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ELECTROSTATIC EQUATIONS FOR LARGE SCALE PLASMA SIMULATION STUDIES

I. INTRODUCTION

In recent years, global numerical simulation of plasma dynamics has
become an area of active research interest. A large portion of this effort
has been based on the equations of magnetohydrodynamics, MHD. The
equations of MHD include a plasma continuity equation, a momentum equation,
an energy equation, Maxwell”s equations, and Ohm”s law. These equations
allow a simulation of the temporal evolution of a fluid plasma and the
electromagnetic field. Perpendicular to the magnetic field the simulatiomns
maintain a balance between plasma forces and field forces, while parallel
to the field the balance depends only on fluid quantities. The balance
between plasma and field forces 1is responsible, 1in part, for the
reliability and accuracy of the simulati{on results. In certain problems of
interest the plasma has a relatively low temperature and the magnetic
forces dominate the motion perpendicular to the field. This situation

leads to difficulties in accurately computing the plasma forces and therefore

the dynamics of the plasma. In such situations the difficulty can be
alleviated by restricting the MHD equations to the so-called electrostatic
approximation. In the electrostatic approximation one retains the hydro-
dynamic equations parallel to the magnetic field but perpendicular to the
magnetic field balances plasma forces against J x B, where B 1s a known
invariant magnetic field and { is calculated from the difference between
P. ) electron and ion velocities.

The purpose of this report 18 to derive a set of electrostatic

l':':, equations which can be used to develop a simulation code for large scale

low pressure plasma systems. This is done in a general coordinate

Manuscript approved May 11, 1984,
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system. The organization of the paper is as follows. In the Section II
the meaning of the electrostatic approximation 1is discussed. In Section
III, the physical equations are derived. 1In Section IV, the electrostatic
equations are written for a general coordinate system. In Section V, the
application of these equations to a plasma system In a dipole coordinate
system appropriate for the earth”s ionosphere—magnetosphere is presented.

Finally, in Section VI we briefly summarize our results.

IT1. THE ELECTROSTATIC APPROXIMATION

The electrostatic approximation consists of four assumptions:

1) All forces are small compared to the magnetic force so that
3B/t = 0 and V X B = 0. In order for B not to change in time it
is sufficient and necessary that the electric field, 1is the
gradient of a scalar, i.e., E = -V¥.

2) The current J is given explicitly by the difference in the ion
and electron velocities, i.e., J = en{!i - ye). The requirement
that V¢J = 0 provides an equation for the electric potential Y.

3) The electrostatic potential ¥ is constant along magnetic field
lines, 1.e., the field 1lines are equipotentials.

4) In order to compute the velocities perpendicular to the magnetic
field 1lines one wuses the approximation E + yi x B =0. This
assumption 1s not necessary but greatly simplifies the analysis.

Within the context of these assumptions, 1i.e., the electrostatic

approximation, we derive an appropriate set of equations for performing

plasma simulations in a general coordinate system.
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o III. DERIVATION OF EQUATIONS

-‘ The momentum equations for the electrons and ions are, respectively,

) e ' . f

- — - i - -V -V = 1

o m, E+ T "B =Vl - 3y eitye Yy =& (1) :
<) )
o e

:.;_..: l_l: (E+ ‘Yi x B) - "mll’i yn) viet‘yi - 'yej £y (2)

Ii' where B is the magnetic induction, E 1s the electric field, Vor 31’ and ¥V

‘tf are the electron, ion, and neutral velocities, respectively, ven and vei K
o~ :
b\'~. -
Z:}; are the electron—-neutral and electron-ion collision frequencies, vin and B
w:\f, -~
) : Vgy are the 1ion-neutral and 1ion-electron collision frequencies,

}jj respectively, and g 1s the total force (including inertia) acting on

il N
. species a, N

] Equations (1) and (2) can be written in the form

:;{ - Yen 8] - L)‘\’en"' v)yen + vyin = zex +z (3 K
©) b
o Yin ¥ 8 = Vyg/A + V)Y + Ve = 82 ~ 2 (4)

Y & where
::::: =V =V
e ~en ~e ~n "
b0 Y
o

: v =V -V
) ~fn ~i ~n




Eliminating the cross terms from Eqs. (3) and (4) one finds that

d VvV + vpy = <AV € + g xQ
n ~in ~ ~

e emr
2 ‘
~A BVen = v[kse+ 31/1) + )\se x Q (5)
diyin - vb!en = [\)in/)\)E TExg .E
2 p
- g A%y, - virg, + g,/A) - 8;/A x g (6) ]
R
-
where a
3
4
d-92+[Av +v)2-v2 '
e en
2 2 2
d1 Q +[vin+v) -v

2 2,
b=V /A=y, anda® - g
Defining the quantity D

2,2
D= dide + v
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Yen

1 ‘
=5 I=adv  +vbv, /A) g + (4, - vbjlg x @)

2 2
-\A sevendi- vb si\’in/X ) = thi- vb)(Xge + gilk)
+ A dg +vbg /A) xQ} (7
and
Yo =3 Ly /A - vb v, e + (d+ vbjig x 8)
-{g,v,. d /AZ + g vb sz ) = v(d + vbj{A + 2\
31 ine 8e en e ) Se 31 J

“lgd /A - g 0B x @ (8)

We now derive an expression for the current J using Eqs. (7) and

(8). We note that

J = eneLYI - !e) = eneL'Yin - yen) 9)

so that

J=o (E+YxB)+o(ExB/B -5
pA 2 2
+ §§'{S é 8even Si‘si\’m/A + v(se sijtkse + 8i/XJ

- (S g, + S,8,/M) % 8} (10)
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where

2
Q|
Se =3 | d

1 7 VP

2

Q
Sy = ld + V)

2 2
o= {p/B )(Sevenx + 8V,

2 ‘
o, = (p/B°jar(s, - 5]

and P = nm, and B = |B]
e 1 ~

In order to get an equation for the potential one has to first isolate

the inertial terms. Neglecting electron inertia and defining

av,
B g~ £1 5 8 =~ £/

2
one finds that
1-0F - o f < B/B =0 (¥ X B) - o, [Bl (11)
2]
- 1Sgd/de - $E - SES x 2

- P -
sax LSV, + 18y = 8,) v Aldy, /ae

) » 2
- lsivid+ (5,= 8.0 v Al £, + [sevenk + (5.~ 5,) v A ge}

We rewrite Eq. (11) using the following notation

--------
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Siviﬁ+ (Si—Se)vX Sevenx + (Se— S

hi 1928 he QA

so that one finally obtains

!. - op E - ch(g. x E)/B = GP(!H x P.) - thnB~

2
- (p/B )[Tpi(dgi/dt - £ - TpezeJ x B (12)

- (/BT (dV, /de = £, )+ T f]

The total time derivative d/dt also contains all coriolis and centrifugal
terms.
Using V¢J = 0 and integrating along the fields with
E=—Vr; V = (Ex B)/IBI2
4 i ~ ~ ~
one can derive the following two dimensional potential equation for ¥
Jd1 v-[opvw + (D/B)Tpid(VW/B)/dtj

+ Jd1 Ve|{(-0, V¥ + (p/B)T, d(V¥/B)/dt) x B}/B|

= Ja1 9e[o (¥, x B)] - Jd1 V+|a,¥ 8]

0 T
AT AR

‘. . AR
ST T

. t. F R R

+ Jd1 v-[(p/Bz)gp x Bj + [d1 V+|[(p/B)F (13)
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This equation will be used in the subsequent analysis. The first Y

."]

integral represents the Pedersen conductance owing to collisions and the '3

o

capacitance associated with plasma inertia. The next 1integral represents 3

the analogous Hall terms. The first two terms on the right hand side are
assoclated with collisional coupling to the neutral gas. Thevy are, in many
instances, the main driving terms.

One should remark also that the first integral in Eq. (13) must to be
larger than the second {integral for the potential equation to be diagonally

dominant. By looking at the formulae for apand o, one finds that the field

h
line integral of the product of the plasma density and the Larmor frequency

must be larger than the comparable integral of the collision frequency.

IV. GEOMETRY
We now derive an expression for the potential equation in a
generalized geometry. An orthogonal coordinate system (xl,xz,x3) is

defined by the geometrical factors (hy,hy,h3) such that the length element

ds is given by f
2 2,2 .2 .2 .2 .2 2 b

ds h1 dx1 + h2 dx2 + h3 dx3 (14) e

,"

N
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1 2
93 = = = (15)
a h°l axa
so that
V-A--l-lé—th h..,A); g=hhyh (16)
S -2 Bxa a+l a+2 a’’ 17273
The covariant derivative of the velocity 1is given by
, 2
%; (V94 Vg = ﬁ {LVQ%JVB + eg VoVa = e Vg 4 (17)
with
c, = Ly (18)
Ba  h, a'B

8

Since the electrostatic approximation assumes a vacuum magnetic field,
one of the coordinates can be the fileld 1lines. Here X3 is chosen. It

follows then that

'QJ

1
Ve - — =
B p x3(h1h233) 0 (19)
which means
hh,By = f[xl,xzj (20)
1s a function of Xy and Xy only.
9
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With the definition of

ds3 = hj dxy (21)

the potential equation (Eq. (13)) can be written explicitly as

h2 h

) 3 J 1 9
— Ji= OdS) + = J{3=o0ds ) =— V¥
9x h1 3 Bxl 3x2 h2 p 3 3x2

] 9 ] ]
+ a—XIJ Lohds3) a—x-z‘{’ - -a—izjtchdsaj -a;l‘y

9 p d 1 9 ‘ 3 P d 1 9
e Iy 5T, o G a Wdsst +a ey 3T G (gD A YUdsy!
1 1 1 2 2 2
3 [ d 9 3
e LS Ty S G o Y g + o JBhldtLBh ax 1) dsyf
1 2 "2 1 1
=a——jBohvds +— | B o_h,v'ds
3x1 22773 3x2 pl1l1 73
) ] n
p (N ] B o h,v ds, —axzj B o, h v,ds,
-,
. +LJ°Fths 9——1 F h G.ds
# axl B 272773 8x2 B 3
B + L hrFocds,+>— ] 2 nFoG.ds (22)
N 9x B 2h1 73 23x B 1'h2°°3
[" It 1is the goal to separate geometrical quantities from fluid
‘.j. quantities. To this end we define normalized quantities at a point xg. We
..
' define )‘u.’ Bo, and go as follows:
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a 0
a

3)
, 0
Rl Xy Xgs%y)

0.
B = B(xl,xz,x3)

0 0 .0 .0
g =h hyhy
" so that
B-TBEX_
12

We also define the length elements

4s®® - 1 o

3]
w

ds

—
[

3’
and split the total time derivative d/dt

d

3
T Y (y-v),

and define

n no
1 { 9 ( 2 J 13 3y ] 1 31 ay
—1{ = S_ds ) + ( Js ds” " =—J}
Ix.V.0 2 °7p Ix Ix 0 .,27%p 9x
& 1 h By 1 2 h, By 2
1 ) 1 22 9Y ] 1 22 3Y
+—{Tl }$,ds°" =—) - #— (= /S, d8°° =—)}
& 9%, Bg h 8x2 3x2 Bg h Bxl

-

(23)

(24)

(25)

(26)

(27)

(28)

(29)

AT |
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0 0
h 2
1" 13 3y 3 31
" {axIL;6;§ lo T ds Tt * o, { o e T pds “7?5
170 Z 0
2 2
1 {3 1 22 3Y ] 1 22 3¢
-— ls— |5 Jp T, ds ) + (= Jeo T,ds"" ———j}
2, Bxl Bg h 8x23t sz Bcz) h 3x13t
0 0
h 12 h 21
1 {3 l. 21 ds Y | ] 1 ds oY
= - e lgt Je T (¥ | -5 lgote T (¥Y) 5 55!
N 3x1 Bo P hlB Bxl 3x2 Bo p th x,
0 0
h 12 h 21
1 ] 2 ds ~ Y 9 1 ds” 3y
+ U 1§ e Tlee) | -3 15 1 Tylwew) I}
& 8x1 Bo h h,B 3x 3x2 0 h hlB axl
0 0
e (;3 Js_ vaas'?) - 3— (;ljs vias?!)}
g “*1 % 2 % P
ho ho
1 {3 ( 2 J 12 9 1 21
- = {+— (3= /s, Vs °) - =— (== /5, VOds“ ")}
& Bxl o h'l 3x2 0 h 2
0 0
h h
1 9 2 12 1 21
+ = [3— (3= Je Fpyds™?) -—-L—-Ja Fp,ds” ")}
2o Bxl BO 2 BO 1
0 0
h h
1 3 2 12 21
+ ES.{E;I LiS'JD Fhlds J + 3 LB Je thds J}

The only integrals which are not cast in the standard form are the

transport terms. We define

2
Ty == (Y Vv, == ¥+ 3v, z (cag¥4Vs™ %gaVa) (30)

v v 2 et
. A
R .
o at et e W e . .

using equation (4).

Furthermore, we note that

1 aY

= . — (31)
1 B h2 3x2 1 8x2
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1 ¥ Y J

V, = ——+>—=f h, =— (32)

o

and define
3¥ =

u1 --f Ix (33) .

2 A

3v

= 4 <"

The uy,u, are independent of Xq. It follows that

3 3
MR Bl B A B TN (35)
and
[Vla1 + Vzaz)'l’ =0 (36)
since ¥ is constant along flow lines. With this Eq. (30) becomes ’
- T ==-"h(u I+ a——)u =l (2c, vV -c VZ). 37
n a at"l 9x, 2 8x2 @ g aB a'B Ba B
(Wi
::‘.'-f
:\ Defining the following integration elements
C:j
L
Q. aB aB
'T.._:. dsyd - cYBds , (38)
'_::;: the transport terms can then be written in the form
‘.‘
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& B
- 2
e’ X - 1 31 a 3
. P B; JpTpds™ u a—xl““ ) aagi uy
41 2 32
+ h JeT ds11 1+ 2 h JoT pds12 Uguy + 2 [ot v3dsl3\1 ’
10 2 .
2 232 1 2, 21 1
0 JDTpd321u2 - 0 ]oTpv3ds31} (39) ]
h 1 =
)
'.J
o { , :
T, = -— }p"r ds? Lu + u, v—Ju (40) :
2™ " . x * Y2 e 3
1
0 14 2 23 13
+ h, JOTpdszzuz + 2 h JpT d321 19y + 2 u, JoT v3dsz3
2
h(1) 32 2 2. 12
- 5,0 jprdslzul =5 JeT v3d 32}
2 z
0
h 2 2, 9 3
T = =5 | for as"\u) s+ u, 3y, (41)
0 1 2
0 32 2 23 22
. hy JpThdsn 1+ 2 h JoT pdsyauqu, + 2 JDThv3dsl3
. - ho 2
' 2 14 2 1 2,12
0 IpTydsy) u; - 0 =5 JpTyvydsy )
1 1
L hO
h, _ 1 22, 3 d
oy Ty = =5 | IPTds™(u) 5=+ u, 5y, (42)
0 1 2
[ 0 23 2 32 22
= + h, JDThdszz o+ 2 h JeT pdsyiugu, + 2 ot n¥ 348534,
L'_'-:.
LE. W 4 2
. M 12 1 21
- 0 IpTyds ju) = =5 JeTyvadshyl .
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\
We define the quantities ;
:
13 1 31 1 22 :
i1 7 2 Is,ds F22 7 12 I8 ds P12 7 2 Is,d (43) ;
0 0 0 ]
13 1 31 22 ’
Ci1 ;5 Jprds Cyy = gi-JpT ds Ciy ;5 jpThd (44) :
0 0 0 p
f
P = L s vPas? P = & |5 vPas!? (45)
1 B 1 2 B 2
0 0 ]
L
h 1 n, 12 h 1 n, 21 )
D, =3 JShvlds D,= 3 Jshvzds (46)
0 0 {
Pl 21 p .1 12 4
F, =3 Jprlds F, =3 Jprzds (47)
(] 0
h 1 12 h 1 21 !
F| = By Jo Fh ds F, ia-ijhzds (48) |
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The potential equation for Y can then be written in the final compact

form
0 0
1 42 2 ¥ 3 1 5%
3 3% t?i 11 3%; )t 3%, \ 10 Eyp 5;;)} (49)
hy 2
3y 3 3¥
L2 e, 2 -l e,
80 ax 12 axz 3x 12 ax1
0 0
NS A PN B P
t g% % hg Cy1 IR T 2 Ca2 PR
l_.fi_ 2%y }
g 3%, C12 Txpe) "oy, (€12 3x a:)
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T e TA" L, R,V =

) S 0,.p P P h h h
o - — + - +
o fy %) {hylDy + Ty + Fy = Dy + T + Fy |}
3 1 (3 0, PaPoeoPywoh ~h_ _h
- v. APPLICATION TO DIPOLE COORDINATES
j,‘fi_ For the electrostatic approximation we assume an undisturbed
?_:.;-‘_Cj geomagnetic field which is taken to be a pure dipole field. Therefore, we
s
il use the appropriate dipole coordinate system (n,$,0) where
‘N r cosf
n= 5= 5 95 0= = (50)
A sin” 9 r
:'.’,;:—: where r is the radius, ¢ the magnetic longitude, 8 the magnetic
j-\:::.{ colatitude. An orthogonal coordinate system 1is defined by the geometrical .
{ . h factors, which we derive next. |
-
< We note that 1
an__1_ 30_ _2coso
o ar sin29 or r
o~
i
-:.:-j _g_g a2 ;ose %% - - sirz\e , (51)
e sin” 0 r :
::',“:'j which gives the Jacobian D
l:::::'_
o D = - L (143 cos0). (52)
LT r sin™©
.“\:
:;“(:
i The inverse matrix is
o
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35._ sinae . 25__ _2 r3cose
9
an 1+ 3 c0326 30 1 + 3 cos“®
. 3 2
- 30 2 sin”8 cos® | ¢ __ r sind
- m rl+3 c0329 > 59 1+3 c0329

Using this matrix ome finds that

> | sin39 t3
: 1+3 cosze)l/2 ; h¢ = r sind; By =

(1 + 3 cos’8)l/2

Furthermore it can be shown that

3 r sind . 5 == 2 cosb
e ’ .
i "1+ 3 cos?e)l/? o (1 + 3 cos®0)l/?
>

& 2 cosb sind

.': r 9 60 = - . r 3 0 =

» n (L+3 cosze)]'/2 ’ o (1 +3 cosze)ll2
; Since the geometry is independent of ¢ the aé are zero.
:f some algebra one finds the remaining c”s,

:i c = l2 cos29(1 + cos)

E nn r sin® (1 + 3 cosze)j[2

- 2

e c =-25 cosd (1 + cos™®)
': no r(1+3 <:osze)3/2

': e = 1 -3 cosze

¥ ' M ¢ s1nd (1L+3 <:osze)1/2

ii c = - 3 cos®

-3 ba r(l+3 cosze)l/2

L! c = 3 sind (1 + cosze)

o an r(l+3 c0829)3/2
¥ 17

e

-\:,

g

........
............

(53)

(54)

(55)

After

(56)
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(59)
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The coefficlient for the gravity is

r

- - tllJ sin8 To .2 cos 8
gn 800\ T

0
5 & = 8ao (=)
(1 + 3 cos2gyl/2 ' 70 00 (1+3 c0826)

7z (6D

For high altitude magnetospheric problems one can set v = 0, Then

en
2
with @ = eB/m;, = Q@ X and b = (v, /A)n, = v, /2 = v/(21") and w, = Q, +
nievin one finds
r oo e o %% Vin (62)
P w, + v ’ pe w, + v
ie 1 ie in
Q,v n vz
i in {ie in
W7 The T T, (63)
©e vin mie vin
sp - pvinTp; Sy = = vy Ty (64)
Furthermore we note that
fe=g-2Vp, f=-=7p (65)
~1 = o) 1 =~e o} e
which leads to
F =T g=-1(T p+T U ); F =T g-~<(T, Up,~T T ). (66
~p P LI p ‘1 “pe te’’ ~h h& 7%t 1 he''e

We choose the geomagnetic equator (o = 0) as a reference plane. At

the equator one has

=1 ; g=n ; B-A/n3 (67)

@
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Introducing the earth”s rotation w, which means replacing v¢ by v@ +wr

f.:-j sind or u¢ by u‘1> + o, one obtains for the transport terms

: p__1 31, 3 3 41 2

. . Tn B, {Je Tods™ luy 5+ uy 5y, + jprd nn"n

A 31 2 23 2. 21

S + 2 JoT vodsno n =0 Jprd3¢nL“¢+ m) Jprvodsan} (69)

:r,;: P n

A Ty = - g{n JpT ds! [un 3n+“ a¢)u
C

i 23 13

+ + + + 70

v 2 JpT dsgqlugh wjuy + 2 JpT vdsygluyt u)} 70

L,

o

)

= ho 1 32 2

o Th = -'1'3'0'{ JpThd L“n T+ ) ’é_)“ + pTyds uy

o: 22 2 2 12
= + 2 |pT v ds u - n? JoT, d ¢n[u +w)” - JoT v+ T+ Te)dson} (71) :
o N
::'f; :
o h_ _n 22 3 3 i
T 7y LIl Ty ~
-.'.::: + 2 |pT ds32Lu +wju + 2 [oT, v dszzLu +awj}. (72)
. h™ ¢n ¢ n h'g "¢c* 9 J
e
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The final equation can now be written as

R4 P & - W

19 ¥ 1 2 3
nan M B n2 % (Epy 397 73 \
_1 Enp oy %Eng av i
n 3 3s "3 an) s

4

2 2 S

19 3%y 1 3 3 -

* 153 0 Cn wnsd +?T(C¢¢ 56 3t/ N
"

9 P P P _ph h h
5n LnLD¢+T¢+F¢ Dn+Tn+F¢]

[]
S

_13 .p p P h _ . h_ _h
5 ¢an+Tn+Fn+D¢ Ty F¢J,

where all symbols have been previously defined.

VIi. SUMMARY
We have presented a set of equations for large scale simulation

studies of plasma systems 1in the electrostatic approximation. The

equations are written for a generalized geometry as well as for a dipole

fz’ geometry which is suitable for the earth”s magnetosphere. B
2 :
5 :
i 0!
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01CY ATTN ERNEST BAUER 01CY ATTN W.L. IMHOF DEPT 52-12 :
01CY ATTN HANS WOLFARD 01CY ATTN RICHARD G. JOHNSON
01CY ATTN JOEL BENGSTON DEPT 52-12 1
01CY ATTN J.8. CLADIS DEPT 52-12 )
INTL TEL & TELEGRAPH CORPGRATION {
500 WASHINGTON AVENUE MARTIN MARIETTA CORP y
NUTLEY, NJ 07110 ORLANDO DIVISION 1
01CY ATTN TECHNICAL LIBRARY P.0. BOX 5837 ]
ORLANDO, FL 32805 {
o JAYCOR 01CY ATTN R. HEFFNER
F’;f 11011 TORREYANA ROAD
s P.0. BOX 85154 M.I.T. LINCOLN LABORATORY i
b SAN DIEGO, CA 92138 P.0. BOX 73
AN 01CY ATTN J.L. SPERLING LEXINGTON, MA 02173
e 01CY ATTN DAVID M. TOWLE
g 01¢Y ATTN L. LOUGHLIN
el 01CY ATTN D. CLARK
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MCDONNEL DOUGLAS CORPQRATION
5301 BOLSA AVENUE
HUNTINGTON BEACH, CA 92647
01CY ATTN N. HARRIS
01CY ATTN J. MOULE
01Cy ATTN GEORGE MROZ
01CY ATTN W. OLSON
01Cy ATTN R.W. HALPRIN
01CY ATTN TECHNICAL
LIBRARY SERVICES

MISSION RESEARCH CORPORATION
735 STATE STREET
SANTA BARBARA, CA 93101
01CY ATTN P. FISCHER
01CY ATTN W.F. CREVIER
01CY ATTN STEVEN L. GUTSCHE
01Ccy ATTN R. BOGUSCH
01CY ATTN R. HENDRICK
01CY ATTN RALPH KILSB
01CY ATTN DAVE SOWLE
01CY ATTN F., FAJEN
01CY ATTN M, SCHEIBE
01CY ATTN CONRAD L. LONGMIRE
01Cy ATTN B. WHITE
01CY ATTN R. STAGAT

MISSION RESEARCH CORP.
1720 RANDOLPH ROAD, S.E.
ALBUQUERGUE, NEW MEXICO 87106
01CY R. STELLINGWERF
01CY M. ALME
01Cy L. WRIGHT

MITRE CORPORATION, THE

P.0. BOX 208

BEDFORD, MA 01730
01CY ATTN JOHN MORGANSTERN
01CY ATTN G. HARDING
01CY ATTN C.E. CALLAHAN

MITRE CORP
WESTGATE RESEARCH PARK
1820 oOLLY MADISON BLVD
MCLEAN, VA 22101
01CY ATTN W. HALL
01CY ATTN W, FOSTER

PACIFIC~-SIERRA RESEARCH CORP
12340 SANTA MONICA BLVD.
LOS ANGELES, CA 90025

01Cy ATTN E.C. FIELD, JR.

PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802

(NO CLASS TO THIS ADDRESS)

01CY ATTN IONOSPHERIC RESEARCH LAB

PHOTOMETRICS, INC.
4 ARROW DRIVE
WOBURN, MA 01801
01CY ATTN IRVING L. KOFSKY

PHYSICAL DYNAMICS, INC.
P.0. BOX 3027
BELLEVUE, WA 98009

01CY ATTN E.J. FREMOUW

PHYSICAL DYNAMICS, INC.
P.0. BOX 10367
OAKLAND, CA 94610

ATTN A. THOMSON

R & D ASSOCIATES

P.0. BOX 9695

MARINA DEL REY, CA 90291
01CY ATTN FORREST GILMORE
01CY ATTN WILLIAM B. WRIGHT, JR.
01CY ATTN WILLIAM J. KARZAS
01CY ATTN H. ORY
01CY ATTN C. MACDONALD
01CY ATTN R. TURCO
01CY ATTN L. DeRAND
01CY ATTN W. TSAI

RAND CORPORATION, THE

1700 MAIN STREET

SANTA MONICA, CA 90406
01CY ATTN CULLEN CRAIN
01CY ATTN ED BEDROZIAN

RAYTHEON CO.
528 BOSTON POST ROAD
SUDBURY, MA 01776

01CY ATTN BARBARA ADAMS

RIVERSIDE RESEARCH INSTITUTE
330 WEST 42nd STREET
NEW YORK, NY 10036

01CY ATTN VINCE TRAPANI
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SCIENCE APPLICATIONS, INC.
1150 PROSPECT PLAZA
LA JOLLA, CA 92037
01CY ATTN LEWIS M. LINSON
01CY ATTN DANIEL A. HAMLIN.
01CY ATTN E. FRIEMAN
01¢Y ATTN E.A. STPRAKER
01CY ATTN CURTIS A. SMITH
SCIENCE APPLICATIONS, INC
1710 GOODRIDGE DR,
MCLEAN, VA 22102
01CY J. COCKAYNE
01CY E. HYMAN
SR1 INTERNATIONAL
333 RAVENSWOOD AVENUE
MENLO PARK, CA 94025
01CY ATTN J. CASPER
01CY ATTN DONALD NEILSON
01CY ATTN ALAN BURNS
G1CY ATTN G. SMITH
G1€CY ATTN R. TSUNODA
01CY ATTN DAVID A. JOHNSON
01CY ATTN WALTER G. CHE3NUT
01CY ATTN CHARLES L. RINO
01CY ATTN WALTER JAYE
01CY ATTN J. VICKREY
01€CY ATTN RAY L. LEADA3RAND
01CY ATTN G. CARPENTER
01CY ATTN G. PRICE
01CY ATTN R. LIVINGSTON
01CY ATTN V. GONZALES
01CY ATTN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP

75 WIGGINS AVENUE

BEDFORD, MA 01730
01CYy ATTN W.P. BOQUIST

TOYON RESEARCH CO.

P.0. Box 6890

SANTA BARBARA,
01cY
g1cy

CA 93111
ATTN JOHN ISE, JR.
ATTN JOEL GARBARIND

TRW DEFENSE & SPACE SYS GROUP
ONE SPACE PARK

REDONDO BEACH, CA 90273
01CY ATTN R. K. PLEBUCH
01CY ATTN S. ALTSCHULER
01CY ATTN D. DEE
01CY ATTN D/ STOCKWELL
SNTF/1575
28
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VISIDYNE
SOUTH BEDFORD STREET

BURLINGTON, MASS 01803
01CY ATTN W. REIDY
01CY ATTN J. CARPENTER
01CY ATTN C. HUMPHREY

UNIVERSITY OF PITTSBURGH

PITTSBURGH, PA 15213
01CY ATTN: N. ZABUSKY
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