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ON THE SPATIAL POWER SPECTRUM OF THE E X B GRADIENT DRIFT
INSTABILITY IN IONOSPHERIC PLASMA CLOUDS

Experimental studies of plasma clouds in the ionosphere

[ Rosenberg, 1971; Davis et al., 1974; Baker and Ulwick, 1978]

have yielded much data describing ambient ionospheric conditions,
e.g., electric and magnetic fields. The characteristic initial
steepening, elongation, and striation of E x B drifting plasma
clouds have been studied by applying the linear theory of the

E x B gradient drift instabiltiy, originally developed for lab-
oratory gas discharges [§i222’ 1963] to plasma clouds geometries

[Haerendel et al., 1967; Linson and Workman, 1970; Volk and

Haerendel, 1971; Perkins et al., 1973) . More recently

Chaturvedi and Ossakow [1979] has presented arguments based on

the nonlinear two-dimensional coherent mode coupling of two
Fourier modes of plasma cloud density, following the work of

Rognlien and Weinstock (1975 ], to explain the nonlinear

stabilization and resultant saturated amplitudes and power
spectra of the long wavelength E x B gradient drift instability
in ionospheric plasma clouds.

Numerical simulations [Zabusky et al., 1973; Lloyd and

Haerendel, 1973; Goldman et al., 1974; Doles et al., 1976;

Ossakow et al., 1975, 1977] of the interaction of barium plasma

clouds with the ionosphere have reproduced not only many of the
gross observational features of plasma cloud evolution, but

also their spatial power spectra [Scannapieco et al., 1976],

minimum striation scale sizes [McDonald et al., 1978, 1980]

and outer scale size or correlation length [Keskinen et al,,

1980a; Keskinen and Ossakow, 1980]. In addition numerical
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simulation studies of the E x B gradient drift instability in
local unstable regions of ionospheric plasma clouds [Keskinen

et al., 1980b] have yielded spatial power spectra and satur-

ated wave amplitudes consistent with experimental values.
However, to date, an analytical description of the two-
dimensional spatial power spectra of the E x B gradient drift
instability in ionospheric plasma clouds over a wide range of
wavelengths has not been discussed in detail. In this paper

we show that the spatial power spectra of ionospheric plasma

clouds recently computed from numerical simulation studies and
experimental observations are consistent with conservation laws
implied by the fundamental fluid equations modeling the E x B
gradient drift instability in ionospheric plasma clouds.

For wavelengths much greater than the ion gyroradius
(approximately 10 meters for Ba+ ions in the twilight F region),

the dynamics of the plasma cloud and background ionosphere can

be studied in the fluid approximation [VSlk and Haerendel,

1971; Perkins et al., 1973; Zabusky et al., 1973; Ossakow et al.,

1975]. For large clouds (large magnetic field line integrated
Pedersen conductivity compared with that of the background
ionosphere), the cloud interaction with the background iono-

sphere (second level) can be neglected [Haerendel et al., 1967].

Furthermore, due to the very high conductivity along the mag-

-6
netic field lines (typically cp/o“ = 10 with cp and o“ the

Pedersen and parallel conductivities respectively) the field

lines may be regarded as equipotentials and, as a result, a




field line integrated (two-dimensional) model is justified

[Volk and Haerendel, 1971; Perkins et al., 1973]. In reality,

an artificially injected plasma cloud will, initially, be two-
dimensional in the plane perpendicular to the magnetic field.
But a two—dimensionai ﬁlasma cloud of finite extent is not
stationary [Dungez, 1958] and will distort as it convects. How-
ever, for striation scale sizes less than the ambient cloud Pe-
dersen conductivity gradient scale length and on the faster time
scale on which striations develop, the assumption of one-dimen-
sionality is justified. As a result, in what follows we confine
our attention to local regions of initially slablike (one-
dimensional) ionospheric plasma clouds. This will also facili-
tate comparision with numerical simulation studies.

By adopting a Cartesian coordinate system (x,y,z) with
magnetic field Bé, ambient electric field Eoi, and after trans-
forming to a frame drifting with velocity !o = (ch/B)i, the
two-dimensional model equations for the magnetic field line in-
tegrated plasma cloud Pedersen conductivity Z(x,y) and the self-

consistent plasma cloud electrostatic potential S¢(x,y) can be

written
L 4 £ L x VgV = DVE (1)
vt B -
Ve(I Vép) = E_+VI (2)
where V8¢ = - E(x,y) + Eo, E(x,y) the total electrostatic field,

¢ is the speed of light, V = (3/93x, 3/39y) and D is the cross-

field diffusion coefficient [Perkins et al., 1973] given by

Z(velne)(ckBT/eB) with T the ion and electron temperature,




Ve the sum of electron collision frequencies with plasma cloud

ions and ambient neutrals, kB is Boltzmann's constant, and Qe
the electron gyrofrequency. All other symbols retain their
conventional meaning. Equation (1) results from the magnetic

field line integration (along the z-direction) of the ion con-

tinuity equation, while equation (2) is derived from current

conservation V+.J = 0. ﬁ

By linearizing (1) and (2) and assuming fluctuations in i

magnetic field line integrated-Pedersen conductivity and cloud
{
potential 6I,8¢p « exp [i(kyy + kxx) + ykt] with k+B=0, kL>>1, '

one finds the usual E x B growth rate

Y s

Y = (GE,/BL)(k /k)? - Dk? (3)

-1 i
where k? = k 2 + k 2, L = 31nf /3x. For cE /B = 100 m/sec, I
X y 0 o

L=65%m, D= lmz/sec, the critical wavelength Ac (yk =0) =60 m.

T~y

We will now show that several features of the spatial power
spectra of the E x B gradient drift instabiltiy in ionospheric
plasma clouds as observed in experiments and recent numerical
simulations can be derived by considering the conservation laws
implied by (1) and (2). We can write (1) and (2), after making

the separation I(x,y) = Zo(x) + 86Z(x,y), as follows:

98T c c . 2
+ < . + < “V8L = DV
3t B 2 X Vég VZO g Z X VEeVSL DV<4sL (4)
\ I V%8¢ + 8 Vi8¢ + VI _+Véy + VEL+VEy = E -V (5)

We first multiply (4) by ¢L and integrate over all x and y

finding




’1

"——M

13 _fi2 2 4 ¢ 2 . .
3 at/d X (8Z)c + B./‘d x 0L z xVéy VZO

+ %/dzx $T z xV8g-V8r - D/d?-x §Lv28g = 0 (6)

where dx zdxdy. The third term on the left hand side vanishes

since
/dzxdx zxVlw-VéL
1 2 - h
=3 d x z x V8g.V(8z)? !
1 2 z, ;
= 5 [dx Vel(82)“zxVéy
. = 0 if (SI)+0 as x,y—e = .

~

since V-[(GE)Z z xVch]=z x V8p+V(6z)2., After making the follow-

ing Fourier expansion of €¢I and &y
. '.
§5(x,y) =/d2k'azk‘ elk’°x

sy (x,y) =J/~d2k 8%, olk o2

the second term on the left hand side of (6) can be written

[ 2 2; ' ik'-x - 2 ik*x },

B/d. xfd k 62_15 e _z_xV(/:i k Swhe V):o
. ' .

- E/]dzkd‘k' 1z x kevr_ 6Zk' 6led2x e 1(E'4k)-x

- & 2 20 . . ' '
B[/d k d?k' 4oz x keVIg SI' 8w, 6 (k' +k)

- ¢ 2 z .
B/dk iszVEOGZ_k 5w5

where 6(x) 18 the two-dimensional delta function. The first

and fourth terms in equation (6) are reduced in a similar




manner
1l 3 2 2 o1 3 2 2
3 3¢ [ 44x(s%) 7 3¢ 4%k |685l
and

nﬁZxcz V28 = - /dzk k2fsz, |2

All that remains is to find an expression for 5¢k to
evaluate the second term on the left hand side. Since we are
considering only quadratic nonlinearities only a linear relation

of 6¢k to sz is needed and one can use the linearized version

kc

of equation (5) to find thk in terms of &I

2 Y - [ ]
Zo Vs + VEO Véy Eo veL (Sa)

Inserting Fourier expansions of 8L and 8¢ into (5a) we find

in a straightforward manner

= - . 2
Suy = - (1k-E /KD )6I, (7

Substituting into the Fourier transformed version of the second

term on the left hand side of equation (6) gives

[ 2p (2 . . 2 2
de k (z x k-VZ k <E /k%1) |s>:5|

Equation (6) can than be written as

1l 2 2, - 2
zat‘/‘dn PE /dky!l’k (8)

where P, = i625|2 -le(kx,ky)l2 and i is the linear growth

rate given by




. k. 2 - 2
(k E, zxk VZO/k z) Dk

~<
~

[{
-1 [e]

= (ch/BL) cos?0 - Dk?

where L1 = (1/20)(020/8x) and 0O is the angle defined by k and
E . We note that the nonlinear term does not enter into (8);
the nonlinear term thus conserves energy and may be thought of
as a bridge between the stable and unstable regions of wave-
number space. This property is also shared by several other
nonlinear plasma physics problems, e.g., the two-dimensional
electrostatic guiding center plasma [Montgomerz, 1976], ion-

acoustic shock formation [Ott et al., 1973], and two-dimensional

turbulence in the equatorial electrojet [Keskinen et al,, 1979;

Sudan and Keskinen, 1977, 1979].

In the steady state (3/9t = 0) we can write (8) in polar

coordinates (k* =kx2 + ky2 , tan O = kx/ky) assuming the

spatial power spectrum extends from k to k
min max
k 2n k 2m
c g max 4
[ dk k/ do Yl‘. Pk =/ dk k/ do Yl_c Pl‘. (9)
kmin ° kc °
with Yﬁ = (cEO/BL) cos?0 and Yi = Dk2, As a result the total

power generated in the unstable range of w:venumbers between
kmin and kc, the critical wavenumber, must be balanced by the
power dissipated in the stable regime between kc and kmax under
steady state conditions,

Qur approacn will be to wmake an ansatz for P(k,0) and show

its consistency with (9). Previous numerical simulation studies




[Scannggieco et al., 1976; Keskinen et al., 1980a; Keskinen and

Ossakow, 1980] have shown that the one-dimensional transverse
integrated spatial power spectra of magnetic field line inte-
grated Pedersen conductivity perturbations in the plane per-
pendicular to the magnetic field of initially slablike iono-

spheric plasma clouds can be represented by a power law, i.e.,
dk_ |6Z(k_,k)|2 = (k. 2 + k 2)"%y/2
X x'y y oy
and

2 o 2 2y=n_/ 2
/ dky |6£(kx,ky)| (k 2 + k %) "x

with n = 2, ny = 2-3, and 21r/k° the outer scale size where the
x-axls denotes the direction of plasma cloud E x B drift. These
power spectral indices are in agreement with those derived from

experimental observations [Baker and Ulwick, 1978; Kelley et al,.,

1979] of ionospheric plasma clouds. Recently, the angular de-

pendence of P(k,0) has been studied [Keskinen and Ossakow, 198C]

in the nonlinear steady state regime for initially slablike
ionospheric plasma clouds under different sets of initial con-
ditions. 1In polar coordinates, these studies show that P(k,0)
is anisotropic with maximum power along and near the y-direction
(perpendicular to go x B direction) and suggest that

P(k, 0) = PO cos me (1 + (k/ko)g)—(n+l)/2

with m>0, Po = const, and 21r/k° is the outer scale size. We
note that this form for P(k,0) maximizes in the linearly most
unstable direction (0 = O where © is defined by k and E ). This

anisotropy is a reflection of the fact that nonlinear plasma




cloud striations are elongated much more in the E, x B

direction and this result is also observed in local simulations

of ionospheric plasma clouds [Keskinen et al., 1980b]. The

anisotropic nature of the two-dimensional spatial power spectra
of ionospheric plasma clouds is also consistent with arguments

put forth by Chaturvedi and Ossakow [1979] in discussing the

nonlinear stabilization of the E x B gradient-drift instability
in ionospheric plasma clouds. In addition, this anisotropy is
also observed in experimental plasma cloud studies [M.C. Kelley,
private communication, 1980].

We substitute this ansatz for P(k,0) into the left hand

side of (9) obtaining

Kk
2 ¢
(PocEO/BL)‘/ 40 cos™? Gy‘dk K (1+(k/ko)2)—(n+l)/2
° kmin
(miil) kozl- k 2 k (1-n) /2
F 2 (&N (l—n)/ -n
=(P cE /BL) 2/% (1+(=)2) ’ min, ,
1- k (I+——"-)29)
° ° r (%+2) " l K,
I‘(ﬂﬂ) k 2
= (P_cE /BL) 2/7 2 _°
o0 o F(%+2) n-1

where T'(p) is the Gamma-function defined by

[w( - [” p-l -X
p) = dx x e
o

and we have assumed kg ko’ k ; k; kc and n>l, Similiarly the

mi

right hand side of (9) gives

h




- N l“il L
PoD 2v 7 r( 2 ) ko

r(3+1) 3-n o

We note that since the left and right hand sides of (9)

must be positive, the spectral index lk n<3. This implies that
the steady state spatial power spectrum can be represented by
a power law. Ecuating the power generated in the unstable re-
gion to the power dissipated and solving for the outer scale

wavenumber ko we find

m+ 1 m
- —5- = BL
ko \ND o3 () G2 CEo/Bly (10)
~ n- + Dk _?
kmax n-l F(%+1) r (mzé) max
For an inverse power law with spectral index n = 2 and a cos<0
21
angular (m = 2) dependence we find koaL . This scaling of out-

er scale wavenumber ko with the initial Pedersen conductivity
gradient scale length when n=2-3 is consistent with recent numeri-

cal simulation studies of the E x B gradient drift instability

in ionospheric plasma clouds [Keskinen et al., 1980a; Keskinen

and Ossakow, 1980]. Furthermore, by taking D = 1 m?/sec,

L =6 km, V. = cE /B = 100 m/sec, 2n/k = 20 m [McDonald
) ) max —_—

et al., 1978; Baker and Uliwick, 1978] we find from (10) that
27/k =200 m.

o

We further note that these resuits may also be applicable

to the natural ionosphere since if one replaces the terms

PV48s and EJVGZ in (4) and (5) with —vRéz a“d(gki/“ig'V6z'




respectively, where VR is a recombination rate, g denotes
gravity, and Yin the collision frequency with neutrals, then
(4) ard (5) are similar to the equations that describe the col-

lisional Rayleigh-Tayloxr instability [Ossakow et al., 1979] in

the equatorial F layer. The adaptation of this method to t he
collisional Rayleigh-Taylor instability and current convective
instability is now in progress.
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(e 1]
LIVERMORE O(VISION FLD COMMAND DNA
DEPARTMENT OF OEFENSE
LAWRENCE L] VERMORE LABORATORY
P. O. 80x 808
LIVERMORE, CA 550
01CY ATTN FCPRL

O(RECTOR
NAT[OMAL SECURITY AGENCY
DEPARTMENT OF DEFENSE
FT, GEORGE G. MEADE, MD 20755
01CY ATTN JQrN SKILLMAN RS2
J1CY ATTN FRANK LEONARD
01CY ATTN wib PAT CLARK
0I1CY ATYN OLIVER n. BARTLETY w32
0lCY ATTN RS

COPMANDANT
NATO SCHOOL (SMAPE )
APO NEW YORK 09172
01CY  ATTN U.5. J0CUMENTS OFFICER

UNDER SECY OF DEF FOR RSCH § ENGRG
DEPARTMENT JF OEFENSE
WASHINGTON, O.C. 20301

01CY ATTN STRATEGIC & SPACE SYSTEMS (OS)

WMCCS SYSTEM ENGIMEERING ORG
WASHINGTON, O.C. 20305
01CY ATTIN R, CRANFORD

COMMANDER /O {RECTOR

ATMOSPERIC SCIENCES _ABORATORY

U.S. AkMY ELECTRONICS COMMAND

WHITE SANDS ™ISSILE RANGE, Nm 88002
01CY ATTN DELAS-EO F. NILES

OIRECTOR

AMD ADVANCED TEQM CTR

MUNTSVILLE OFFICE

P, 0. 80X 1500

MUNTSVILLE, AL 35807
OlCY ATTN ATC-T MELVIN T, CAPPS
01CY ATTN ATC-O w. DAVIES
0ICY ATTN ATC-R DON RUSS

PROGRAM MANAGER
8D PROGRAM OFF CE
$001 £1SENOMER AVENUE
ALEXAMNDRIA, vA 22333
OLCY ATTN DACS-OMT . SNEA

CHIEF C-€ SERVICES OIVISION
U.S. ARMY COMPMUNICATIONS CMD
PENTAGON AM 18269
WASHINGTON, D.C. 20310
0ICY ATYN C-E-SERVICES OLlVISION

COMMANDER

FRAOCOM TEOWICAL SUPPORT ACTIVITY

DEPARTMENT OF TrE ARMY

FORT MONPOUTH, N.J. 07703
0ICY ATTN DRSEL-ML-AD M. BENET
01CY ATYN DRSEL-PL-ENV H. BOMKE
0ICY AYTN y. €. QUIGLEY




COMMANDER

HARRY O(AMOND LABORATORIES

OEPARTMENT OF THE ARMY

2800 POWOER MILL ROAD

ADELPMI, MD 20783

(CNWD [ - INNER ENVELOPE :

01CY ATTN DELHO-TI M, WEINER
01CY AYIN DELHO-RS R. wWiLLIAMS
QICY ATTN DELO-NP F. WIMENITZ
Q1CY ATTN OELHO-NP C. MOAZED

ATTN: OELMHO-RBM)

COMMANDER
U.S. ARMY COMM-ELEC ENGRG INSTAL AGY
ET. MUACUCA, AZ 85613

Q1CY ATTN CCC-EMEO GEORGE LANE

COMMANDER
J.5. ARMY FOREIGN SCIENCE § TECH CTR
220 7TH STREEY, NE
CHARLOTTESVILLE, vA 22901
01CY ATTN DRXST-SD
DICY ATTN R. JONES

COMMANDER
U.S. ARMY MATERIEL DEV & READINESS CMD
S001 EISENMOWER AVENUE
ALEXANORIA, VA 22333
01CY ATYN DRCLOC J. A, BENDER

COMMANDER
J.5. ARMY NUCLEAR AND CHEMICAL AGENCY
7500 3ACKLICK RQAD
8LDG 2073
SPRINGFIELD, VA 22150
01CY ATYN LIBRARY

DIRECTOR

U.S. ARMY BALLISTIC RESEARCH LASS

ABERDEEN PROVING GROUND, MD 21009
01CY ATYN TECH LIS EDWARD BAICY

COMMANDER
U.S. ARMY SATCOM AGENCY
FY. MONMOUTH, NJ 07703
01CY ATTN OOCUMENT CONTROL

COMMANDER
J.5. ARMY MISSILE (NTELLIGENCE AGENCY
REDSTONE ARSENAL, AL 35809

01CY ATTN Jlm GAMBLE

DIRECTOR
U.5. ARMY TRADOC SYSTEMS ANALYSIS ACTIVITY
WHITE SANDS “ISSILE RANGE, NM 88002

01CY ATIN ATAA-SA

01CY ATTN TCC/F, PAYAN JR.

01CY ATYN ATAA-TAC LTC J. =ESSE

COMMANDER
NAVAL ELECTRONIC SYSTEMS COMMAND
WASHINGTON, 0.C. 20360
01CY ATTN NAVALEX 03t T. rUGHES
GICY ATTN PME 117
0ICY ATTN PME 117-T
01CY ATTN CQDE 5011

COMMAND ING OFF (CER
NAVAL INTELLIGENCE SUPPORT CTR
4301 SUITLAND ROAD, BLOG.
WASHINGYON, 0.C. 20390
01CY ATYN MR, DUBBIN STIC 12
01CY ATTN NISC-50
OICY ATTN CODE Su0w J. GALEY

COMMANDER

NAVAL OCEAN SYSTEMS CENTER

SAN DIEGO, CA 92151
03CY ATYN COODE $32 w. MOLER
01CY ATYN COOE 0230 C. SAGGETT
0l1CY ATYN CODE 31 R, EASTMAN

DIRECTOR

NAVAL RESEARCH LABORATORY

WASHINGTON, 0.C.

0lcy
olcy
olcy
aicy
01Cy
01CY
0lcy
01CY
gicy

COMMANDER

ATTN CODE
ATTN CODE
AYTN CQOE
ATTN CQDE
ATYN CQDE
ATYN CODE
ATYN CODE
ATYN CODE
ATTN COOE

20375

4700 Y. P. COFFEY (25 CYS (F UN, | CY IF CLASS)
@701 JACK D. BROWN

780 BRANCH HEAD (150 CYS IF UN, 1 CY [F CLASS)
7500 ~Q COMM DIR  BRUCE wALD

7550 J. Davis

7580

7551

7555

@730 E. MCLEMWN

NAVAL SEA SYSTEMS COMMAND

WASHINGTON, 0.C.

20362

01CY ATYN CAPY R, PIXIN

COMMANDER

NAVAL SPACE SURVEILLANCE SYSTEM

DML GREN,

VA 22448

0ICY ATYN CAPT u. ™. BURTON

OFF | CER - IN=CHARGE

NAVAL SURFACE WEAPONS CENTER

WHITE OAK, SILVER SPRING, MO 20910
01CY ATYN CODE F31

DIRECTOR

STRATEGIC SYSTEMS PROVECT OFFICE
DEPARTMENT OF THE NAVY

WASHINGTON, 0.C.

20376

01CY ATTN NSP-214!
01CY ATYN NSSP-2722 FRED wiMBERLY

NAVAL SPACE SYSTEM ACTIVITY

P. 0. 80X

92960

WORLOWAY POSTAL CENTER
LOS ANGELES, CALIF.
01CY ATTN A, B. RAZZARD

COMMANDER

90009

NAVAL SURFACE WEAPONS CENTER
DAMLGREN LABORATORY

DAHLGREN,

VA 22048

01CY AT™N COODE OF-14% R. 3UTLER

COMMANDING OFF [CER
NAVY SPACE SYSTEMS ACTIvITY
P.0. 80x 32960
WORLOWAY POSTAL CENTER

LOS ANGELES, CA.

0lCy

ATTN CODE

90009

52

OFF [CE OF NAVAL RESEARCH
ARL INGTON, VA 22217

d1CY
01CY
olcY
01Cy
gicy

COMMANDER
AEROSPACE

COMMANDER

AT*N CODE

465

ATTN CODE 61

AT "' COOE

402

ATTN CODE 420

ATTN COODE

21

JEFENSE COMMAND /DC
DEPARTMENT OF THE AIR FORCE
ENT AFB, CO 80912

01CY ATYN DC ™R. LONG

AEROSPACE DEFENSE COMMAND /XPD

OEPARTMENT OF "rE A[R FORCE

ENY AFB, CO 80912
01CY ATYTN xPDQQ

a1Cy

ATIN XP

AIR FORCE GEOPMYSICS LABORATORY
MANSCOM AFS, WA 01731

[1}){a4
eicy
0iCy
olCcy
01Cy
0iCy
aicy

17

ATTN OPR

HARQLC GARDNER

ATYN OPR-1 JAMES C. 'AWICK

ATTN LKS
ATTN OPR
ATYN Php
AT™N PO
AT™N PO

KENNET™ 5. w. CrPION
ALVA T, STA(R

JAES AARONS

JURGEN BUCHAU

JONN A, MALLEN




AF WEAPONS LABORATORY

KIRTLAND AFB, M1 87117
01CY ATIN SWL
01CY ATTN CA ARTHUR H. GUENTHER
01CY AT™ DYC CAPY J. SARRY
QICY ATTN DYC  JOMN M. KAMM
01CY AT™ OYT CAP™ MARK A. FRY
0ICY AT™N DES MAJ GARY GANONG
0ICY ATYN DYC  J. JANNI

AFTAC

PATRICK AFB, FL  3292§
GICY ATTN TF/MAY WILEY
OICY ATTN TN

AIR FORCE Wright Aeronautical Laboratories

WRIGHT-PATTERSON AFB, O W5433
0ICY ATTN AAD  wADE HUNT
QICY ATTN AAD  ALLEN JOMNSON

DEPUTY CHIEF OF STAFF
RESEARCH, DEVELOPMENT, & ACQ
DEPARTMENT OF THE AIR FORCE
#ASHINGTON, D.C. 20330

01CY ATTN AFRDQ

HEADQUARTERS
ELECTRONIC SYSTEMS DIVISION/XR
DEPARTMENT OF THE AIR FORCE
HANSCOM AF8, WA 01731

QICY ATIN XR  u, DEAS

HEADQUARTERS
ZLECTRONIC SYSTEMS DIVISION/YSEA
OEPARTMENT OF THE A[R FORCE
HANSCOM AFB, ™A 01731

0iCY ATTN YSEA

HEADQUARTERS
ELECTRONIC SYSTEMS D(VISION/OC
DEPARTMENT OF THE A[R FORCE
HMANSCOM AFB, MA 01731

01CY ATTN DCXC ™Ay J.C. CLARK

COMMANDER

FORE IGN TECHNOLOGY JIVISION, AFSC

WR{GHT-PATTERSON AFB, Ort 45W33
91CY ATTN NICD L IBRARY
01CY ATIN ETDP 3. 3ALLARD

COMMANDER
ROME AIR DEVELOPMENT CENTER, AFSC
GRIFFISS AF3, NY 13eul
Q1CY ATTN DOC L [BRARY/TSLD
01CY ATIN OCSE  v. COYNE

SAMS0/52

POST JFFICE 30X 92960

WORLOWAY POSTAL CENTER

LOS ANGELES, <A 30009

(SPACE JERENSE SYSTEMS)
JICY  ATIN 52V

STRATEGIC AlR COMMAND/XPFS

OFFUTT AFS, N8 38113
JICY ATTN xPFS  mAy 8, STEPWAN
01CY AT™N ADWATE MAy BRUCE SAUER
JICY  ATTN ART
0ICY AN DOX CHIEF SCIENTIS™

5AMS0 /5K

P, 0. 80X 92960
WORLOWAY POSTAL CENTER
LOS AMGELES, CA 30009

0ICY AT™ SKA  (SPACE COMM SYSTEMS) M. CLAVIN

SAMSO /MN
NORTON APB, CA 92009
(MINUTEMAN)

OICY ATTN AL LTC KENMEDY

COMMANDER
ROME AIR DEVELOPMENY CENTER, AFSC
HANSCOM AFB, MA 01751

OlCY ATYN EEP A, LORENTZEN

DEPARTMENT OF INERGY
ALBUQUERQUE OPERATIONS OFF[CE
P, 0. B8OX 5400
ALBUQUERQUE, NM 37115
01CY ATYN DOC CON FOR D. SHERWOOD

DEPARTMENT GF ENERGY
LIBRARY ROOM G-042
WASHINGTON, D.C. 20545
0lCY AT™N DOC CON FOR A. LABOWITZ

EGEG, (NC.
LOS ALAMOS DLVISION
P. 3. 80x 809
L0S ALAMOS, NM 35544
01CY ATTN DOC CON FOR J. BREEDLOVE

UNIVERSITY OF CALIFORNIA

LAWRENCE L IVERMORE LABORATORY

P, 0, 80x 808

LIVERMORE, CA 34550
01CY ATYN DOC CON FOR TECH INFO QEPT
01CY AYYN DOC CON FOR _-389 R. OVY
01CY ATTN DOC CON FOR o-31 &. rAGER
01CY ATYTN DOC CON FOR L-4b F. SEWARD

LOS ALAMOS SCIENT(FI{C LABORATORY
P. 0. 80X 1663
LOS ALAMOS, M 87545

Q1CY ATTN DOC CON FOR J., wOLCOTY
01CY ATTN DOC CON FOR R. F., TASCHEX
O1CY ATTN D0C CON FOP E. JONES

01CY  ATTN DOC CON FOR J. MALIK

01CY AYYN DOC CON FOR R. JEFFRIES
01CY AY™N DOC CON FOR J. ZINN

01CY AT™ DJOC CON FOR P, KEATON
GICY ATIN DOC CON FOR D. WESTERVEL”

SANDIA LABORATOR(ES

P, 0. BOX 5800

ALBUQUERQUE, N« 87115
BICY ATTN DOC CON FOR J. MARTIN
01CY AT™N 20C CON FOR w. SROWN
0ICY AT™N 00C CON FOR A. THORNBROUGH
01CY AT™N DOC ION FOR T. #RIGHT
01CY AT™N DOC CON FOR O.
01CY AT™ DOC CON FOR 31L1
01CY AT™ DOC CON FOR SPACE PROVECT Olv

SANDIA _ABORATORIES

LIVERMORE _ABORATORY

P, 0. BOX 969

LIVERMORE, CA 94550
01CY AY™N DOC CON FOR 8. MURPHEY
01CY ATYN DOC CON FOR T. COOK

OFF[CE OF MILITARY APPLICATION
DEPARTMENT OF ENERGY
WASHINGTON, J.C. 20945

01CY AT™ J0C CON FOR D. GALE

OTWER GOVERNMENT

CENTRAL INVELL IGENCE AGENCY
ATYN RD/SI, @M 5Gu8, "Q 8LDG
WASHINGTON, D.C. 20505

Q1CY AYTN QS1/PSID ’M SF 19

DEPAR*MENT OF COMMERCE

NATIONAL BUREAU OF 57ANDARDS

wASHINGTON, 2.C. 20234
(AL. CORRES: AT™N SEC OFFICER FOR)
0ICY ATN Q.

|
]
i




A g . ——

INSTITUTE POR TELECOM SCIENCES
NATIONAL TELECOMMUNICATIONS § INFO ADMIN
BOULDER, CO 90303
01CY  AT™N A, JEAN (UNCLASS ONLY)
QICY AN w. UTLAUY
O01CY ATIN D. CROMBLE
01CY ATYN (, BERRY

NATIONAL OCEANIC & ATMOSPHERIC ADMIN
ENVIRONMENTAL RESEARCH LABORATORIES
OEPARTMENT OF COMMERCE
BOULDER, CO 80302

01CY ATYN R. GRUBS

OLCY ATYN AERONOMY LA G. REID

DEPARTMENT OF DEFENSE CONTRACTORS

AEROSPACE CORPORA™ [ ON

P. 0. BOX 32957

LOS ANGELES, CA 90009
GICY ATYN [. GARFUNKEL
0ICY AT™N T, SALMI
01CY  AT™N V. JOSEPHSON
0ICY AT™N 5. 30WER
01CY ATTN N, STOCKWELL
01CY  A™™N D, OLSEN

01CY ATTN SMEA FOR Puw

ANALYTICAL SYSYEMS ENGINEERING CORP
5 QLD CONCORD ROAD
BURL (NGTON, WA 01803

01CY AT™N RADIO SCIENCES

BERKELEY RESEARCH ASSOCIATES, iINC.
P. 0. 8Ox 383
BERKELEY, CA 34701

01CY ATYN J. WORKMAN

BOEING OMPANY, THE

#. 0. BOx 3707

SEATTLE, wA 98124
0l1CY ATY™N G. KE{STER
01CY AT™N D, MURRAY
OLCY AN G. "WLL
0lCY AT™N u. <ENMEY

CALIFORNIA AT SAN DIEGO, JNIV O
P.0. Box 6049

San Diego, CA 92106

IROWN ENGINEERING COMPANY, INC.
CUMMINGS RESEAROH PARK
MUNTSVILLE, A, 15807

01CY AVTN 0MEO A. DELIBERIS

CHARLES STARK DRAPER LASORATORY, INC.
$$5 TECHNOLOGY
CAMBRIDGE, ™A 02139

0ICY ATYN O, 8. COX

OICY AT™N u. P, GILMORE

COMSAT LABORATORIES

LINTHICUM ROAD

CLARKSOURG, MO 207364
01CY AT™N G. "YDE

CORNELL UNIVERS(TY
OEPARTMENT OF ELECTRICAL ENGINEERING
I™ACA, MY 168%0

GICY ATYN DO, T. FARLEY R

19

ELECTROSPACE SYSYEMS, INC.
80x 1359
RICHARDSON, Tx 75080
01CY AYIN M. LOGSTON
01CY ATYN SECURITY (PAUL PHILLIPS)

ESL INC.

495 UAVA ODRIVE

SUNNYVALE, CA 94086
01CY AYYN J. ROBERTS
01CY ATYN JAMES MARSHALL
01CY AN C. w. PRETTIE

FORD AEROSPACE & COMMUNICATIONS CORP
3939 FABIAN WAY
PALO ALTO, CA 94303

01CY ATYN J. T, MATTINGLEY

GENERAL ELECTRIC COMPANY
SPACE DIVISION

VALLEY FORGE SPACE CENTER
GODOARD BLYD KING OF PRUSSIA
P. Q. BOX 855%

PHILADELPHIA, PA 19101

01CY ATYN M. A, BORTMER SPACE SCI LAB

GENERAL ELECTRIC COMPANY
P, 0. BOXx 1122
SYRACUSE, NY 13201

01CY AT™ F, RE[BER”

GENERAL ELECTRIC COMPANY
TEMPO-CENTER FOR ADVANCED $TUDIES
816 STATE SYREE' (P.0. DRAWER QQ)
SANTA BARBARA, CA 33102

01CY ATYN DASIAC

01CY AYYN DON CHANDLER

01CY AT™N TOM BARRE™Y

01CY ATTN T[M STEPHANS

01CY AYTTN WARREN S. <NAPP

0ICY  ATYN «wi_LIAM MCNAMARA

01CY AT™N 8, GAMB(.L

01CY ATYN MACK STANTON

GENERAL ELECTRIC TECH SERVICES CO., (NC.
ES
COURT STREET
SYRACUSE, NY 15201
01CY ATIN G, MILLMAN

GENERAL RESEARCH CORPORAT[ON
SANTA BARBARA DIVISION
P. O. BOX 6770
SANTA 3ARBARA, CA 93111
BICY AN JON [SE R
01CY  AT™™ JOEL GARBARINO

GEOPHMYSICAL INSTITUTE
UNIVERSTTY OF ALASKA
FAIRBAMNKS, AKX 99701

(ALL CLASS AT™: SECURLTY OFF(CER)

OICY AT T, N, DAVIS (UNCL OMLY)
0I1CY ATYN NEAL BROWN (UNCL OMLY)
01CY AT™N TECNICAL . IBRARY

GTE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRP-EASTERN DIV
77 A STREE™
NEEDHAM, MA 02194
01CY ATTN MARSHAL CROSS

(LLINDUS, UMIVERS[TY OF
OEPARTMENT OF ELECTRICAL ENGINEERING
MBANA, (L 61803

SICY AT™N K, YEN

[LLINDLS, UNIVERS]ITY OF
107 COBLE mALL

801 $. WRIGHM™ STREE”
URBANA, L 60680

(ALL CORRES AT™N SECURLTY SUPERVISOR *OR)

01CY ATTN K. YEM

T e dgean - W5
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INSTITUTE FOR DEFENSE ANALYSES

400 ARMY-NAVY DRIVE

ARLINGTON, VA 22202
01CY ATYN J. M. AEIN
01CY ATTN ERNES® BAUER
01CY ATTN HANS WOLFHARD
01CY ATTN UOEL BENGSTON

HSS, INC,
2 ALFRED CIRCLE
BEDFORD, ™A 01730
J1CY  AYTN DONALD HANSEN

INTL TEL § TELEGRAPH CORPORATION
500 WASHINGTON AVENUE
NUTLEY, NJ 07110

01CY AT™N TECHNICAL LIBRARY

JAYCCR
1401 CAMING JEL MAR
DEL MAR, ZA 32014
J1CY  ATTN 5. R, GOLOMAN

JOMNS -OPXINS UNIVERSITY

APPLIED MYSICS LABORATORY

JORNS HOPCINS ROAD

LAUREL, MO 20810
212y aT™N DOCUMENT L IBRARIAN
JICY ATTN THOMAS POTEMRA
AICY  ATTN JOMN DASSOULAS

LOCKHEED MISSILES & SPACE CO INC
P. O. 80x S50
SUNNYVALE, A 34088

Q1CY AT™N DEPT §0-12

J1CY  ATTN D. R. CHURCHILL

LOCKHEED MISSILES AND SPACE CO INC

3251 ~ANQVER STREEY

PALO ALTO, CA 94304
HCY  ATTN MARTIN WALT DEPY 52-10
0I1CY AT™N RICHARD G. JOMNSON DEPT 52-12
01CY A™"N W. L. [MMOF DEPT §52-12

KAMAN SCIENCES CORP

P. 0. 30X 7463

COLORADO SPRINGS, CO 80933
01CY ATTN T. MEAGHER

LINKAB[ ™ CORP
10453 ROSELE
SAN DIEGO, (A 92121
01CY AT™N IRwIN JACOBS

M.1.T. LINCOLN LABORATORY

P. 0. 80X 73

LEXINGTON, “A 02173
01CY AT™N DAVID M. TOWM.E
01CY AT™N P, WALDRON
01CY ATYN L. LOUGHLIN
GICY ATTN 0. CLARK

MART [N MARIETTA CORP
ORLANDO OIVISION
2, 0. BOX 5837
ORLANDO, FL 32805
0ICY ATIN R, HEFFNER

MCDONNELL DOUGLAS CORPORATION

5301 30LSA AVENUE

HUNTINGTON BEACH, CA 932647
91CY  AT™N N, “ARRIS
01CY ATIN J. MOWLE

01CY ATT™N GEORGE MROZ

A1CY  AT™N W, OLSON

JICY  ATYN R. «, HALPRIN

01CY AN TECHN{CAL LIBRARY SERVICES

MISSON RESEARCH CORPORAYION

735 STATE STREET

SANTA BARBARA, CA 93101
01CY ATY™N P, FISCrER
01CY ATIN W. F. CREVIER
01CY AT™N STEVEN L. GUTSCHE
QICY ATYN D. SAPPENFIELD
01CY AT™N R. BOGUSCH
01CY A™N R. HENORICK i
0ICY AYN RALPH <{LB :
01CY ATYN DAVE SOWLE
0ICY AT™N F. FAUEN
QICY ATTN M, SCHEIBE
01CY ATTN CONRAD L. LONGMIRE
01CY AT™N WARREN A. SCHLJETER

MITRE CORPORATION, TWE
P. Q. BOX 208
BEDFORD, Ma 01730
01CY ATTN JOrHN MORGANS TERN
D1CY AT™N G, HARDING
01CY aT™N C. €. CALLAMAN -

MITRE CORP 1
WESTGATE RESEARCH PARK
1820 DOLLY MADISON 3LVD ]
MCLEAN, VA 22101 3
01CY ATTN w. HALL -
01CY AT™N w. FOSTER

PACIFIC-SIERRA RESEARCH CORP .
1456 CLOVERF [ELD BLVD.
SANTA MONICA, CA 90404

Ql1CY AN E. . FIELD UR

PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERI[NG EAST
UNIVERSITY PARK, °A 19802
(NO CLASSIFIED "0 ™IS ADDRESS)
0ICY AYTN JONOSPHERIC RESEARCH LAS

PHOTQME™RICS, INC.
442 MARRET™ ROAD
LEXINGTON, MA (2173
01CY ATYN [RVING L. XOFSKY

PHYSTCAL DYNAMICS INC.
P. 0. 8Ox 3027
BELLEVUE, wA 38009
0ICY ATTN E. J. FREMOUW

PHYSICAL DYNAMICS INC.

P. 0. 80x 10367

OAKLAND, CA. 94610
ATTN: A, THOMSON

R 5 D ASSOClATES

~. Q. BOX 3695

MARINA DEL REY, CA 90291
01CY ATTN FORRES™ GILMORE
Q1CY ATTN GRYAN GABBARD
01CY AT™N wiLLIAM B. #RIGHT R
JICY ATTN ROBERT . LELEVIER
01CY AT™N WiLLIAM J. XARZAS
0lCY  aTTN H, ORY
01CY  AT™N (. “ACDONALD
0I1CY AT™N R. TURCO

RAND CORPORATION, THE

1700 MAIN STREET

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

RIVERSIDE RESEARCH INSTITUTE
80 WEST END AVENUE
NEW YORK, NY 10023

0I1CY AT™ VINCE TRAPANI



SCIENCE APRLICATIONS, INC.

#. 0. BOX 1351

LA JOLLA, CA 92038
01CY ATYN LEWIS M. LINSON
0ICY ATTN DANIEL A, "WAMLIN
01CY ATIN D. SAQ+S
01CY ATIN E. A. STRAKER
O01CY ATTN CURTIS A, SMITH
01CY  ATTN JACK MCOQUGALL

Raytheon Co.
528 Boston Post Road
Sudbury, MA 01776

01CY ATTIN Barbara Adams

Science Applications, Incorporated
1710 Goodridge Dr.
McLean, VA 22102

Attn: J. Cockayne

Lockheed Missile & Space Co., Inc.
Huntsville Research & Engr. Ctr.
4800 Bradford Drive
Huntsville, Alabama 35807

Attn: Dale W, DNavis

21

SRI INTERNAT [ONAL

355 RAVENSWOOD AVEMUE

MENLO PARK, CA 94025
01CY ATTN DONALD NEILSON
01CY ATTN ALAN BURNS
01CY ATIN 5, SMITH
01CY ATTN L. L. CoB8
01CY ATYN DAVID A. JOHNSON
01CY ATIN WALTER G. CHESNUT
B1CY ATTN CHARLES L. RINO
01CY ATYN WALTER JAYE
01CY ATYN M. BARON
B1CY ATTN RAY L. LEADABRAND
01CY ATYN G. CARPENTER
01CY ATTN G, PRICE
01CY ATTN J. PETERSON
OLCY ATTN R. HAKE, uR,
01CY ATTN V. GONZALES
QICY ATTN D, MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730

OlCY ATIN w, P. BOQUIST

TRW DEFENSE § SPACE SYS GRQUP

ONE SPACE PARK

REDONDO BEACH, CA 90278
01CY ATYN R. K. PLEBUCH
01CY ATYN S. ALTSCHULER
0lCcY aTIN DO, DEE

VISIOYNE, INC.
19 THIRD AVENUE
NORTH WEST INOUSTRIAL PARK
BURLINGTON, MA (1803
01CY ATTN CHARLES HUMPHREY
01CY ATYN J, W. CARPENTER

R
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IONOSPHER IC MODELING DISTRIBUTION LIST
UNCLASSIFLED ONLY

ADVANCED RESEARCH PROUECTS AGENCY (ARPA)
STRATEGIC YEOWNOLOGY OFFICE
ARLINGTON, VIRGINIA

CAPY. OONALD M. LEVINE

NAVAL RESEARCH LABORATORY
WASHINGTON, D.C. 20375

OR. P. MANGE

DR. R. MEIER

OR. E. SZUSZCZEWICZ ~ CI0E 4127

OR. TIMOTHY COFFEY - COOE 4700 (25 COPIES)
DR. S. OSSAKOW - CODE 4780 (ilS COPIES)
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