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EFFECTS OF MAGNETIC AND COLLISIONAL VISCOSITY
ON THE E X B GRADIENT DRIFT INSTABILITY

I. INTRODUCTION

Much has been written in the recent past regarding the ‘freezing’
phenomenon exhibited by ionospheric ion clouds. Recently the debate has
centered upon wvhether the explanation for the phenomenon 1is a 2- or 3-
dimensional effect. We shall not enter that debate here, but rather
investigate one of the more promising 2-D effects, proposed by Sperling
and Glassman (1985). They propose that collisional and magnetic
viscosities, N and n3, respectively, [Braginskii, 1965] suppress the
growth of the éradient drift instability at short wavelengths, and that
this effect can explain the ‘freezing’ phenomenon in both barium ion
clouds and nuclear plumes. The nonlocal stability analysis based on the
full stress tensor presented in Sperling and Glassman (1985) considered
only the asymptotic case of kL << 1 where k is a Fourier wavenumber and L
is the gradient scale length. The results presented in their paper were
quite intriguing and showed that n and ny can exhibit a strong
stabilizing effect on the gradient drift instability.

However, ore must seriously question the applicability of the above
work to barium clouds or nuclear striations since the results are valid
only in the long wavelength 1limit which corresponds to L = 0, and the
stress tensor itself is valid only for L > o5 vhere N is the ion
gyroradius. What are the instability characteristics for finite L, and in
particular for kL ~ 0(l) as we expect it to be for some cases of interest.
This poses a difficult numerical problem, and has not henceforth yielded
to solution. However, we have recently developed numerical techniques
which allow us to solve the 1linearized equations for the full stress
tensor, and to investigate the applicability and validity of the long
vaveleagth asymptotic results. We find that the gradient scale length L
does have a strong effect on the growth rate, and thus that long
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vavelength analysis is often inadequate for realistic parameters.

II. FUNDAMENTAL EQUATIONS

The equations describing a two dimensional plasma in a plane
perpendicular to an ambient magnetic field B have been given in many
places [e.g., Mitchell et al., 1985]. What is new here is the presence of
terms which account for magnetic and collisional viscosity. As with
Sperling and Glassman (1985), we shall ignore all electron collisions. Ve
shall do this because we do not wish to address the effects of these
collisions (primarily diffusion) here, and because the diffusion induced
by these collisions precludes the attainment of a true equilibrium upon
which to perform a stability analysis.

Consider a two dimensional plasma consisting of ions and electrons,
embedded in a neutral gas and in a constant ambient magnetic field B
perpendicular to the plasma plane. If we neglect ion-electron collisions,

the momentum equation describing species « is

9 qa Y-c: x B VPcz ~e
(5? * Y v)!a *m (~ M c ) - van(!a - gn) “nm T&*'m (1)
a -y «

where the subscript a« denotes the plasma species (i for ions, e for
electrons, for example), n is the species number density, v is the species
fluid velocity, P_ = n kT is pressure, E is the electric field, g is the
gravitational acceleration, q is the species charge, Voo is the species
collision frequency with the neutral gas, Qn is the neutral wind velocity,
¢ is the speed of 1light, kB is Boltzmann’s constant, m is the species
particle mass, and L is the "force"” per particle due to the h1 and n3

terms in the Braginskii stress tensor. We can rewrite this equation as




Ee]

[+ 3
/g (ax ) -0 @
where
Fe = B * Eqo(¥y) (3)
Eal = an + mm g + vanma gn - VPQ/na (4)
F ,(v) = - [Q_ + Ve V)v m +L(v)-v mv (3)
~a2 ~a at ~ ~0 o ~ ~ot an a~a

If ve place ourselves in a Cartesian coordinate system in wvhich B is

aligned along the z axis then (2) yields

s =—=—F xe_. (6)

Strictly speaking, this equation only applies to the perpendicular

component of Vo Ve assume Fa“ = 0 so that v | = 0. Note that (6) above

o

is actually an implicit expression for V! since Euz is a function of Vo

Hence Yo is solved iteratively. We define

tal =3 B Fa ¥ ¢, N
and
V.= ==F . (v.)x é (8)
~x2 an ~al * ~al z
Then v, can be approximated as
Yo Yol * Y2 (9)

The success of this procedure obviously depends on Eaz being small with

respect to Eal’ i.e., 1) << Vel




The reader will perhaps be disturbed by the absence of explicit
collision-frequency-dependent Pedersen and Hall mobilities. Indeed, the
above procedure is not the one wusually followed, wherein the term V"ol
is included in (2) rather than (5) (e.g., Zalesak et al., 1985). The
procedure used here is less accurate than this usual approach (e.g., Hall
currents due to electric fields are totally absent here). However, we use
this simplified set here for three reasons. First, it is accurate as long
as v; /9 << 1 and IFaZI << !Fall; second, it is simple; and third, it is
the approach used by Sperling and Glassman (1985), with whom we wish to
compare our results.

Ve now list the additional assumptions we need to make in order to
recover the linearized equations of Sperling and Glassman (1985). Ve

assume that both the ion temperature Ti and the electron temperature Te

are constants in space and time, neglect all electron collisions, neglect

gravity g, assume quasi-neutrality ( n, = n,=n ), assume singly changed
ions ( G = - 9, = e ), and assume that the electric field is
electrostatic (i.e., E = -~ 7¢). The smallness of L together with our

neglect of electron collisions, allows us to neglect all but the first and

third terms on the right-hand side of (1) for electrons. Thus

.
Vo = Yop = § [E+ (gTyrenmum] x e, (10)
since Eez = 0.
The ion velocities are given by
c .
Vi1 = eB [eg + “inmign - kBTiVn/n] X e, (11)

5 )
Yi2 = eB [’ [5? * Y V)!ilmi + LiCyyy) - “inmi!il] xe, (12)




Vi o= Y51 * Y2 (13)

Letting
¢ = ¢ - (kBTe/e) In n (14)
¥ = ¢+ (kgT;/e) Inn (13)
ve get
v =-5 (v xe,) (16)
s - (- 11_2& Ua) % < (n

To solve for the evolution of the plasma, we shall need two equations:
(1) a continuity equation for electrons or 1ions, and (2) an equation for
current continuity and quasi-neutrality, i.e., vV - J = 0 wvhere J is the
electric current en(!i - !e). We choose the electron continuity equation

for simplicity:

an ¢ -
T=-9 () =7 Gg nvé x eZJ (18)

The current density is given by




in )
7 -J =29 [ne(!iz -l R ez)] (20)

If ve denote the x and y components of Vi1 3s U and v, respectively, and

denote partial differentiation by subscripts, then we can write

n -
1{ Mo ‘
oy = HE )+ )+ )y - (), - ), o
n .
1
* E{ 3 D)y - (nlu)y - (nBNJy * (nlN)x - (n3MJX}ey (21)
vhere
D=ux+vy=0 (22)
C
M= u, - vy = -2 5 (wxy) (23)
N=u, o+ = (e - “'yy) (24)
Ny = 0-96 A (25)
n o F 1.203% 4 2.23 (26)
1 2+ 4.030% + 2.33
—_— 23 . 2.38) 27)
3 2440302 4 2033
n.kK, T,
- B
n= =5 (28)
11
X = 28 (29)
V..
11




Q = — (30)

23.4 - 1.15 loglo(ni) + 3.45 loglo(Ti)

21172 i
A < — (31)
ii 3 x 107 (AJ 3/2

N

Here Vi is the ion-ion <collision frequency, A 1is the ion atomic mass,
and Qi is the ion cyclotron frequency ({[Braginskii, 1965, Sperling and
Glassman, 1985]. Ti in (31) is expressed in eV.

Noting that

[ in'i
g xes § (V- oY) (3D

we obtain equations

¢ a e N m.~
Yi2 = eB -"'i(s?*!n' V*“in]ﬁ(w-—e Un]

+ 5Ly X éz (33
and
v-J= v [ne;,i—z~nxéz]+v J,
cz 9 Vin"i ]
-9 [?""‘i('ﬁ*‘-’-n’v*\’in)(w' L gn)J (34)
vhere
0.3, =0 (nE () e 3y T g (35)
TN R 3 S D AR RS 2 (O I (OB S




[nl(wxxx * wxyy] * anywxy * nlx(wxx - wyy]]

- %; - n [wyyy . "'xny - My, Ny (Ve - wyy]]} (37)

(38)

2
= 97 { %E [n3(wyyy * l"xxy) * 2y - n3y(wxx - wyy)]

B %§ [n3(wxxx * wxyy) * 2n3ywxy *+ n3x(wxx - Wyy)]} (39)

The final equations describing our plasma are then

an ¢ -
3t B (V\V X ez) Vn =
2 : v,
c ] _ _o. in
9 [(BZ nml) (at + v11 v =+ vinJVw] = ¢ [ne —-Qi
Note that we have dropped the small term © -

consistent with Sperling and Glassman (1985).

U x ez] + 9 - J. .+ 9 J

0 (40)

~R

(41)

2,2, .
[engnvin/Qi] in (41) to be

Note also that in the above

equations, electron and ion temperature can change the plasma evolution
only through N and n,. This 1is a result of our assumptions of no
electron collisions, and of spatially wuniform ion and electron

temperatures.




III. STABILITY ANALYTSIS

We consider the following equilibrium condition, which we denote by
zero subscripts. Ve take Uy and hence “10 and n30 to be functions of y

only, and Qn to be constant and in the y direction

Mo Mo Mo (42)
ax = ax T ox -
Uy = U oy (43)

This equilibrium configuration is characterized by

Y = 0 (44)

s— U e (453)

(The reader may have noticed that this appears not to be an equilibrium
since vVi20 # 0; this is a consequence of errors introduced in the Sperling
and Glassman (1985) ordering. If the treatment had been the more accurate
classical one, a true equilibrium would be obtained.)

Ve introduce the perturbation quantities

n(x,y,t) = ng(y) + Ay, t)elk® (46)

W(x, ¥, ) Wy, tyetkr, (47)

Linearizing (40) and (41) we find that

~ an
an C O p
% ‘8 iky 3y =0 (48)
9




a 3 2;, 8 03 (2 Jin ]
ay [°p0 ay] apOk v+ y [Vin Iy (at v+ ik Ql Unw]
g v, v,
PO ,2(3 & g A0 . in A 5 .3
023§+ ik 22U ) - FRUeiki + V- T 40 T
in i i
(49)
vhere
n,ce v,
0 in
% T B g (30)
v 20 = ;f [2n10y(wxxy * wyyy)
* Moyy ("’yy - wxx)
* nlo(wxxxx * 2wxxyy * wyyyy)] (31)
v {R = ;7 [- 2“30y(wxxx * wxyy) - zn30yy wxy] (32)

The usual approach to stability analysis is to ﬁse the following

substitutions

%{- s ik (53)
%; » i@ (54)

in (48) and (49); thereby eliminating either n or ¥, and obtaining an
eigenvalue problem for a fourth order differential operator. This is the
approach used in Sperling and Glassman (1985), which yielded an equation
they solved only in the long wavelength 1limit. Here we solve the problem

with no approximations by treating equations (48) - (52) as an initial

10




value problem, using a random seed perturbation. All derivatives,
including temporal derivatives, are discretized using standard finite
differences. Assuming that there 1is a fastest-growing eigenmode, this
mode will emerge from the noise, eventually reaching a point where, on a
relative scale, it is virtually the only mode left in the system. At this
point both the fastest growing eigenmode and its complex eigenfrequency
have been isolated. Before we move on to these results, let us look at
two limiting cases for which solutions are somewhat easier to obtain: the

asymptotic cases of long- and short-wavelength limits.

IV, ASYMPTOTIC RESULTS: SHORT- AND LONG-WAVELENGTH LIMITS

A. Short-Wavelength Limit

Ve consider first the short-wavelength 1limit kL >> 1, wvhere L =
no(an()/ay)"1 is the gradient scale length. Ve take the perturbation
quantities in (48) - (52) to be 1invariant in y. Making the substitutions

(53) and (54), (48) and (49) become

_ e ano -
1wn=-§1k§y—-w (55)
2 5 _ 1 %o 21w+ 1 hel )i A0y aika
- cpok vy -1 v k“fiw + ik 9 Un ¥ = 3 Unelkn
in i i
< Ny K+ 0 kY s 20, ik |d (56)
a2 |Moyy 10° * “Myoyltk v
where I is a flag on ion inertia (I = 1 to retain ion inertia, I = 0 to

neglect it). Solving (56) for n, and substituting into (55) we obtain

11




r——_—-__

Q. o v,
s i 2 p0 27, . in
10)[-_—"—] - g k - I k iw + 11( — U
ivinUnek [ p0 Yin ( Qi n]
2 an
c 2 4 : 3] e 0
-5 ("‘10 k® e ny ok’ 2nyq ik ] - - fik g (57)
Noting that (Qi/vine) apO = (c/B)no, dividing through by this quantity,

and multiplying by iUnk, ve obtain

v, 2
i

. 2 2 -1/, . n c ~1
1w[— k® - Ik vio (1@ + ik 5;— Un) - 82 950 (nlcyyk

2

1

an
LDy (58)
0

4 .3 2
+ nlok + 2h30y1k )] = k 5;— n

This is simply a quadratic equation for w of the form

sz

+ B+ C =0 (59)
with

(60)
v, 2 1

. in ., C 2 .
Ba-ivIv e 2o - 57 %0 (”myy ekt 2 n3oy1k) (61)

(62)

12




An instructive look at how the n, and n, terms might contribute to
the stabilization of the gradient drift instability is obtained by first
dropping ion inertia (setting I = 0), and looking at the collisional

limit. Then

dn 2 -1
. 1 0 c -1 2

The growth rate vy is given by minus the imaginary part of w:

2

an
1 0 c -1 2
- Yy as y [1+ gf %0 (nIOyy + Myok ]]

0
Y=
2 2 2 2
¢ -1 2 c -1
{1 + ;7 upO(nIOyy + nlok )} + [2 ;7 UpO n30yk]

(64)

One can note that the n3 terms always act to stabilize the collisional
short-wavelength limit, but that the n, terms need not always be similarly
stabilizing.

In the limit of small vii/Qi (low electron density) (25) - (31) yield

nykyTy vyy° Vi
nl = 1.2 -~ 7 - 0.3 nkBTi -5 (65)
ii 49, Q.
i i
n. kT, V..
i"B i ii 1
Ny = ST 79, = 7 ReTi/Y (66)
ii i
Since the mean thermal ion gyroradius G is given by
k,T.
B
of = = (67)
m, K.
i"i
and since
éd‘l_?.i;__B_S.z._ii_c__ (68)
BZ P v, nce ;2 v, Bne
in in

13




then

2 Q.

Q.
c -1 i ¢ ] 2 i 21 0
—— = 2 —— —_— = . . Q. = —— . e ——
2 B2 c’pO n3Oy Yin Bnoe y (% Bofi M 1] Yin i ng y (69)
Thus, if we let vii/Qi + 0 wve get
UO/L
Y = - (70)
2,2 4,2 2
1+ Qi k Py /L Vin
vhere we have defined
an
L‘l = L (._9.) (71)
n, dy

Recall that this expression 1is valid for the collisional, short
wvavelength limit in the low electron density regime (vii/s'zi + 0). Huba
and Zalesak (1985) have shown that the long wavelength limit (kL << 1) can
often be obtained from the short wavelength 1limit by making the simple

substitution 1/L > k(M - 1)/(M + 1), yielding

~.]-1
M -1 - 12 474
*CTHe1 k”o[l - ) °1] (72)
- *
R bl 1 (73)
in

Here M is the ratio of the electron densities on either side of the
discontinuity. This collisional long wavelength limit has been obtained

rigorously by Sperling and Glassman (1985). It is obvious that Ny effects

14




will strongly damp the instability whenever
1/2
ke 2 (%4a/%]) (74)

in this short wavelength collisional limit.

B. Long-Vavelength Limit
By the long-wavelength limit (kL << 1) we mean the solution to the

linearized equations (47) - (52) with

ny(y) = (75)
n, =Mn .5 ¥y 2y,

The concept of the long wavelength 1limit within the context of the
stability of ionospheric ion c¢louds was introduced by Huba and Zalesak
(1983), and has become a standard analysis tool in the field. The logic
behind the use of the 1long wavelength 1limit rather than the older short
vavelength 1limit is that the <clouds in question tend to steepen
considerably before structuring, making the analysis of a very steep
density jump a more plausible approximation than that of a smooth
exponential profile. One of the primary purposes of this paper is to
compare the long wavelength results with those of continuous, more
realistic profiles, in order to ascertain the applicability of the long

vavelength approximation for realistic clouds.
The equations describing the long-wavelength 1limit are derived in
Sperling and Glassman (1985), and we shall not repeat that analysis here.

Suffice it to say that the equations are easier to solve than the full set

15




(48) - (52), and that we have developed software which reproduces the

Sperling and Glassman (1985) results, for comparison purposes.

V.  NUMERICAL RESULTS
A. Long-Wavelength Comparisons
All of the results we report here are for an atomic oxygen plasma (m,

= 16.0 mp), Ti = 0.1 eV, and use the following profile for n,

ng = n<[1 - B (1 . tanh(y - yo]]J (76)

n, = 105 cm_3, M = 1000, and Yo is the center of our computational domain

in all of our problems. Three different values of vy, ave used, meant to

span a wvide range of altitudes: Vin = 10 sec-l (160 km altitude), Vip = 1

sec™! (250 km altitude) and v, = 0.1 sec”!

(500 km altitude). The
neutral wind velocity Un was taken to be Un = - 100 m/s in all cases.

Since our primary goal in this paper is to examine the applicability
of long wavelength asymptotic theory to realistic situations with finite
gradients, we shall compare calculations in which only LO changes in (76).
Note that the long wavelength limit corresponds to Lo » 0.

Figure 1 shows results for the case Vip = 0.1 sec—l. Displayed is a
plot of v vs. k for LO =0, 20 m, 100 m, 250 m, 500 m and 1000 m. Figures
2 and 3 shov results for the cases v, = 1 sec’l and 10 sec'l,
respectively. The solid curve is for LO = O m and is based on the exact
asymptotic dispersion equation; the curves labelled A, B, C, D, and E are
for LO =20m, 100 m, 250 m, 500 m, and 1000 m, respectively, and are

based on numerical solutions to (48) - (52). Missing data corresponds to

cases where convergence to an unambiguous fastest-growing eigenmode could

16




not be obtained with the present code.

It is obvious from Fig. 1-3 that the value of L does substantially
affect the growth rate y. There are two equally important aspects of this
issue which bear on our discussion here. First, there is the absolute
effect of L on vy, all other parameters being held fixed. From a look at
Figs. 1-3, the reader can see that the growth rate for a finite L is
always smaller than that for L = O, and that, in general, increasing L
decreases v, all other parameters being held fixed. The degree to which
this reduction takes place does seem to be a function of the ion-neutral
collision frequency, with the effect being largest for large Vg and
smallest for small Vin

The second, perhaps more important, aspect of the effects of finite
L, is the degree to which L affects the k for which y(k) maximizes, kmax'
Ve shall also be interested in the degree to which the curve y(k) is
sharply peaked about kmax' Both of these issues are highly relevant to
the freezing models which have been proposed [Glassman and Sperling, 1987,
Zalesak et al., 1988]. Again referring to Figs. 1-3, the reader will note
that the effect of increasing L is to make kmax smaller. Since kmax is in
fact the freezing scale for many freezing models, this is a very important
effect. The effect of increasing L on the degree to which the curve v(k)
is sharply peaked is more difficult to describe. As L is increased from O
to 20 m. the curve becomes more sharply peaked, which is a desirable
attribute for the freezing model of Zalesak et al. (1988). However, it is
clear that as L is further increased, the curve eventually becomes less
sharply peaked with increasing L. Thus larger values of L may make some

freezing models which depend on y(k) being sharply peaked about kmax less

desirable.

17




B. Short-Wavelength Comparisons

Having compared true growth rates with long-wavelength asymptotic
results, and found the asymptotic results lacking to some degree,
especially at short wavelengths, it is natural to assume that perhaps the
short-wvavelength limit, (58) - (62), might be a fairly good approximation
in this regime. However, it is not clear how to apply (58) - (62) to our
profile (76), since the spatial derivatives of nys “1' and n3 are
functions of y. Ve have chosen to evaluate y(y) as given by (58) - (62)

at every point in y of the profile (76), and to take

Yoy = X v(y), -2y L+ @ (77)

In Fig. 4 we compare YSuL with the numerically computed solution for
the case L = 1000 m, for all three values of T (0.1, 1.0, 10.0 s'l).
Note that there is excellent agreement for kL > 10, but that there can be
substantial disagreement for kL =~ 1. In Figs. 5-7, we showv the same
comparison for the cases L = 500 m, L = 250 m, and L = 100 m,
respectively. Again, note that kL must be considerably larger than 1 to
obtain good agreement between the curves, and that there are substantial
errors in YsLy for kL ~ 1.

Ve introduce some bit of mystery here. The reader may note by

comparing curve D (v, = 0.1) of Fig. 4-7 that seems to be

in YsvL

asymptoting to a ¥y independént of L for large k 1in this highly

collisionless case. Ve do not as yet have an explanation for this

phenomenon.
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C. Relative Effectiveness of N and Ny

Finally in this section we wish to give the reader a feeling for the
relative effectiveness of the n and n, terms on the growth rate of y. In
Fig. 8 we show a plot of v vs. k for the case LO = 20 m, and all three
values of vin (0.1, 1.0, and 10.0 s_l), but with Ny =Ny = 0. 1In Fig. 9
ve show an identical plot, but for h3 = 0 (with Ny taking on its actual
values). In Fig. 10 we showv a ploi vith both nl and ny set to actual
values. Note that the achievement of peaked values of y(k) came only when
n3 terms were taken into account, making it the primary piece of relevant
physics for freezing models based on a kmax' This is verified by Fig. 11,
wvhere we show a similar plot with n o= 0, and only h3 terms "turned on".
Ve do not as yet have an explanation for the turning up of y(k) for Vg =

0.1 at very large k in Fig. 11. (Ve find that making L smaller makes the

turning up vanish, in agreement with the true L = O result.)

VI. CONCLUSIONS

We have examined the role of magnetic and collisional viscosity (the
n3.and nl terms, respectively, in Braginskii’s stress tensor) on the E x B
gradient drift instability, paying special attention to the degree to
which the gradient scale length L affects curves of y(k). In particular,
we wished to know the size of the error introduced by assuming L to be
zero (the long-wavelength 1limit). Ve conclude that in addition to
affecting v in an absolute sense, increasing L to a finite value decreases
k , the k for which y(k) maximizes, and also affects width of the peak

max

of y(k) at kmax' Both of these results have large effects on freezing
models. We have also examined the applicability of the old short-
wvavelength limit, or 1local analysis, and found that significant errors

would be made unless kL is very large (~ 10).
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PALQ ALTO, CA 94304
01CY ATTN MARTIN VALT/
DEPT 52-12
01CY ATTN W.L. IMHOF/
DEPT. 52-12
01CY ATTN RICHARD G. JOHNSON/
DEPT. 52-12
01CY  ATIN J.B. CLADIS/
DEPT. 52-12
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MARTIN MARIETTA CORPORATION
ORLANDO DIVISION
P.0. BOX 3837
ORLANDO, FL 32803
01CY ATTN R. HEFFNER

MCDONNELL DOUGLAS CORPORATION
5301 BOLSA AVENUE
HUNTINGTON BEACH, CA 02647

01CY ATTN N. HARRIS

01CY ATTN J. MOULE

01CY ATTN GEORGE MROZ

01CY ATTN V. OLSON

01CY ATTN R.W. HALPRIN

01CY ATIN TECHNICAL LIBRARY

SERVICES

MISSION RESEARCH CORPORATION
735 STATE STREET
SANTA BARBARA, CA 03101
01CY ATIN P. FISCHER
01CY ATIN V.F. CREVIER
01CY ATTN STEVEN L. GUTSCHE
01CY ATTN R. BOGUSCEH
01CY ATIN R. HENDRICK
0l1CY ATTN RALPH KILB
01CY ATTN DAVE SOVLE
01CY ATTN F. FAJEN
01CY ATTN M. SCHEIBE
01CY ATTN CONRAD L. LONGMIRE
0l1CY ATIN B. WHITE
01CY ATTN R. STAGAT
01CY ATIN D. KNEPP
01CY ATIN C. RINO

MISSION RESEARCH CORPORATION
1720 RANDOLPH ROAD, S.E.
ALBUQUERQUE, NM 87106

01CY ATTN R. STELLINGWERF

01CY ATTN M. ALME

01CY ATIN L. WRIGHT

MITRE CORPORATION
WESTGATE RESEARCH PARK
1820 DOLLY MADISON BLVD
MCLEAN, VA 22101
01CY ATTN V. HALL
Q1CY ATIN W. FOSTER

PACIFIC-SIERRA RESEARCH CORP
12240 SANT2 MONICA BLVD
LOS ANGELES, Ca 90025

Q1CY ATTN E.C. FIELD, JR
PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802
UNIVERSITY PARK, PA 16802

01 CY ATTN IONOSPHERIC

RESEARCH Labd

PHOTOMETRICS, INC.
4 ARROW DRIVE
WOBURN, MA 01801
0lCY ATTN IRVING L. KOFSKY

PHYSICAL DYNAMICS, INC.
P.0. BOX 10367
OAKLAND, CA 04610

0ICY ATTN A. THOMSON

R & D ASSOCIATES

P.0. BOX 9695

MARINA DEL REY, CaA 90291
01CY ATTIN FORREST GILMORE
0l1CY ATTN V.B. WRIGHT, JR
01CY ATTN W.J. KARZAS
01CY ATTN H. ORY
01CY ATTN C. MACDONALD
01CY ATIN BRIAN LAMB
01CY ATTN MORGAN GROVER

RAYTEEON CORPORATION
528 BOSTON PQST RQAD
SUDBURY, MA 01776
01CY ATTN BARBARA ADAMS

RIVERSIDE RESEARCH INSTITUTE
330 WEST 42ND STREET
NEV YORK, NY 10036

01CY ATTIN VINCE TRAPANI

SCIENCE APPLICATIONS
INTERNATIONAL CORPORATION

10260 CAMPUS POINT DRIVE

SAN DIEGO, CA 92121-1322
01CY ATTN L.M. LINSON
01CY ATTN D.A. HAMLIN
01CY ATTN E. FRIEMAN
01CY ATTN E.A. STRAKER
01CT ATTN C.A. SMITH
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SCIENCE APPLICATIONS
INTERNATIONAL CORPORATION

1710 GOODRIDGE DRIVE

MCLEAN, VA 22102
01CY  ATTN 7. COCKAYNE
01CY ATIN E. HYMAN

SRI INTERNATIONAL

333 RAVENSWOOD AVENUE

MENLO PARK, CA 94025
01CY ATIN J. CASPER
01CY ATTN DONALD NEILSON
01CY ATIN ALAN BURNS
01CY ATTN G. SMITH
01CY ATTN R. TSUNODA
01CY ATTN D.A. JOHNSON
01CY ATIN W¥.G. CHESNUT
01CY ATTN C.L. RINO
01CY ATTN VALTER JAYE
01CY ATTN J. VICKREY
01CY ATTN R.L. LEADABRAND
01CY ATTN G. CARPENTER
01CY ATTN G. PRICE
Q1CY ATTN R. LIVINGSTON
01CY ATYN V. GONZALES
01CY ATIN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 VIGGINS AVENUE
BEDFORD, MA 01730

01CY ATTN V.P. BOQUIST

TRV DEFENSE & SPACE SYS GROUP
ONE SPACE PARK -
REDONDO BEACH, CA 90278
01CY ATIN R.K. PLEBUCH
0l1CY ATIN S. ALTSCHULER
01CY ATIN D. DEE
01CY ATTIN D. STOCKWELL/
SNTF/1575

VISIDYNE

SOUTH BEDFORD STREET

BURLINGTON, MA 01803
01CY ATTN V. REIDY
01CY ATTN J. CARPENTER
01CY ATIN C. HUMPHREY

UNIVERSITY OF PITTSBURGH
PITTSBURGH, PA 13213
01CY ATTN N. ZABUSKY
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