effects are included in the kinetic de-

scription of simulation plasmas, white noise effects appear at the shortest wave-

lengths since thermal particles move a large fraction of a wavelength in one

time step. At very large time steps the spectral behavior begins to upset the

balance between velocity diffusion and drag which preserves energy in thermal

equilibrium. This imbalance is mainly due to nonresonant polarization drag and

dynamical friction effects which arise from phase errors in the damping [7J.

Although comparison tests between full dynamic and direct implicit models

have been made by Friedman et. al. [8j for the case of two stream instability,

the thermal properties of the simulation model have not been adequately under-
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stood. For our investigation we use first and second order direct implicit schemes

which are not exactly momentum conserving since filtering is done on the mesh

electrostatic potential rather than on the particle quantity [9]. It is more dif-

ficult to quantify the damping due to phase errors in such algorithms from an

analytical approach and therefore the subtraction method aids us in this as well

as understanding the physical origins of the damping. The form of the equations

of motion is given by:

X»+V2 = j.'+l/J + A t o»+1 (7a)

vf+1 = v? + At^- fs(x' - / + 1 / 2 ) r + J / 2 ( x > V (76)
mi J

where S is the particle shape factor. The Poisson equation becomes:

r^A*2 | -S(z - x)) fdx>S{x> - zJ+1/2)£«+J/V) (7c)
mj ox J J 'ox

j

where we have expanded S{xn+3/2) in a Taylor series about the free streaming

position xj = xj+ ' + vJAt. This nonlinear Poissson equation is solved itera-

tively in k-space and the convolutions are performed in real space. This scheme

corresponds to the full implicit scheme and converges provided ^ > (dvi/dt)max

is satisfied.

A modification of the above scheme can make the algorithm second order

accurate [9]. This is done by replacing equation (7b) with:

--+1 = vf + At^- fdx'S(x' - s"+1/2)(£n+I/V)) (8)
"ii J

where () denotes a time average and is given as:

! (9)
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The Poisson equation becomes:

(10)

The results of the simulations were made using system size, L = 512A ,n\o =

100, vte = 0.1 - 1, and particle size, a = 1.5A - 2.2A. The time step was

varied between u;pAt = 0.2 — 10. Quadratic spline interpolation was used for the

interpolation of the forces and charge density. The test charges were introduced

the same way as described in the previous section and test particle velocities

vtcat = 0.25 ,1, and 3tf«e were considered.

Figure 4 shows the results of the electrostatic potential from the subtraction

method for a particle moving at 3vte and with three different time step values.

The results of the implicit code simulations were identical to the previous time-

centered results with wpAt = 0.2. As an illustration of the detailed behavior one

can explore with the subtraction method, Figure 4a is a comparison of test par-

ticle wakes using the subtracted dipole scheme and the more accurate quadratic

spline interpolation. It is evident that the interpolation scheme accuracy as well

as noise contributions can be quantified in a detailed manner. The overall shield-

ing behavior is similar to the results of the previous section but in the larger

time step runs ,as shown in Figure 4b, the short wavelengths in the wake are not

prevalent. There are modulations in the wake amplitude as before, however, the

electrostatic bremstralung contributions are weaker for larger time steps.

The results of nonphysical behavior for the largest time step, upAt - 10, is

shown in Figure 4b. It is evident from the comparison with the u>pA< = 2 case
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that there is over-enhanced shielding and the size of the Debye cloud increases

with increasing time step. There is a strong cooling of the plasma and energy is

no longer conserved. The dominant cooling arises from wave emission by the fast

particles which in turn suffer the largest numerical damping. Measurement of

the slope of the potential at the particle location gives an approximate measure

of the selMorces on the particle and it is found that this increases approximately

linearly with increasing time step. Further studies to evaluate the self-fields of

the particles and comparsion with instantaneous wave emission studies for the

implicit models are currently being pursued.

3.3 Physical Properties of Gyrokinetic Particle Simulation Models

As a further application of the subtraction method we turn now to another

long time step method which is explicit and is derived through an ordering of the

basic equations for low frequency plasma response in strongly magnetized, low

beta plasmas [10]. The basic equations, to lowest order, including the inductive

electric fields, are given by:

ni - ne) (lla)

V2A|, = - y J , | (116)

and the electric and magnetic Held are expressed as:

where ps = yx'Pi- These equations are valid for a thermal plasma and the as-

sumptions are the neglect of the displacement current in Maxwell's equations(u; <



kc), no compressional effects along Bo,{l>B\\ = 0), and the neglect of finite Larmor

radius effects(fcx/»i < 1).

A simplified one dimensional model can be used to investigate the test particle

behavior in such a plasma. Assuming the magnetic field lies in the x-z plane and

is given by B = B0(sin(9)x +cos(9)z), where 6 is the angle between the magnetic

field and the z-axis, the equations of motion for the particles are given as:

^ = *3l (12a)

(12*)

and the total electric field is solved using the Poisson equation and inductive

electric field equation:

(12c)

The total electric field response is given as E — —V<p + El • b. The wave vector

k is along the x-axis and a fixed ratio of k^/kj_ is chosen. The time-centered

leapfrog scheme is used to advance the parallel motion and the perpendicular

velocities are advanced using a predictor-corrector method.

The test particle and subtraction method is once again used to determine

the wave emission and screening properties of this simplified gyrokinetic plasma.

The parameters used in the simulation results are as follows: Lz = 64p3, k±p, =

0.1m, TO = 0,1,2, ... ,31, Te/Ti = 1, m,/™,. = 1837, u;ci/u>p, = 0.0233, 9 = 0.57,

wciA< = 2.1, and No = lOQparticles/cell. The values of the plasma beta ranged

from 0.014-0.2 per cent. The test charge and current were initialized as before

and the electron-positron pair is created at x = Ap,.
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Figure 6 illustrates the results of subtraction for the electrostatic potential

for three velocity classes, vte,t = 0.5«t<. = v.4, vie,t = vte and 3ute. The emission

of the shear Alfven wave mode is evident and a weak polarization cloud, relative

to the emitted fluctuation, surrounding the stationary charge is present. The

size of the shielding is approximately the ion Larmor radius. The test particle in

Figure 6a is moving at approximately the Alfven speed and the emission is clearly

evident. The faster moving particles emit the longest wavelength fluctuations

and once again discreteness effects appear at approximately u^i = 36, where a

precursor becomes visible.

Finally, in Figure 7 the test particle moving at the thermal velocity is shown

for different values of plasma beta. The change in the dielectric medium gives

rise to longer wavelength wave emission, as the electron thermal speed becomes

greater than the Alfven speed and for the case shown in Figure 7c it is roughly

twice the Alfven speed. There is also a change in sign of the electric force at

the particle position if we look at the slope of the potential at the test charge

location.

4. Conclusions and Summary

An investigation of subtle plasma processes is made using a newly developed

diagnostic which enables one to subtract out the background plasma response.

This procedure filters out the unwanted noise which masks the physical processes

one is interested in studying. We have found that we are able to follow in detail

physical processes which were not at all evident from a statistical sampling over

the particles and fields. Our method may be viewed as an alternative approach to

the construction of correlation functions from large numbers of statitical samples

of the simulation data.
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As a test of the method we apply it to one of the most difficult measurements

to make in plasma simulation models, namely the screening of test charges. Us-

ing simple one dimensional electrostatic explicit and implict particle codes we

have found discrete particle effects to be important for nXo < 10000 and have

demonstrated the fine scale structure present in.plasma wakes. We also found

that the Cerenkov emission at early times is important in Debye cloud formation

and physical processes which occur at these early times influences the long time

evolution of the system.

The subtraction method can be applied to MHD or fluid simulation models

when the effects of background fluctuations or numerical noise makes the mea-

surement of a low amplitude effect difficult. For instance the measurement of the

coupling strength of a test wave to a turbulent bath of waves can be made by

performing two simulations, one with and the other without a test wave, after

the plasma is in a fully turbulent state. The results of the velocity and magnetic

field can be subtracted and the decay rate of the fluctuation can be determined.

Further applications include measurement of growth of eigenmodes near marginal

stability as well as nonlocal wave coupling effects.
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Fig. 6 Plasma wake emitted by one dimensional test charge moving at
velocity a)0.5t-«e, b)c,e. and c)3i-« in the gyrokinetic model. Time step
used is u.viAt = 2.1.
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Fig. 7 Plasma wake emitted by one dimensional test charge moving at
velocity rje for a)3 = 0.014. b)J = 0.1. and c)J = 0.2 per cent in the
gyrokinetic model. Time step ^dt = S7 is displayed.
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