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SECTION I: GENERAL PLASMA THEORY AND SIMULATION

Vortex Formation and Particle Transport
in a Cross-Field Plasma Sheath

K. Theilhaber and C.K. Birdsall
lectronics Research Laboratory, "
University of California,
Berkeley, CA 94720

Abstract

The time-dependent behavior of a transversely magnetized, two-dimensional

plasma-wall sheath has been studied through particle simulations, which
have shown that the cross-field sheath develops into a turbulent boundary
layer, with strong potential fluctuations and anomalous particle transport.
The driving mechanism is the Kelvin-Helmholtz instability, which arises
from the sheared particle drifts created near the wall. The sheath acquires
an equilibrium thickness I, ~ 5 p;, and maintains large, long-lived vortices,
with amplitudes §¢ ~ —2T;/e, which drift parallel to the wall at roughly
half the ion thermal velocity. The sheath also maintains a large, spatially-
averaged potential drop from the wall to the plasma, in sharp distinction
with the unmagnetized sheath, where the plasma potential is higher than at
the wall. Accompanying the vortices is a spectrum of shorter-wavelength
fluctuations which induce an anomalous cross-field transport. A central
simulation result is that for wy, > 2w, the transport scales like Bohm

diffusion, a result for which we have a qualitative analytic model.

Submitted to Physical Review Letters, June 1988.




B. Theoretical Studies of Edge Physics and Plasma/Wall Interactions*

C.K. Birdsall and W.S. Lawson UCB
D.Harned SAIC San Diego

The proposed work represents a collaboration between SAIC and the University of California, Berkeley
to address important issues in the physics of the plasma edge. In particular, state of the art tools will
be applied to understanding the coupling between the plasma edge, modeled by a fully kinetic particle
code and the plasma center modeled by a semi implicit resistive MHD code. This work is expected to
significantly enhance our understanding of divertors and the plasma H mode. In addition, the manage-
ment plan for this collaboration includes significant interactions with experimental groups involved in
these issues. (Excerpt from letter from Dr. D.A. Hitchcock, Fusion Theory Branch, DOE September 14,
1987.)

The original plan was that collaboration between fluid and particle researchers, SAIC and UCB
respectively, could lead to substantial advances in understanding magnetized plasmas near walls, such
as found in tokamaks, with limiters and diverters. After the original plan, interest at DOE increased in
leaming more about edge-plasma behavior at and near an ICRF antenna with electrostatic shield, as

used for tokamak heating; we added this objective, upgrading the complexity.

The Berkeley effort, with a small doctoral student group, was originally slated to begin May 1,
1987 which became about October 1, 1987. (Support was not received in Berkeley until months later.)
We had the good fortune that Dr. William Lawson agreed to stay around a bit after his thesis was com-
pleted, in order to start some of the plasma-edge work proposed. The work performed so far, directly
on this contract, is mostly by him. Unfortunately, having just begun, we were then told we would only
receive six months support, to end April 1, 1988.
ACCOMPLISHMENTS

Our basic machine for doing our computer experiments on a magnetized two-dimensional plasma
in contact with a wall is our many-particle code ES2 developed here by Dr. Kim Theilhaber. (We are
also developing PDW2, using much of ES2, along the lines of our well known and widely used 1d
code, PDW1.) The major recent work with this code, by Dr, Theilhaber, is "Vortex Formation and Par-
ticle Transport in a Cross-Field Plasma Sheath” Memorandum No. UCB/ERL M88/21, 20 March 1988,
100 pages, widely circulated. A short version has been submitted to Physical Review Letters and a

more detailed version is to be submitted to the Physics of Fluids.
* This is a progress report only. A final report is being prepared with all of the detailed results.
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This report goes into great detail on the sheath formation, edge waves, instability (Kelvin-
Helmbholtz), vortex formation and coalescence, and anomalous Bohm-like transport of particles to the
wall. This effort, which took place over two years, with joint DOE and other support, covers the
undriven magnetized plasma sheath very well. It forms one of the starting points for the joint SAIC-

UCB Berkeley work, which will now be described.

It is to be noted most firmly that while fluid codes and implicit particle codes may be applied to a
magnetized plasma near a wall, such codes are not cabable of resolving all of the detailed physics
needed, on the scale length of a Debye length or a gyroradius, in the sheath. The latter physics, which
is needed for the transport across the sheath (particles, energy, heat) may only be produced with any
amount of trust by explicit particle codes such as we are using. Such physics is needed for these fluxes,
as well as the wave and instability descriptions. It is the marriage of particle codes near the wall and
fluid codes in the bulk plasma, including the use if implicit coding away from the wall, that is pro-

posed.

UNDRIVEN PLASMA/WALL RESULTS

In the plasma-wall region which we will iabel the sheath , we find an unusual plasma, with:
£9 15
KT,

n;, #n,

gradient lengths scaling with A, or p;

f(v) non-Maxwellian

momentum reversals (of one species)

surface modes (e.g., Kelvin-Helmholtz waves)

wall charges and currents

wall absorption, reflection, emission (i.e., neutrals)




This un-plasma is very different from the usual nearly uniform, nearly quiet, nearly Maxwellian, nearly

neutral textbook plasma; the un-plasma tends to demand kinetic treatment, using particles.

Four long computer runs were made on the ES2 codes of Theilhaber, starting with an appreciable
vacuum gap between the metal absorbing wall and the plasma edge. The object was to observe whether
there was any appreciable new physics with the plasma initially away from the wall or up against the
wall. The latter case was studied in detail by K. Theilhaber, leading to Kelvin-Helmholtz instability,

formation of vortices, coalescence, and Bohm-like diffusion to the wall.
The conclusions are that:

(a) the plasma in all runs moves across the vacuum gap of many p,, perhaps 5p;;
(b) the initial instability is a finite gain ion gyroradius drift wave, developing into

what may be a Kelvin-Heimholt7 velocity-shear-driven mode.

Hence, as was an objective of these runs, it appears that the plasma tends to fill the space alloted.

Therefore, it is quite all right to start studies with the plasma against the wall, to be described now.

THE ANTENNA-DRIVEN PLASMA-WALL RESULTS

In the previous section, we found that the plasma would rather readily close up a gap of a few
ion gyroradii, suggesting that it is permissible to start the plasma right up against the wall. Hence, we
felt free to start the driven plasma runs without the vacuum gap. Long runs were made, with similar

parameters as before.

We found that the electrostatic near field of the ICRF antenna substantially increases the particle
flux and energy to the antenna sheild, which, in the laboratory, results in a large increase in sheild
sputtering. It is this increase (due to the above and other effects as well) which limits operation in
some of the large tokamaks; such effects are well stated in the summary, by RE. Aamodt, of the

ICRF/Edge Physics Workshop, Boulder CO, March 30 — April 1, 1988.

Obviously, many more runs and some more diagnostics are called for, as well as invention in the

electrostatic shield and antenna configuration, so as to alter (reduce) the wall sputtering.




SECTION O: PLASMA WALL PHYSICS, THEORY AND SIMULATION

A Proposed Particle-In-Cell Method for Modeling Small -

Angle Coulomb Collisions in Plasmas

S. E. Parker
Electronics Research Laboratory

Univ. of California, Berkeley

December 6, i988

1 Introduction

We are proposing a computational method to self-consistently model small angle collisional
effects. This method may be used in standard Particle-In-Cell (PIC) plasma simulations
to include collisions, or as an alternative to solving the Fokker-Planck (FP) equation using
finite difference methods. The distribution function is represented by a large number of
particles. The particle’s velocities change as a function of the drag force, and the diffusion
in velocity is represented by a Wiener process. This is similar to previous Monte-Carlo
methods [1,2], except we calculate the drag force and diffusion tensor self-consistently. The
particles are weighted to a grid in velocity space and the associated “Poisson’s equations”
are solved for the Rosenbluth potentials. First the approximation for small angle Coulomb
collisions is discussed. Next, the FP-PIC collision method is outlined. Then we show a test

of the particle advance modeling an electron beam scattering off a fixed ion background.




2 Small angle Coulomb collisions

The FP equation for describing small angle Coulomb collisions can be solved numerically
using finite difference techniques. An alternate method is to follow the evolution of a large
number of particles. Using the notation of Trubnikov (3], an infinitestimal “cloud” of test
particles can be represented by the quantities < Av; > and < Av;Av; > to the same order

of accuracy as the FP equation[3]. These are defined as:

< Ay >= dTth) (1)
< AvAv; >= %{(v; - 5 )(v; - 17]')} (2)

The bars represent averages. These may be interpreted as ensemble averages over many
initial states, or as a straight average by letting the number of particles in a cloud, N, get
large, N — oo. We follow the second interpretation allowing a simpler simulation method.
Then %; is the average velocity of the local cloud. The i and j subscripts are the 3 velocity
components in cartesian coordinates, (v; = vz, v2 = vy, v3 = v;). < Av; > is the drag force
felt on an average particle in the cloud. < Av;Av; > is the spreading or diffusion in velocity
space of the cloud.

Numerically we change the velocity of the particles by using the following equation [4]:
Avi(t") =< Av; > At + B;;AW,(t") (3)

where B,; satisfies:
Bt Bjx =< AviAv; > (4)

AW;(t") = Wi(t")=Wi(t"~!) and W;(t) is a vector function that represents a Wiener process
(or Brownian motion) having the following properties < Wi(t) >= 0 and < W;(¢)W,(t) >=
té;;. B and W are cot unique and only need to satisfy the above criteria. In our model we

choose:

AWi(t") = VALR; (5)

where R, are independent random numbers satisfying < R; >= 0, and < R;R, >= §,;. We




have found a a matrix B such that BBT = A, given by:

VAn 0 0
By=| 4 Ap -4 0 (6)
= | 7= 22 — 72

S gty - fromh
By letting A;; =< Av;Av; > we note that equation (6) satisfies eq. (4) and can therefore
use this B in equation (3).
The “field” quantities are obtained from twe functions ¢ and v, the Rosenbluth poten-

tials, which in turn are solved by the two Poisson’s Equations [3]:
V3P = fB(w) (7)
V2P = ¢P(w) (8)
where [ is the superscript representing the field species, 8 = (¢,e). Then < Av; > and

< Av;Av; > are obtained in terms of the Rosenbluth potentials using the following equation

(see reference (1] for a derivation):

N Mo | par89%s
< Av; >%= 2;3 (1 + mg) L B0, (9)
- %y
A ST a/B 8
< AviAv; > 2 23 L Bv:0m; (10)

4 2
Lo/B = ) (%ﬁ) is a constant (given here in cgs units), and A is the Coulomb logarithm.

a and [ represent the test and field particles, respectively (e.g. a = (i,¢) and 3 = (i,¢)).

3 An Outline of the Method

For the particle advance we start with the simplest scheme [1,2] similar to Euler’s method

except there is an added diffusion term (the last term on the right):
ot = 0P+ < Ay >" At + B VALR, (11)

Where R; are independent random numbers having the two properties given above. Follow-
ing the methodology of PIC simulation, we weight the particles to a grid, calculate the field

quantities, advance the particles and repeat the process. The basic algorithm is as follows:




Step 1. Weight the particles to a grid in velocity space using linear interpolation.
Step 2. Solve equations (6) and (7) on the grid for ¢ and .
Step 3. Obtain < Av; >" and B} on the grid using equations (6), (9) and (10).

Step 4. For each particle, obtain < Av; >" and Bj; by interpolating from the grid to
the particle location v;. Then update the velocity using equation (11).

4 Solution to the “Field” Equations

In step 2. above, we need to solve Poisson’s equation twice in 3 dimensions. That is,
V2y = s, where u = (¢, %) and s = (f,¢). To simplify the problem, we assume azimuthal
symmetry in v,-vy, and work in a 2 dimensjonal cylindrical geometry (r,z) where r? = v3+v§
and z = v,. Since the system is independent of the spatial coordinates we define: z = vy,
y = v, and z = v, without confusion. A finite Fourrier transform (FT) is made in z, then

we can solve for each k using the following finite difference scheme (5]:

2 " . . . o .
———A,.é,.g{"nl/z("jﬂ — ) + riaa(ly — o)} — K2 = 8(rK) (12)
3
where:
1
riv1i2 =T+ §Ar (13)
6"12‘ = "12'+1/2 - 7';2-1/2 (14)

x is the finite difference analog to k[5]:

K= (Aiz-) sin (_k?_z) (15)

This tridiagonal system is solved for each k, and an inverse FT is made to get u, u(r,z) =
FT-1 (a(r,k)).

The next step is to calculate . Av; > and < Av;Av; > from ¢ and 7. Using the change
of coordinates and the assumption of azimuthal symmetry we obtain the following:

% _

z Y
av‘ (;’d’rs ;er, ¢z) (16)




621/) %;'wrr + (% - 'f';')wr ﬁ‘iﬁn - ‘:‘}d’r %wﬂ
- - = %1/’" - %wr ¥;¢"‘ + (% - g;')'l’r *w"‘ (17)
0v;0v;
%¢r! g'/}'l ¢22
We approximate ¢y, #z, ¥r, ¥rr, and ¥, by central differencing ¢ and 9. Then use equations

(8) and (9) to get < Awv; > and < Av;Av; > on the grid.

5 Test of the particle advance

As an initial test of the particle advance, eq. (11), we model an electron beam scattering
off infinitely massive cold ions. For this test case < Av; > and < Av;Av; > are given by

the two simple analytic expressions:

< Ay >= —C% (18)
bi;  vivy )
< AviAv; >= o4 - s (19)

af/B
where C = nsl

. We do not calculate the field quantities on the grid, but rather, use
equations (18) and (19) explicitly. This gives a good test of the particle advance, equation

(11). We expect the total x-momentum to be given by:

-C
Pz total(t) = Pz total(t = 0)ezp (Ft) (20)
0

where vg is the initial beam velocity. For the run shown: C = 1, vo = 1, vr. = 0.01 and
At = 0.001. Figure 1 shows the initial beam. Figure 2. is the total x-momentum vs. time.
Figures 3 and 5 show snapshots of (v, v,). Figure 4 and 6 also are (v, v,) scatter plots but,
a small slice in v,, |v;] < 0.1. The energy error is less than 0.2 percent and the momentum

error is less then 1 percent.

6 Future Work

We are developing a code to test the FP-PIC method outlined above. In the future we
plan to implement the algorithm in a 1d 3v electrostatic code to study combined collective

electrostatic and collisional effects. In this case we would assume spatial homogeneity for




calculating the collisional terms. If this assumption is not valid one would have to partition
f(v) into spatial regions j, and calculate f;(v) for each spatial region. One would have
to ensure that enough particles in each spatial zone to adequately fill out the distribution

function.
In addition, we need to address the accuracy and stability issues associated with this

method, and study the feasibility of using a more accurate particle advancing scheme than

that given by equation (10).

References

(1) “Electron energy flow in a collisional scrape-off plasma”, R. Chordura, 12th Euro. Conf.
on Plasma Phys., Budapest, Hungary, Sept. 1985.

[2] “Transition from Pastukhov to Collisional Confinement in a Magnetic and Electrostatic

Well”, T. D. Rognlien and T. A. Cutler, Nuclear Fusion, 20 (1980) 8 1003.

[3] “Particle Interactions in a Fully Ionized Plasma”, B. A. Trubnikov, p.105-204, Reviews
of Plasma Physics, M. A. Leontovich ed., Consultants Bureau, New York, 1965.

(4] Handbook of Stochastic Methods, C. W. Gardiner, Springer- Verlag, New York 1985.

[5] Plasma physics via computer simulation, C. K. Birdsall and A. B. Langdon, McGraw-
Hill, New York, 1985.
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Direct-Implicit Particle Simulations of

Collisionless and Collisional Bounded Plasmas.

R. J. Procassini and C. K. Birdsall
and

B. I. Cohen (Lawrence Livermore National Laboratory)

Direct-implicit particle-in-cell simulation methods are applied to the study of
bounded plasmas systems, with the goal of obtaining a self-consistent description
of plasma-surface interactions in the region near the divertor plate of a tokamak.
Several important phenomena in this region of the scrape-off-layer (ionization of
recycled neutral gas, charged/neutral collisions, etc. ) have characteristic time and
space scales that are long compared to the electron plasma frequency and Debye
length. Direct-implicit methods provide an efficient means for accurately reproduc-
ing these effects, without having to resolve electron relevant time and space scales.
We will present the results of large wp. At, Az/Ap, implicit particle simulations of
a bounded plasma system in both the collisionless and collisional limits. These
simulations are not capable of resolving Ap,., hence the sheath width is based upon
the giid spacing. The total potential drop through the presheath and sheath in this

implicit limit will be investigated, and compared to theoretical predictions.




C. Self-Consistent Calculations of the Sheath
and Presheath in a Bounded, Collisionless

Plasma with Different Source Distributions.

R. J. Procassint and C. K. Birdsall
and

B. I. Cohen (Lawrence Livermore National Laboratory)

Two different models for the calculation of the sheath and presheath in a bounded,
collisionless plasma have recently been proposed by Emmert, et. al. ! and Bissell
and Johnson?. These models differ in the choice of the source distribution func-
tion for the ions. Emmert uses f,(v) = |v|fm(v), while Bissell and Johnson use
fs(v) = fm(v), where fas(v) is a Maxwellian. Both models assume Boltzmann elec-
trons. We employ particle-in-cell techniques to study the effect of these different
source distribution functions on the sheath and presheath, without making the as-
sumption of Boltzmann electrons. Qur electron distribution function is therefore
cut-off by the collector sheath potential. Self-consistent potential profiles for each

type of source distributions will be presented.
(1] G. A. Emmert, et. al. , Phys. Fluids, 23, 803 (1980).

[2] R. C. Bissell and P. C. Johnson, Phys. Fluids, 30, 779 (1987).

~15-




A SECTION III: CODE DEVELOPMENT

Particle-Circuit Simulation of Traveling-Wave-Tubes
Ian J. Morey

A code is being developed to simulate a traveling-wave-tube. It uses the particle-in-cell
technique to model the electron beam, combined with a leapfrog scheme for modeling the
coupled transmission line. An advantage of the particle-in-cell technique is the ease with
which space-charge effects can be modelled. Since the code was initially intended to be
used as a teaching aid, it is being developed to run on a PC with many diagnostics of
the interaction displayed graphically. However, it is believed that the code could become
a useful research tool if run on a faster computer. At present, many parameters can be
changed while the code is running, such as: source, line and load impedances, coupling
between the beam and the transmission line, space-charge effects and the input signal
amplitude. Other parameters can only be changes at the start of each simulation, such as:

beam energy, beam current, tube length and wave velocity.
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ES1 on IBM-Compatible Personal Computers
John P. Verboncoeur

The Electrostatic 1 Dimensional Periodic Plasma Simulation (ES1) code originated by A.
Bruce Langdon! in FORTRAN on the MFE Cray computers and subsequently translated into C
by T. Lasinski has been ported to the MS-DOS environment. The PC version of ES1 adds
several features to the Cray version which are described below.

The MS-DOS version of ES1 can simulate periodic plasmas comprised of up to 8 different
species. The total number of particles for unmagnetized simulation is 16000, and up to 8000
for magnetized species. PC ES1 has the capability to weight charge to up to 8192 grid points
using zero order (nearest grid point) or st order (particle-in-cell) weighting schemes. The
code can run up to 1024 timesteps, storing electrostatic, kinetic, total, and Fourier-decomposed
mode energies. All the standard input parameters of ES1 are supported (except plot intervals;
PC ES1 plots diagnostics interactively with a keypress). The input parameters are contained in
an input deck similar to the namelist input deck of the Cray version. PC ES1 is capable of
moving 1000 particles per second on an IBM AT, 2000 on an IBM PS/2 Model 60, and 4000
on a 20 MHz 80386 PC.

Accessibility. The MS-DOS version of ES1 runs on any IBM-compatible PC, AT, or PS/2.
The proliferation of these machines enables almost any student or researcher to run and modify
ES1. We have already distributed over 50 copies of the code, and it has been used in
mini-courses and offsite demonstrations. The complete source code for ES1 is distributed with
the program to facilitate additional diagnostics, new particle pushers and field solvers, etc.

Phase-Space Animation. PC ES1 displays a real-time phase space animation with each species
in a different color. Using the animation, one can observe one dimensional collisions,
accelerations, and particle trapping. PC ES1 can also leave traces along the trajectories of the
particles in phase space.

1C. K. Birdsall and A. B. Langdon, Plasma Physics Via Computer Simulation (1985)
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C.

PDW1 on IBM Compatible Personal Computers
John P. Verboncoeur

The Plasma Device Workshop One Dimensional Bounded Plasma Simulation (PDW1) is being
ported to the MS-DOS environment. The original code, due to William S. Lawson?, was
written in FORTRAN for the MFE Cray computers. In 1986, Tom L. Crystal translated the
FORTRAN source code into C. We now intend to create a version of PDW1 on the PC
analogous to PC ES1. The initial version will be completed in the 4th quarter of calendar 1988.

2 William S. Lawson, PDW1 User’s Manual, Memorandum UCB/ERL M84/37 (1984).
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D.

ES1 for Windows
John P. Verboncoeur and Vahid Vahedi

Similar to PC ES1, Windows ES1 adds a number of features. Using the multiple display
windows capabilities of Windows, Windows ES1 can display any or all of the diagnostics
concurrently with the phase space animation. The diagnostics are updated with each step of the
animation, resulting in real-time display of space-charge density, fields, etc. The windows can
be sized and moved to suit the user’s needs. The mouse-driven graphical interface is well
suited to the beginner or casual user.

In addition, Windows ES1 adds pop up menus for diagnostics as well as a menu-driven help
system. We expect to submit Windows ES1 in the 4th quarter of calendar 1988, satisfying the
requirements of the IBM Windows Software Development Contract.
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E. The Construction of Distribution Functions

Communication from Dr. Andrew Zachary* to B.I. Cohen LLNL

Your notes on the construction of the “true” distribution function are much
appreciated. As we have already discussed, one possible method of construction
f requires uniform binning in anonuniform variable. For example, to determine
f(vi)vyidvy, the bins are distributed uniformly in vﬁ' Similarly, for f(v)v?dv,
the bins are uniformly -distributed in v*. Your notes and the different figures in
TESS show that you have adopted this approach. However, nonuniform varjables
require an unacceptable number of bins whenever the particles have a large range
in velocity. In my cosmic ray simulations, the particles have momenta which lie in
the interval (0,200), so I cannot use your technique.

There is an alternative - bin the particles uniformly in a uniform variable, and
then try to “undo” the binning. For convenience, let me use v to denote the velocity
variable, and suppose I have a series of uniformly spaced velocity binsv;,: =1, ..,
N. For each point v;, I have an integral equation for f of the form

F(v) = /W+l S1p(v — vi) f(v)vdv. (1)

=1

Here, F(v;) denotes the value returned by the usual distribution function routine
as the estimate of the distribution function at v;. Also, S;p(v — v;) is the usual
one-dimensional linear weight function

1
_A—v(v —vi;1) vio3 Sv<vy

SID(v = U,’) = 1 )
Ap(vit1 —v) vi<v<wiy

which represents the shape of an individual particle. Furthermore, v® is the velocity
space volume factor, where

0 ifv = vz, v,,v:,v"
a=11 fv=y, .
2 ifv=lv|

* The University of Chicago
Department of Astronomy and Astrophysics
5640 South Ellis Avenue
Chicago, Illinois, 60637
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As it stands, Eq. 1 is intractable without some method of approximating f(v).
After some experimentation, I believe that the “best” solution involves approximat-
ing f on the interval (v;—1,vi+1) by a piecewise linear function

Foimt) + a5 (f(0) = f(©ic1) iy Sv <y

flv) = 1 .

f(vit1) = z5(f(vi) = f(vis1)) i S v < vig

This approximation places no constraints on the function form of f, although it
does require that df /dv » d?f/dv? in each subinterval (v;, viy1). Except for possi-
bly pathological distribution functions, the piecewise linear approximation seems a
reasonable choice.

Now the integral in Eq. 1 can be done in closed form. After some tedious
algebra, the result is a tridiagonal set of coupled equations

F(v;) = Cijic1 f(vim1) + Ciif(v:) + Ci i1 f(vigr)

where A ‘ & (Apy
Cii= 2_§v‘vi° + (Alg)a a2
Ciiv1 = % <v,~ +2v,-+1>°' + (?21236(,,2

The symbol 4,2 is the usual Kronecker delta.
At the upper and lower boundaries, the coefficients C; ; are modified as

1 Av)?
Cl,l = 4 3‘le0+ ‘(—T;l‘

2
&y (v?+lv1Av+(A”) ) a=2

| 3 3 10
f _As_v_ a=0
Crn = %vNAv + (Alg)g a=1
‘ % (v'fv - %vNAv + (Alz(;)z) a=2

My test calculations show that the resulting set of tridiagonal equations are
stable and robust over a wide range of velocities. Furthermore, the reconstructed
distribution function seems very close to the expected “true” distribution.




I have sufficient confidence in this approach that I have extended it to handle
the reconstruction of a 2D distribution function. Suppose I need to reconstruct
f(vg,v1) or f(u,v) from the moments F(vy,v1) or F(y,v). Again, assume that F
is known on a set of uniformly spaced mesh points (z;,y;), withi =1, ..., N and
7j=1,..., M. The 2D equivalent of Eq. 1 is

Tipt

F(z;,y5) = / / ! Sa2p(z — zi,y — ¥j)f(z,y)z’y*dzdy. 2
z ¥i-1

i=1

I am going to simplify the problem by assuming that z is “unweighted”, i.e. that
B = 0. Fortunately, Sap(z — z;,y — y;) factors into two parts

Sap(z — zi,y — y;) = S10(z - 2:)S10(y — ¥;)-

Then the intefa.l in Eq. 2 couples the value of f at (zi,y;) to the values of f at the
8 nearest neighboring points.

i—1,j+1 ij4+l —— i+1,5+1
@ 1)

i—1,5 ij ———————  i+1,j
&) 2y

i—1,5 -1 ij-1 —————— i+1,j-1

In the spiﬁt of the one-dimensional technique, I approximate f(z,y) by a piece-
wise bilinear function. Explicitly, in each region shown above, I write

W fi(z,y) = (zis1 — 2)(yj+1 — ¥)f(zi, ¥5) + (zit1 — 2)(y — y;) f(Zi, yi+1)
+ (2 = 2i)(yi+1 — ¥)f(zig1,¥5) + (2 — 2i)(y — ¥;) f(Ziv1, ¥5+1)

W fa(z,y) = (2 — ziz1)(¥j+1 — ¥)f(zi,¥5) + (2 — zica )y — ¥5)f(Zi, yj41)
+(zi — 21 — ¥)f(Zi-1,¥5) + (2i — 2)(y — ¥;)) f(Ziz1,¥j41)

W fi(z,y) = (2 — zi-a )y — yi—1)f(zi, ¥;) + (2 = i1 )y — ¥)f(Zi, y5-1)
+(zi — z)(y — ¥j-1)f(zi-1,95) + (zi — 2)(¥; — ¥)f(Zi=1,¥5-1)

W fo(z,y) = (zix1 — 2)(y — yj=1)f(Zi, y5) + (Zie1 — 2)(y; — ¥)f(zi,y5-1)
+(z —zi)(y - yj—l)f(3i+l,yj) +(z - 3-‘)(!’1‘ - y)f(zis, !/j—))

where W = AzAy. After some more tedious algebra, the integrals in each region
can again be done in closed form. The results are _

a=1
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W \
F(zi,yj)) =3 [(!b + =) fis+ f-+1.:) + (!b y)(f-‘.j-n + %fi+l.j+l)
F'z(l'n yJ) = _V;: [ !lJ + "—)(ft,J + f-—l.J) + (!/J y)(fi.jﬂ + %fi—l,j‘ﬂ)

w
Faoiys) = g |05~ S0 + Jfomsa) + 305 = s + 3o Liet)
Fi(zi,y;) = %’- [(y; y)(fi.j + %fi-l»l.j) + %(yj - %)(fi,j-—x + ;f._ ,;-1)
and
a=2
' 2
Fl(ziy yJ) = %’ [(yjz + szA (Ay) ) (ft,] + fl+l,))
+ % (y, + yjAy + 3(Ay) ) (fij1 + 2 f-+1,;+1)]
2
Faeiuy) = 3 [ (17 + 25 + 2 ) (i + 3ims)
2
+ % (yJ +yjAy + (lg) ) (fij+1 + %fi—l.j+l)]
Fz(-‘ti, yj) = 'v'gz [(yf yjsz (Ay) ) (fl,] + fi— ,J)
2
+%( . A + 3(Ay) )(f:,]-l + fl-— 1,— 1)]
‘ 2
Fy(zi,y;) = %,' [(yf - y,sz + (zig(/)) ) (fij+ %fi-n,j)

1 3(Ay)? 1
+3 (yf - yjAy + (10) ) (fij—1 + 5fi+1,j—1)]

When the four terms are added together, the result is

F(zi,y;) = Aijfi-1,j41 + Bij fijar + Ciij firr,j41 + Dijficrj + Eijfij
+ Fiifivr,i + Giific1 -1+ Hijfii-1 + Lijfirr,jm1

Now, if I let £ = (j — 1)N + i, then I can transform these equations a single,
giant matrix equation. This matrix has 9 non-zero diagonals, and each row has
the pattern: 3 non-zero elements, followed by N — 1 zeros, followed by 3 non-zero
elements, then another N — 1 zeros, 3 more non-zero elements, and then the rest all
zeros. | have not yet written the routines to solve the resulting sparse set of linear
equations. I am talking with some of the math people at MFE, and hope to have
the routines ready by the end of the month.
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SECTION IV: SHEATH SEMINAR

A.  University of California, Berkeley CA 94720 S Moy 1968

FINAL SCHEDULE for seminar on

PLASMA SHEATHS AND
OTHER BOUNDARY LAYERS

Thig is an interdisciplinary plasma seminar, sponsored by faculty from the
departments of Chemical Engineering, Electrical Engineering and Computer
Science, Mechanical Engineering, Nuclear Engineering, snd Physics. The
orgenizer is Prof. Charles K. Birdssll, EECS, 191M Cory Hall, (415)643-6631.
See the initial flyer for more description. Partial support for this seminar
comes from e MICRO project with Varian gift, gratefully acknowledged.

Meetings are Mondays, 2-4pm, January 25 through May 9, in 240 Bechtel Engr
(No meetings on Februsry 15 or March 26 due to University holidays.)

The order being followed is roughly 1/3 DC sheaths, 1/3 RF driven plasmas,
ard 1/3 magnetized plasmas and 2d effects. A major objective ic to make
ties among theories, experiments, and simulations for verious models; the
references will have labels T,E,S.

Jenusry 25 Prof. CK. Birdsall, EECS, UCB, review of the classicl theory end
experiments on the plasma potential of L. Tonks, I. Leangmuir,

TE "4 Gerneral Theory of the Plasma of an Arc”, Physical Review 34,
September 15, 1929, pp. 876-622.

February 1 Dr. Lou Ann Schwager, Sandia (Livermore) and UCB, a review of
the works of the 1960's and 1970°s leading up to her own thecry
and csimulations (dissertation, 1987),

TE “Kinetic Model of the Collicionless Plasma Region, Applied to
Thermionic Convertors, Q-Machines, and the Boundary Layer of &
Maxwellian Flasma (covering both source and collector sheaths)”

Februery & Julia Little, Math UCB and Scott Perker, NE UCB will review

further theory and computation, building on the two previous
talks, where more complete solutions have been computed, from
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the following references:

T S. A. Self, “"Exact Solution of the Collisionless Plasma Sheath
Equation”, Physics of Fluids 6, December 1963, pp. 1762-1768.
T S. A. Self, "Asymptotic Plasma and Sheath Representations for

Low-Pressure Discharges” Jour. Appl. Phys. 36, Feb.1965,456-459

TE D.Dunn and S. A. Self, Static Theory of Density and Potential
Distribution in 8 Beam-Generated Plasma” Jour. Appl. Phys. 35,
Jenuary 1964, pp. 113-122.

T J. Parker, "Collisionless Plasma Sheath in Cylindrical Geometry”
Phys. Fluids. 6, 1963, pp 1657-1658.
T G. Emmert, R. Wieland, A Mense, and J. Davidson, "Electric Sheath

and Presheath in a Collisionless, Finite lon Temperature Plasma”,
Phys. Fluids 23, April 1980, pp. 803-812.

TE S. Meassick, M.H. Cho, and N. Hershkowitz, “Measurement of
Piasma Presheath” [EEE Trans. on Plasma Science, PS-13, April
1885, pp.115-119.

February 22 Leo Eskin, Stanford University (with Prof. S. A. Self) “Electrode
T Plasme Boundary Layer and Current Transfer for 8 weekly-
lonized, Collision Dominated Thermal Plasma, Including
Generation”

February 29 Blake Wood, EECS Dept., UCE. Review of boundary conditions on
T ion energy and velocity entering collector shesth, starting with
Bohm (1949}, continuing through Harrisan and Thompson (1959),
Hsll, Hall and Bernstein, Chodure, Franklin, Lamb (1987).

March 7 (8) Prof. M. A Liebermarn, EECS Dept., UCB. "Analytic Sclution for
T RF Driven Sheaths ©
T (b) Chris Goedde, Physics, UCB. * Calculations of RF Sheath
Electron Heating”

March 14 Dr. lan Brown, LBL. Plasma Immersion {On Implantation Sheaths

March 21 Ajit Paranjpe, Stanford University (with Prof. S. A. Self), "RF
T Plane Parallel Low-Pressure Discharge in SFg, Solving the

Boltzmann Equation for fo(t) and Celculating the Charged-Perticle
Balance Equations for Electrons, + and - lons”.
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April 4 (8)Prof. David Graves, Chem. Engr. UCB, "Review of Modeling for Short
T,8 Mean Free Peth RF Discharges”, inciuding works of Graves, Godyek.
(b) Prof. Sidney Sel?, ME Dept., Stenford, "Boundery Conditions for
T Continuum Equetions of the Diffusion Type, with and without
Migration due to Body Forces™ with Applications to Diffusion in
Neutrs! Cases and Piesmaes, Brownian Diffusion (Diffusiophoresis),
Turbulent Diffusion, Neutron Diffusion, Photon Diffusion (Radiative
Diffusion).

April 11 (a) George Misium, EECS Dept, UCB, "The Complete Design
T Procedure for Symmetric RF Discharges”
T,E,S (b) Dr. lan Morey, EECS Dept., UCB, "Short Review of the Worksnor
on ICRF-Edge Plasmas” held at Boulder CO, March 30-Aprill.

April 18 (a) Prof. Reiner Stenzel, Physics Dept. UCLA, “Instabtlities and
E Emission Lines of Sheath Plasma Resonances”
T (b) Prof. S. Self, Stanford, continuation of April 4 talk on
boundary conditions.

April 25 (a) Arthur Sato, Physics Dept. UCB, "The Plasma Resonance Probe,
T,E with works of Harp, Kino, Pavcovich et al.”
T,5 (b)Richard Procassini, NE Dept., UCB, The One-Dimensional
Magnetized Sheath", based on works by R. Chodura et al.

May 2  (a) Dr. Steve Savas, Applied Materials Corp, Santa Clara,”
TEM Surface Waves in 13.56MHz Plasma Process Discharges”
(b) Dr. Kim Theilhaber, UCB, now LLNL, "Theory and Simulations
of the Two-Dimensional Magnetized Sheath, inCluding
Kelvin-Helmholtz Instability and Growth to large "Steady”
Vortices”

May S  (Special seminar, out of sequence, visitor)
Dr. Rod Boswell, Australian National Univ., Canberra, "Plasma
Processing with Inductively Coupled RF Plasma Discharges”

May 9  (a)Dr. lan Morey, EECE Dept., UCB, "Particle Stmulations of
Parallel Plate RF Discharges” (works done at ANU, Canberra)
(b) Prof. CK. Birdsall, EECS Dept., UCB "Review of Sheath and
Boundary Layer Models, as presented in this seminar.
(¢) End of the seminar party, somewhere nearby.

~26-
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B.

25 January 1988

PLASMA SHEATHS AND OTHER BOUNDARIES Seminar

CHARACTERIZATIONS

We will be reviewing a few dozen works this semester, with a main
objective of finding which sheath and boundary layer models work and which
do not, 8s learned from theory, experiment and simulation. We will be wise
to follow some kind of characterization in these reviews, looking for the
details of the models. Hence, some such will now be suggested, and
hopefully followed, meking comparisong easier.

General characterizations:
number of dimensions: 1, 2,0r 3
time independent (dc)
time dependent (ac)
not magnetized
megnetized (usuelly spplied d¢ By)

driven (battery, RF, other)

Particle charecterizetions (electrone, ions, neutrels)

sgurces, sinks; a8t walls, in the volume

after creation, how trestled:
electrons particles, fluid, Boltzmann, cut-off Maxwellian, other
fons: similerly, or cold, werm, beam, other
neutrals: tempersture, pressure, excited states, other

equations of motion include terms for (list)

equations of continuity inciude terms for (list)

Woall characterizations (metel, dielectric, vacuum, another plasme, etc.)
floating, no net currrent
connected to external circuits end dc/ec sources by wires, entennss,
waveguides, optical fibers
absorbing, reflecting, emitting
sputtering, etching, depositing

Charecterization of results (from theory, experimente, simuletions)
potentials, fields, densities, pressures, currents, with critical values
for stable/unstable regions, chenges of state, other
wave propagation, linear, nonlinear
oscilletions, fluctuatione, speciel features (like virtual cethodes)
fluxes of particles, energy, hest to walis
scalinge obteined (e g, particle flux to wall goes as 1/Bg), or in

lengths, time, amplitudes.
-27-




These characterizations are meent as guidelines, sort of @ recipe for
making notes while reading the articles and preparing transparencies for
presentations. They are intended to meake the task efficient as well es
suggesting 8 common mode for the presentations. Lastly, they give us 8
ready way of comparing the models meade and tested by various suthors end
aid in pinpointing room for improvement. Plegse give them o try.

Our colleague S. Kuhn in innsbruck (plus visits here) published the chert
below tn one of his works, showing 8 particuler set of cheracterizations.
You might find making such charts useful 8lso.

TABLE II1. Comparison of some representative contributions to the kinetic
theory of linear longitudinal plasma oscillations in one-dimeasional geome.
try.

ESS..EE:S:!SESS:i?.S
si2i2ieisieieieigisieie|zlziale
> R =N ;
R RERRRHEEEHRRE
SIEL L E 2 gl L2 e
S I - I R T R
asle|{ole(>I>|>{al It alal2.2.%cle
oWt is Lol ls &l a
CRITERION| |REFERENCE—{33131/13{24/19/118[20/32:34125]1a{1b|30128129123] P
1. |cold-Ruid +|+ T+ 1+1+1+1 T 1T | 1+i+] U+
MODEL  |kinetic +l+] |+ P l+l+]+l+] | 1+l +
2. Jaero 1 BRCEERREE
NUMBER OF |one | =i+l P LI+t L
BOUNDARIES |two +|+{+]+] +|+[+ +l+lvl+] +
3. juniform [+1+1+]+]+] [+{+]+l+(+] [+
PLASMA  |unif./this sh. R X T T T T T T T T O I I
EQUIL{BRIUM|non-uniform +]+] |+ | |+ | 1+l
4 linf.-syst. modes +{+| |+ +{+{ |(+)
SPATIAL  |Fourier series | |+] 11 + 11 U+
DEPEND- |Laplace transf. | | +]+]+] | EEEE
ENCE lintegral eq. +]+} |+ [+ |+ | |+
5. exp(at) +{+{+]|+ +]+[+] |+1 [+]+]+]+
TIME DE- |6 pulse +] | | 1 | 1+
PENDENCE |Laplace transt. | | +|+]+ +| |+ +
8. const. emission |+|+|+|+]|+ ++|+{+]+] |+{+]+{+
PARTICLE |plain absorption |+|+|+]+|+] 2| |+]+]+] | +|+]+li+)
BOUNDARY |[spec. reflection +| 1 FL L I+ L
CONDITIONS [other || | +
7. short + + +{+{+{+] [+{+{+]+l+)
A.C. open A I ES 2 T N I 'S I B I B B
EXTERNAL |passive + EEEEEREEEERE
CIRCUIT |active +]+] IEEEEEEE R




C.  University of California, Berkeley
14 Jenuary 1988

This is a list of references begun by C. K. Birdsall*for use in our Spring
1688 interdisciplinary plasma seminar,

PLASMA SHEATHS AND OTHER BOUNDARY LAYER DYNAMICS

The references are given by yeer, author, and journal, with some
connotations, like theory, experiment and or simuation (T ,E,S), and other
comments. We will draw on the list already begun by our Innsbruck
colleague, S. Kuhn, and by our Plasma Theory and Simulation Group members,
especially Lou Ann Schwager.

We are interested in unusual plasma regions, with large potential
energies, e¢ > KT, with appreciable charge imbaiance, n; # ng, with

relatively steep gradients in densities Ng g i» in potentieis and fields ¢ E,

end in temperature T. We expect wall charges, wall ebsorption, emission and
reflection, along with coupling to external circuits, sources. The plasma
regions may have elastic and ineleastic collisions (scattering, exciting,
iomzing, radtating, etc.) as well as generation of perticles by all means.

Such regions show up in sheaths, at probes, in double layers, 8t the edges
of freely expanding plasmes, both magnetized and not. All laboratory end
space plasmes have some kind of boundaries someplace, most of which will
influence the intertor behavior to some extent. These regions are labelled
unusuel only in the sense that they do not obey the contraints which are
commonly put on plasma models {n order to meke the models tractable.
Indeed, 1t may be that what we are 1abelling unusuel may be more common.
It may well be that the final understanding of plasmas meay come from
understanding what is really going on at the plasma boundaries. It 1s
certainly true that what we know about plasmas is obtained by meking
contact through plasma boundanes.

*Note: The list attached is not the "final list" that I plan to prepare during
the seminar. It is a copy of works collected by Dr. Siegbert Kuhn, our
associate in Innsbruck. As you will note, there are only 5 from the
1920's through the 1950's; there are 50 in the 1960's, 34 in the 1970's
and, so far, 86 in the 1980's. Please bring additions to my attention.

Kuhn's list plus Birdsall’s sheath collection
are now typed in REFER on our local computer.
We will publish this list soon. -29~




SECTION V: JOURNAL ARTICLES, REPORTS, TALKS, VISITS

Journal Articles

Niels F. Otani and Bruce I. Cohen, "Effect of Large-Amplitude Perpendicularly Propagating Radio Fre-
quency Waves on the Interchange Instability,” Phys. Fluids, 31, pp. 158-176, January 1988.

Niels F. Otani, ‘“‘Application of nonlinear dynamical invariants in a single electromagnetic wave to the
study of the Alfven-ion-cyclotron instability,’” Phys. Fluids, 31 June 1988, pp. 1456-1464.

Reports

K. Theilhaber, "Vortex Formation and Particle Transport in a Cross-Field Plasma Sheath,” University of
California, Berkeley, Memorandum No. UCB/ERL M&88/21, March 20, 1988.

Lou Ann Schwager and C. K. Birdsall, "Collector and Source Sheaths of a Finite Ion Temperature
Plasma,” University of California, Berkeley, Memorandum No. UCB/ERL M8/23, April 13, 1988.

Lou Ann Schwager, "Effects of Secondary Electron Emission on the Collector and Source Sheaths of a
Finite Ion Temperature Plasma,” University of California, Berkeley, Memorandum No. UCB/ERL
MB88/24, April 13, 1988.

Lou Ann Schwager, "Effects of Ion Reflection on the Collector and Source Sheaths of a Finite Ion
Temperature Plasma,” University of California, Berkeley, Memorandum No. UCB/ERL M88/25, April
13, 1988.

Poster Papers

ICRF/Edge Physics Workshop, March 30-April 1, 1988, Boulder, Colorado.

W. S. Lawson and C. K. Birdsall, "Undriven Plasma Wall Interaction Simulations, Showing Tur-
bulence with and without an Initial Vacuum Gap."

W. S. Lawson and C. K Birdsall, "Antenna Driven Plasma Wall Interaction Simulation, Showing
Local Turbulence and About 3 Times Larger Flux to the Wall.”

IEEE Conference on Plasma Sciences, June 6-8, 1988, Seattle, Washington. (Abstracts follow)

W. S. Lawson, M. A. Lieberman, and C. K. Birdsall, "Electron Dynamics of RF Driven Parallel
Plane Reactor.”

A. Friedman, S. L. Ray, C. K. Birdsall, and S. E. Parker, "Multi-Scale Particle-in-Cell Plasma
Simulation: Timestep Control Criteria and some Tests."

Talks

CK. Birdsall, "Plasma-Sheath-Surface Dynamics via Particle Simulations,” June 9-10, 1988, at NSF
Workshop on New Directions in Plasma Engineering.

-30-~




_IE_

008 ! 009 00l X 0
02¢- 11 o O T
\.f— y LI I 0 B B
{ 1 f 008=1 [ ||
| Al
JI1N
H 1
f i
_— —— 1 o
S 0
\ 1 ,_ !
HHH Hhe 3
I
! } Al
f 1 ]
o _ oowN 00} 0 o
00l X X 0.
P © 8
] 08=1
008=1 0
I
. ()¢ -0
i ] A
]
a }
{ ; 1=(0=1)'A
. 06 8

(8861) “t9§ vwisvyg ‘suvd] FH[ ©) PRI ‘uewIdqa] 'V ‘I le]

(9861) 881 ‘P1-Sd “1o§ vwsv)d “suvil FF[ ‘wuysny LW [¢]

(cL61) €L01 ‘9T "sfhyd "yoaL-'shyg "aog “yehpon v A  [1]

‘[¢] wewsaqary Aq paonpouad useq sey AIoayy ® ong [apow [vuolsUIWID

-au0 a1} ur Suijeay Jo duasqe 3y 21paid jsnw Furjear) spy) jo apnjudew

ayy Bunoipaid A1oay) Auw Inq ‘sadpa yjeays je Suljesy aouposd Aew An
-2U1093 [PUOISUIWIIPIUR-UOU IO §2}ISUIP UOL WIOJIUN-UOU Y[}IM S[PPOIN

‘pajoipaid uey)) 19y3uy
%0¢ 81 11 7 = 'a 78 JeY) 05 A}120[9A [RULIAY]} Y} Y)Im A[MO]s §3sEaIDUI
nq ‘g = 'a usym apnjidwe pajoipaad ayy je st adejjoa yead oy, (g
008 01 009 = 7 10§ mojaq jo[d (7)¢ 39s — 9m e
uoy {1950 [[eiwus judlsisiad v 51 313y) Inq ‘m Louanubayy Buraup sy si
sajejd Buialip ay) usamjaq 383wjjoa 9] jo Aouanbalj jueunuop ayJ, (¥
tpajaipaad 7170 93 Ly dnoa st ssouyd1y) yyeays advisanw oy ], (¢
tsaje[d a1y 0y asopd
§2WI02 UOINGLISIP Y] AW} 282 JSO| 3I® SUOIIII[? OM) 10 auo Ljuo
pue ‘uelj[emXxe ]y JO-J1d ® §3W0IIG UOTIN(LISIP AF100[aA U013 31|, (¢
‘mojaq j0[d & — a 3Yy) 298 — sp[aYy Yeays ayy £q suoly
-29[3 3y} Jo Suijeay uoijeiajadde Iwia] sapnjraid uoljowr siyy {sadpa
yeays ay) Y)im Auoayouss ul A[qissaaduiodul 33e[[1950 §UOI}II[3 Y], (1
:Bunjiays 9yinb are sonweuAp uoIII[ Iy JuaisurI) fRINUL I} 1)V
‘uonquIsIp 3y) apisuy wolj sa[d11ded 9sej JO £50[ 21} WIO) §3Ui0D juduoduiod
l{ews ® 9nq ‘uoljnqlaIsip a3 AY) Jo Spud ay) wolj st s50] 3jd113ed Iy} jo 50y
"(payarpaid sy 940g) S[[em Y3 0} 50| 218 SUOITII[3 3Y} JO YT INOqR ‘(324>
Jiey 981y oY) juaisuely [eilul ayy) Junng 71’ Jo YIPIM (1B3Yys aSvIanr ue
sanpoiad 03 uasoy? spnjijdwie ue s 4m'g = m jo Adsusubayj v J8 JuUs1IND
eptosnuis ® Aq ulAlp ai9m sajujd 3y, 6103} UOIJBZIUOl IO [RUOISI||OD
ou pepnjoul [apowl 3y], "dn pue dy(g a1em syjdud| wI)shs ay) jey) os
'0°0°'c°0'0°1°0°2 = o Y3Im speW d1am suny gOT = T sem 33ud] wid)shs
ayy, rseje|d Juiap 9ty usamjaq (1 = 9m) Ayisuap Uy WIOjIUN SUOI}IIYD jO
uoljuqLIISip AJ100[2A URI[{AMXR[\ B [}IM PIJRIJIUL 219M SUOLIR[IWIS 10Q)
*duryesay siy) yuaaaid oy pasinbai jeyy sul st
£133u1093 [RUOISUIWIIP-2UO 3L} Ul P[BY JUD}SISU0DI-J[38 YY) JeY} 61 Julpuy N
"A[3ujs1SU02-J[98 pajnduwiod sEm pialy 211322[3 B[} | IIYM Ul SUOIR[NWUIS 11O Ul
j0u Inq ‘[z] pesodiul sem piay 211933[ 3y} [o1I{M Ul SUOITR[ILIIS UL JIULSH Y|
£q udes sem Buiyeay siy], "921A9p 33 Jo spud 3y} B sYYjeays Julaow )
£q suci129|3a Jo Juljeay ayj 61 [9POW EiY[) JO JUIWI]I JU() "SHOI IO
WHIOJIUN puR §U01)I3d 3ol UlIBM sawnsse [apowl siy ), °[1] yedpor) £q
pesodoid 1030wa1 aje|d jaj[vied 31y 1oj [apowr ainssaid mo| 3y} jo spdadse
3OS 53] 09 PIsh UII( dARY sUOIPR[hWis 3]31)Ied-AUBL JUIISISUOI-J|Ig
03LE6 VO Ropayaag “fyvy fo aruy) ‘qu youvagayy sotuos]aa)y
NUSPAYT *Y §2)4DY)) PuUD ‘UDWLRQILT " CJy ‘uosmp g woypyy Ag
1032897} auv] ] [3][vi8d UALI(] Y JO SOIWRUL(] UOI}II|Y




-ZE_

8F—ONJI-S0vL
—A\ JIqQUINU JOVIUCD JIPUN £I0}RIOQUT [QUOIIBN IIOULIIALT DUImMer] 3y} 4q
A81aug jo Wwawredaq "g'(} Y} jo sevdsne ayy 19pun pauriojrad yiop

"L861 'v2-0T 1das
‘odsouel weg ‘9-MD 1adey ‘FeuIse]d JO UOIIR[IIS [EIHAWN N UO ‘JuUOD)
‘YIg[ "d01d ‘1aqred F 'S puw ‘[espnud ") 'O ‘Avy ] *S ‘wewipaty] 'y ‘9
*L861 ‘92-€C I ‘uedep ‘wloBuy ‘But
-PPoN wwise|q paduwmapy uo doysyiop| uedep-gn 014 ‘uewpaly] 'V ‘g
"GgBT ‘opuv[1(Q ‘ssa1d druepwoy ‘(‘spg ‘ueyo) ‘I ‘d pue [Iqyelg
‘Nl ) (SOedS sun], JdurRK, W ‘sureg ‘D ‘q puw uopdue ‘g 'V ¥
"qzz ‘(1861) @ uotsny pafjoryuc)
‘$sAyd swse[d ‘wuwo) ‘uayo) '] ‘g puv ‘uopuw] 'g Y ‘uvwipdn 'y ‘g
*26¢ ‘(1861) T¥ 'sAyd "yndwo) [ ‘yawuaq ‘[ ‘T
'g82 ‘(1861) TP 'sfyq "sndwo) ‘[ ‘uosepy ‘' "y °1

‘PeqUIdSIP 3q [[ia [o13u0d deyseuny Bunojdxa suolje[nofed wog ‘wnn
-oua ojut uorsuedxa wwiseld s yons swajqoird uo JSIN Buiisey are ap
‘uolsInox? dajs-a[duls wnwipew
3y} 1apio Jo pooyioqydau w 1A0 Ysow ayj uo |FA| jo wnwrxeur ayy Isn
am 4¥m 104 IO [wININU B §1 Z/] = O puv ‘f3un 1IPIO Jo JUNISUOD ¥ 81 I
‘(4jrwao] payndurod Ajruaps) Ayv0[ea wuwiIay) a3 8 P 319 “o{(3+|;_un|
+ |ut])/¥0}(9m/g) = + uwmes 3y} Jo fem Lq sprred 3sey uo [0Iu0d
dajsawty 123038 ¥ 2210§ud am SN 2PO° PIqIse3 IO U] “IduewIopd 133339
3A125q0 PIIPUL M SIY3 YA {¥m/g = 1 qen( a1 uonwuawdun 9s3(duns ayJ,
“2m.g = pA - 6 ~ © Juy} vonydwnsse 3yy uodn paseq ST ALUIYIS J3Yjouy
"1 Suialnep ut | _,D Jo 380 3y 03 anp judwsnipe a7s-dals Yy
ut Lu[op § WOIJ SIIPNS 31 'F{qESN §1 WYY IY) M ‘JU) puy M T =¢
se yons [eruajod muj-1amod v W sIpred duvApe 03 s1dmou [p] [P pue
Borjdea| Yioq 88N YoIym apod Jduns @ uf WY ST} PIISI) VY I

2/l —ut + u0l) 30 2/}~ ut] + |u})
1ay3le asn am 4 Iof ‘uwonw|nd[ed ams days ayy ojul S1AINSLY, [nyesn ©
$dnpoIul ¢'] & AMN[RA B Jo IFN ZA < JuUysU0d W 1 L Y 3 Jqnop Im
A1 > 39 31 ym ‘omis days ayy aapey am 1L < 3y JI uoLIUD AdvIndoE
Indut uw g pue L2034 DU, © 81 4 ARYM ‘a0 = L(37/ [{—u? — u?l)
avy am ‘L £q 2318 dogs 20udIR)R1, MIU Pansap Y3 pus 3y £q s dass
snotaaid ayy Butjousq -deys ® wi spuIed Iy £q pasouwr Iduejsip Yy i9p
=10 Jo 03 77 $338 pue ‘p 03} uonwwixoidde duIIPP-2tuY ® sojdwd [013u0d
daysowiny jsopduns Yy, 7 Y38us| onsulIRINYD IUIOS JO UOIIORI} [[EWS W
3q p[noys 10113 §1y} ! 3yv 03 [euorpsodoid st HOIRINPD $31 1940 UOIIRIA[IIINW
JUBJSUOD ¥ PIUWINSSV PIYM 27 718 Jo dajs 8 1aye Joild uonjisod ayj,

‘[o1uod dajsauny o3
soyovordde omy aquossp am asa -aBuwyp sazis daysewny Iy ‘aceds sseyd
ut 3noqe Jaour sPINd sy "qloows st pi3y Y3 1aym suoiSar ut saporyred 1o0f
8rey s1 ( !,g = [ aoym 3y f dajsoun) v M pasueape are sspIpRyg

‘apnjiuBeu jo siapio om} 3q Avwr Awouodd ur uTed

51y swa(qord Jwos 10§ !days usal8 Auw Suunp passadoid jou are sapiyred

ayy Jo fHuofews Y], "3[wd8 [EINIVU UMO $)1 UO PIdURAPR s duds asuyd jo

jred fuw ur wwseid ay], ‘s3[wos awiy puw adeds jo aBuer apim ® Bulajoam

surdjqoId snosusBowoyuy £[Buo1)s 10§ AqUIINS ST PUV SUOIIDIISAI ISIY} §aXW|
-21 PIym [9'g] anbruypay uonejnuns jdun mau v Suidopaasp are app

‘UTBWIOP Y3 UTYIIM araymAue [eds autly Jo adeds auy

W JA[0531 1SNUI JUO IAIUIYM £1ess9dau &1 dojsouny [ews w ‘sny], pojrun(

81 uonn(osas iodwidy puw [wieds ayy dajsauny 819 Ju ‘1r9mo) ‘swIeks
didodsosdewr [apour 03 pasn aq uwd [p—1] suonenuuts apdt3red Jrondus]

Aopyiag DN ‘1aqred g 11096 pue [uspag (poN) N D
7INTT ‘49y "] 110G U UvWIpay X3y

+SLSAL INOS ANV VIHILIUD TOHINOD JALSTNIL
INOILVINNIS VINSYId TTIO-NI-ZTOILYVd ATVOSILINN




AFWL/DYP
Pettus

Department of Energy

Crandall, Katz, Lankford, Macrusky, Manley,

Sadowski, Tech. Info. Center

Department of Navy
Condell, Florance, Roberson

Argonne National Laboratory

Brooks

Austin Research Associates
Drummond, Moore

Bell Telephone Laboratories

Hasegawa

Berkeley Research Assoc.
Brecht, Orens, Thomas

Berkeley Scholars, In.
Ambrosiano

Cal. Inst. of Technology
Bridges, Gould

Calif. State Polytech. Univ.
Rathmann

Cambridge Research Labs.
Rubin

Columbia University
Chu

Cornell University
Otani

Dartmouth
Hudson, Lotko

E.P.R. L
Scott

GA Technologies
Bemard, Evans, Helton, Lee

GTE Laboratories
Rogoff, Winsor

Hascomb Air Force Base
Rubin

DISTRIBUTION LIST

Hewlett-Packard Laboratories
Gleason, Marcoux

Hughes Aircraft Co., Torrance
Adler, Longo

Hughes Research Lab., Malibu
Harvey, Hyman, Poeschel, Schumacker

Institute of Fusion Studies, Texas
Librarian

JAYCOR
Klein, Tumolillo

JPL
Liewer

Kaman Science Corp.
Hobbs

Lawrence Berkeley Laboratory
Cooper, Kaufman, Kunkel,

Lawrence Livermore National Lab.

Albritton, Anderson, Barr, Brengle, Briggs,
Bruijnes, Byers, Chambers, Chen, B.Cohen, R.
Cohen, Denavit, Estabrook, Fawley, Fowler,
Friedman, Freis, Fuss, Harte, Hewett, Killeen,
Kruer, Langdon, Lasinski, Lee, Maron, Matsuda,
Max, Nevins, Nielsen, Smith, Tull, Ziolkowski

Lockheed
Siambis

Los Alamos Scientific Lab.
Bames, Borovsky, Forslund, Kwan, Lindemuth,
Mason, Nielson, Oliphant, Peratt, Sgro, Thode

Mass. Inst. of Technology
Berman, Bers, Gerver, Lane, Palevsky

Mission Research Corporation
Godfrey, Mostrom

Naval Research Laboratory
Boris, Craig, Haber, Joyce, Orens, Roberson,
Vomvoridis

New York University
Lawson, Weitzner

Northeastern University
Chan, Silevitch

-~33-~




Oak Ridge National Lab.
Fusion Energy Library, Lebouef, Meier, Mook

Physics International
Woo

Princeton Plasma Physics Lab
Chen, Cheng, Lee, Okuda, Tang, Graydon,
Librarian

Lodestar Research Corp- Boulder
D’Ippolito, Myra

SAIC - Virginia
Drobot, Mankofsky, McBride, Smith

Sandia Labs, Albuquerque
Freeman, Poukey, Quintenz, Wright

Sandia Labs, Livermore
Marx, Wilson, Hsu

Stanford University
Blake, Buneman, Gledhill Physics Library,
Storey

TRW
Wagner

Vista Research Inc.
Crystal

University of Arizona
Carlile

University of California, Berkeley

Arons, Birdsall, Chorin, Graves, Cummings,
Haller, Hess, Lichtenberg, Lieberman, McKee,
Morey, Morse, Parker, Procassini, Roth,
Verboncoeur

University of California, Davis
DeGroot

University of California, Irvine
Rynn

University of California, Los Angeles
Abdou, Dawson, Decyk, Prinja

University of Illinois
Kushner

University of Iowa
Joyce, Knorr, Nicholson

University of Maryland
Guillory, Rowland, Winske

University of New Mexico
Anderson, Humphries

University of Pittsburgh
Zabusky

University of Southern California
Kuehl

University of Texas
Horton, McMahon, Tajima

University of Washington
Potter

University of Wisconsin
Emmert, Hershkovitz, Intrator, Shohet

Varian Associates
Anderson, Helmer

Universitft Innsbruck
Cap, Kuhn

IN.P.E.
Bittencourt, Montes

University of Toronto
Stangeby

Riso National Laboratories
Lynov, Pecseli

Culham Laboratory
Eastwood

Imperial College
Burger

Oxford University
Allen, Benjamin, Edgley

University of Reading
Hockney

Ecole Polytechnique, Palaiseau
Adam

Universite Paris
Raviart

IPP-KFA
Reiter

-34 =




Max Planck Institute fiir Plasmaphysik
Biskamp, Chodura

University Bayreuth
Schamel

Universitdt Kaiserslautern
Wick

Israel
Gell

Tel Aviv University
Cuperman

Hiroshima University
Tanaka

Kyoto University
Abe, Matsumoto, Jimbo

Nagoya University
Kamimura, Research Info. Center

Osaka University
Mima, Nishihara
Shizuoka University
Saeki

Tohoku University
Sato

University of Tromso
Armstrong, Trulsen

Centro de Electrodinamica, Lisbon
Brinca

Ecole Polytechnique, Lausanne
Hollenstein

-35-




