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Section 1

INTRODUCTION

Ionosgheric disturbances cause severe disvuptions of radar and communi-
cations systems, and high background rates in optical defense systems. The
most troublesome disturbances affecting high frequency wave propagation are

the scintillations, which can occur at any time, and are expected to be

especially severe after a high-altitude nuclear explosion. An extensive
program is now underway to find out how ionospheric disturbances affect
radiowave propagation through the ionosphere. The program comprises experi-

¥ mental studies, such as WIDEBAND, on naturally occurring disturbances in the
ionosphere, and theoretical studies of the scintillations and of the iocnospheric
conditions which lead to this occurrence. This report addresses several

aspects of the thecretical investigation of ionospheric irregularities. It

[

is mainly concerned with the effects of particles and fields in the upper

£

s

ionosphere =-- a protlem which must be solved if the underlying canses of

irregularities are to be understood. The emphasis in the first sections

it one ko

is on processes in the natural ionosphere. The last section treats an effect

that may be expected to occur after a high-altitude nuclear detonation.

A new method was recently described for calculating the distribution of
electrons leaking out of the permanently trapped radiation belts (Ref. 1, 2).
The results are important for their implications to magnetospheric physics
and the coupling of the ifonosphere to the magnetosphere. An important
by~-product of the calculation is the energy deposited In the upper ionosphere

by electrons precipitating in mid-latitude regions (L < 6). The distribution

PRECEDING PAGE BLAMK-MOT FLiMED

. L4 -




of energy depouation can be calculated quite accurately because the method
incorporates the AURORA code, which has becn carefully developed and tested
wer a period of many vears (Ref. 3, 4, l). It was th:refore suggested that
results from this program could be of great value to the interpretation of
data from WIDEBAND and other experiments directed at the asscssment of

radio propagation through the ionosphere. The fundamental advantage is that
the precipitation of electrons from the trapped particle belts, and the re-
sultant energy deposition, are more undarstandable and readily predictable
than in the auroral regions. Eventually it might be possible to predict

the particle precipitation contribution to icnospheric heating, even without
well-coordinated satellite observations -=- something that will probably never
be accomplished for the auroral regions. The advantages have been somewhat
offset by the lack of mid-latitude observational data. The sparcity of
particle precipitation data has precluded the calibration of diffusion and
precipitation rates. The mid-latitude WIDEBAND data wer. limited mainly to
one station that only operated for a portion of a four month interval,
though Wwe intend to look into the possibility of using low elevation data
from the WIDEBAND receivers at high latitudes to investigate the northern

edge of the mid-latitude region.

Sections 2 and 3 describe a continuation of previous work (Ref. 1)
and first attempts at interpreting WIDEBAND data using our results. Section 2.1
is a discussion of the basic theory behind the calculations. It has heretofcre

been assumed that the conventional bounce-averaged diffusion equation might be

adequate to treat the electron precipitation problem., We shall show how our

approach is related to the bounce-average method, and why a bcunce-averaged
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treatment can never vield satisfactory results, Section 2.2 describes further
efforts to calibrate the e¢lectron diffusion rates by observations of trapped

and precipitating particles. The results have not been very encouraging,

mainly because of instrumentai difficulties. However, some of vhe difficulties
miyht he overcome by a new method, outlined in Section 2.3, that takes advan-
tage of the variation in electron fluxes due to their Ifongitudinal drift

motion. The following section, 3, is concerned with a vreliminary analyvsis

of WIDEBAND data. Unfortunately, those data, and the supportive data on
magnetic variations, ionospheric densities, and trapped particles did not be-
cone available soon encugh te allow a detailed statistical analysis for possible
correlations. There were, however, a sufficient number of interesting scintilla-
tior events at mid-latitudes to lend support to our suggestion that studies

of ionospheric octivity and particle precipitation could profitably be carried

out in mid-latitades.

Recent satellite measurements of the angular and energy distributions
of ions and electrons by Shelley et al. (Ref. 5) and Mcllwain {(Ref. &) and
elec: "i¢ fields of Mozer et al. (Ref. 7) provide improved information on
phenomena affecting the coupling of the ioncsphere and magnetosphere and on
the acceleration of ion from the upper ionosphere to energies in the keV range.
The recascn these results are of interest here is that they imply the widespread
and frequent occurrence of plasma instabilities that lead teo anomalous resistivity
and electric "double layers,’ which, in turn, cause large electric fields
aligned along tlie magneric field. These phenomena may lead us to modify our en-
tire understanding of the exchange of particles betweeun the icuosphere and
magnetosphere,and of the motlon of nuclear debris after a high altitude nuclear

explosion.

i S e BN = - - » -
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Section 4 describes an intcrpretation of some ion and electron dis-
tributions observed 'y Shelley et al. (Ref. 5). The events selected were
those wherein high fluxes of keV-type H+ and 0+ ions were observed moving
away from the atmosphere and highly directed along the magnetic field. In
the anélysls, an electric field was assumed extending below and above the
satellite along the magnetic field. 1In the calculations described here the
distrihution of ions and electrons was followed downward from the .bservation
point, through the electric field region, into the atmosphere, and back up
to the observation point., The AURORA code was used to compute the flux of
backscattered electrons. The computational model was much simpler than
that described in Section 2 -- ignoring the pitch-angle diffusion due to
wave-particle interactions at high altitudes. The observations could be
explained quite convincingly by passage through a potential drop of as much
as 4.5 kV. The data also indicated that high fluxes of keV-type electrons
were trapped between the converging magnetic field below and the electric

field above.

One of the prime candidates for a mechanism that produces ionospheric
irregularities is the Farley-Buneman instability (Ref. 8) that is driven
by the kinetic energy in the streaming motion of Lhe plasma. If the stream-
ing velocity is greater than the thermal velocities the instability grcws
rapidly. Obviously, a high-aititude nuclear explosion, with the attendant
plasma motions, is a likely candidate for plasma instebilities. The atmospheric
heave drives plasma across the magnetic field, inducimg a large electric

field. ‘this electric field polarizes the ionospheric, and the polarization

10
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charges propagate to high altitudes along the magnetic field. The resulting
electrostatic field extends to large areas of the jonosphere, far beyond the
region principally disturbed by the burst. The Farley-Buneman instability
can be excited if this electric field in the effective E-region of the iono-
sphere induces a strong drift motion of the electrons with respect to

the ions -- at a rate higher than the ion thermal velocity.

Section 5 describes a test of the Farley-Buneman instability criterion,
using some MRHYDE and MICE computer data on upper atmosphere conditions follow-
ing two H.A.N.E. events. Unfortunately, all of the data required for a complete
analysis were not available. Nevertheless, the analysis indicated that the
electrostatic field arising from the atmospheric heave is indeed very large
and that magnetic field-aligned plasma irregularities due to this instability

may be expected to extend to several thousand kilometers from the burst.
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Section 2

DIFFUSION OF TRAPPED PARTICLES
AND THE DISTRIBUTION OF FRECTIPITATING PARTICLKS

2.1 THE PITCH-ANCLE DIFFUSION EQUATION

Tha motiong of trapped particles in the magnetosphere can be studied by
a statistical treatment that results in a Fokker-Planck diffusion aquation,
By wonsidering times longer than the particles' gyroperiods one of the six
degroes ~f freedom can be eliminated. Another variable can be eliminated by
cither assuming uniformity of the distribution in longitudn, or by acknowledging
that the longitudinal drift motion is predictable, and liunear with time. That
leaves four parameters (plus time) to  describe the particles' distribution —
one advantagrous choice is L-shell, latitude or position on a field line,
cnergy, kB, and pitch angle, o. We may also chouse to ignore the L-parameter
and concentrate on the physical processes that involve only the remaining three
parameters. We do not mean to imply that L-shell — or radial — diffusion has
no significant effect on the distribution of precipitating particles. Radial
diffusion is important and should eventually be included in the treatment of
particle losses (Ref. 9). The remainder of this section is devoted to practical

methods for solving  the Fokker-Planck equation, primarily by Jjudicious

elimination of one or more variableg.
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2.1.1 The Bounce-Averaged Diffusion Equation : - -

Stably Lrupped particlos interacting with low-lovel wavaes, or

with « ther particles obey o ditfusion=type cquation (Ref. 10,11),
o Hy .
3p "V ouos o (§~) congtant ad.inv. (L
)
1 ) ..

R
T . . T B! [ ~ r - hi
———— B—- [N AT o - (3 SLED 24 i 83 a1 + 3¢ goLERH] - 50
ih @ = _‘JQ’(}‘ i rdJ [ tinvEy Lo Lormy L a3ourcs ] 1oase S

where £{t,s,k,0) is 2 phase spacs number — density distribution furction, and
Daa(t,s,E.a) is a pitch angle diffusion ccefficient. The remaining indepondent
variables are time, t, and distance along a £ield line, s, (usually measured
Trum the equator); V is the veloceity. The onergy loss term is important for
collisions with particles in the atmosphere (Ref.10), but can generally be
ignored for interactions of elezctrons with waves at high attitudes

Ref. 11, 12). Most of the important physical processes are described by

the first term on the right side, so we will concentrate on that term, and

ignore the remaining three terms (usually small) cxcept when the source and

Y ol
. Ty

loss terms arc needed for logical consistency.

Equation (1) is a local diffusion equation. The second term, however,
must be differentiated with the first adiabatic invariant hold constant. A

suitable roplacement for the local pitceh angle is any variable that depends

o S e e

only on the adiabatic invariant. A suitable adiabatic invariant variable is,

t
if energy remains constant,

T

B
(] 2
U= 1= gr;y sin o (2)

where Bo (s =0) is the minimum magnetic field strength — or squatorial field —
and B(s) 1s the local field. For free, non-interacting charged particles,
u would be % tim:s the cosine equared of the pitch angle, a s at the equator;

in the pregent case there is no simple functional relation between u and ao.

13
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The diffusi v equotion can be written

dr TR ey
ST s v /S L= (1-u) TR (:)

[

B e ey
/

7 /- .
I — 12 ()- — { ,/ W - - — -1
ol b -l 1) T osa Do v * (1-u) 5 (1-u) g\—l]
vl [
U ey
/. LB 3 , / B ar]
: L - 1] - 1 - - —_—
v (L) B du [(Duu/ 1 - (1-w) B ) S
(9]
The: wenventional method for treating this cquation has boen to avorase cvor the
ferpth of the bLrgjectorics between the wmirror polnts, Sl aud 5, . The cloment

U distanee alonge a particle trajectory is ds/m)s . A simple integration

pives

W=

/e oy 13 [T W2 ds 3t] 13 ar ] "
3t T (i;_’_rl) T T du [Zf{: js CcOs o Duu u] T T Bu [I(Duu IV (%)
: 1

whure the subseripts 1 and 2 indicste valuws at the conjugate mirror points;

< > denotes an average over dsf/cos @, and T is the "quarter bounce period”

intcgral
I PSR 5
T= 2R Js Cos o (5)
3} 1

The constant RU has the dimenslons of a length; in a dipole field it is just
the radial distance to the cquatorial crossing. In a (nearly) symmetric dipole

field a simple empirical approximation holds for T (Ref. 13).

T(u) & 1.360173 =~ 639693 (1-u)3/tj ’ (6)

14
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, . . , . 2 .
Tr Bquotion (%) She commitativity of the operati-ns ey and <> is
i
"
cpsureed 10 D oand g romaln bounded at the mirror points. The separation of
o 191
~
ol . : . . . - \
o N and 5, in the averaps on the ripht side would further simplily the:
Y ¥ - -
caquaticon, Lhemgeh this requires an ussumption that is not always warrantod.

Usue Ly the aitfthaaion rabe s been asowaed low erowh that U0 does not

approeiably vary cver o partlcls trajectory. If £ is independont f 5 oa

1]
"boune averaged’ cquation recults
af L [ af
= <p >
3t T du Duu T 5:] (1)

[Note that an average over ds/cos o is the only way to remove the 3i/9s term,
thouph the original justification tor the averaging procedure did not take

this into gezeunt (ReL.10)). Tn the loss oone, o < o, the assumption of
uniformity of £ along the field line cannot be valid. In the limiting case

of 2 totally absorbing atmosphere, where nc pasrticles are scattered backward
into the upward direction, the df/ds term becomes Vfa/T. The resulting equation,

which has been frequently used for the less coune, is

_1 3 o 2f
3 T T ¥y {<Dud> B Eij] N

(v~

where T is the bounce period (hROT/V). Somewhat different derivation have
been used clsewhere to justify Bquation (8). An alternate method is to
assume that the particles are lost within one-fourth bounce pericd, on the

average. The loss turn is then hf/TB (Ref. 14, 15, 16, 17).

It is relatively easy to demunstrule Lhat the bounce averaging procedurc

vl

runs into difficulties when the variability of f with s is tak n into account.

i3
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Wher: 0 depends on spatlal position it is not pencrally possible Lo wribe a
diffusion equation for < £ ™. A case of lnberest is where D, (u,s) is a
tunction of u only, indepadent of s (this is not the same as the assump-
tiun thaot D (a,5) iz a function «f a ~nly). There £ollow from Equatlons

(5) amd (5) th- siwple relsvions (Ref. 18).

) . A(L-u) (¢
) sl eetme——t. D) (.
<“uu> T vy {9)
S f'fr‘“ E_’ . io
TS A TR (10)
(9] Sl
u

= -i- Jr_ T(\,'l) d\:l

{

The buunce aver- ed diffusion equation is now

8 -< [ > . .

—-—-a——-t‘ + :f- (f‘_’-fl> ('Ll)
- ar

T 3 [< Duu> T << du >>]

) 3 < £ o> T T 1
< LR -
3 [ Duu>T(T + 7 f > B f>)J

r3|

where the symbols << 2> denote a new kind of average

s) B S.) B
<<X>>-’-'~§“XT33 cosads / [° Eﬁ Ccos o ds (12)
5y ”sl

Thus an attempt to remove one integration variable, s, has only resulted in the
appearance of a new dependent variable, << f 2 on the right side of the
diffvsion equation. It may be concluded that, except for special cases, the
bounce-averaged diffusion equation 1is not valid for the treatment of distribu-

tions in and near the loss cone. Bounce-averaging is only justified for slow

16
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ditfusion F "permarently” trapped particles with large pitch angles.

A rough eriterion can be formulated fTor the range of validity of
Equatiom (7).If there is a cutoff cquatorlal pitch amgrl., o below which all
the trajped poarticles irteract strongly with the atmusphere within half a
b.ounce periond. the distribution can be symmetric in ¢ only for piteh angles

a greater than ~  + 4o, where
K N -2

N

ba = N/"?;“<"15;;"_J S (13)
) o w
/ B oo
/1 < R
TN TS D F = 7
COs GO

Values of < Da o > are available from several sources (e.g. Ref. 19,20); normally
J

< Daoau > is expected to be less than lO-urad‘?seu-l. Table I shows the
numerical factors that give AJO from < Da o >. Except for the case of strong
diffusion, when < D, > pecomes campara(t;l: with l/"'B, Equation (7) is satis-
factory for most of ;hz trapped particles. But near and within the loss cone,
o, S o s the pitch angle diffusion equation must be solved explicitly for

{8t least) three independent variables.

To see what «an be accumplished with Equations (7)and (B), consider the

idealized case where

= q
Dsin a sin o, Do (sin ao) (14)

]




TABLE T
rRange of ILufluence of Atmosphere on

permanently Trapped Particle Distribution

E ev Aao (electrons) b (protons)
| - 10° 1.684JL < D > 11.1JT < D >
i 10* 953 " 6.26 "
10° 568 " 3,52 "
10° 434" 1.98 "
‘; 107 420 ¢ 1.12 "
i
;
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ar.d the s oarcee thet maintains thne trapysed particies is

5 -8 (sina )t (1%)

where D and & are constants.  The diffusion equatisn for a stati nary distri-

buti 1 {ar/oy - ) i35, atr'ter replacing sin oru by X,
trapped: O = 112 DT qul af] =3 pold X > (16a)
- o TB X a—x o B™ Tx (:X b - \C
1 1 3 r g+L 9 f 2f | .
loss cone: 0O =2 = = = = :
5SS cone TB x O LDOTBX ox] TB { X=X, (16b)

To simplify the sclutions let TB be a constant, equal to the bournte periecd
at X, The solutions of Equation (lba)are straightforward, and give for

trapped particles

<
"o 1 pHe-q -q ) ,

£f= -~ = T —— + - 0 (17a
DO ip+2)(p+d.—q)x Cl* +Cd‘,q)é |17 )
S .

F= a2 LY xp+d+c Inx +C.lq=0 (17b)
D 2 1 2

o (p+2) J

where the C's are constants. The loss cone equation, (16b), 1s Bessel's equation,

and gives solutions in terms of Bessel functions, In,of imaginary argument

. 2-q\1/2
. .-qf2 2 [2y |
t-o e, 25 (35 itz (18)
f = c3/x 1 g=2 (18b)

It is necessary to match the functions amd their first derivatives at L

the remaining constant can be eliminated by letting £ = 1 at ¥ = O, The

solutions for q # 2 are
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Thes: resuits are fairly insensitive to the strenptn of the s urce. A grest

simplific

cation, therefore, occurs in the limdit as SO beeomes zerw; Lhe loss

cone salutions are:

¢ s a M7 (2a)
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o B
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i q# 0.

These are similar to the solutions for the same casc found by Theodoridis and

and Paclini (Ref. 14) except that they normalized their sclutions sumewhat

S T e T

(AT

differently.

Several solutlons for the weak source, q = Q case are shown in Figure 1.

The figure was drawn for 50 kev protons, which are not reflected by the

atmosphere, on I, = 4, The reason for considering protons, is that the
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Figure 1 Solutions of the averaged diffusion equation for 50 keV protons
on L=4. The individual curves are labeled with the value of
the assumed (constant) diffusion coefficient <D >
in rad2 sec-l. Yoo
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2.1.2 Solution of the Three-Dimensional Diffusion Equation

The intepration of Equation(3) poses some novel difficulties, mainiy
because of the dlistortion of the domain of integration. The num=rical
techiiques were deseribed previously (Ref. 1), so the following discussion is

doveted mainly Lo tundamontal questions,

The time integration of the pitch angle diffusion mquation is nnt
always intoresting, and zan be avoided by assuming either a steady state, or

g l-owest cligenmode decay with

f g (uy) o (21)

The oharacteristic decay period is 7. The differential equation for g is

_, K dg "
where v 1is the dimensionless distance from the equatorial plane, S/Ro. The
domain of lotegration (for d  dipele field) is shown in Figure 2. The extreme
limits of v are * T(0) = % 1.280173. The domain of integration is bounded
o Lhe right by the curve v = vh(u), where the subscript m denctes that a
parameter is evaluated at the mirror point. The figure shows only half of the
domain; the earth's {ficld i1s sufficiently symmctric that the lower half can be
congidered a reflection of the upper half. The partilcles generally enter the
atmosphere at different values of vV, say =V, and +ch y in he tw s opposite

hemispheres, so the Integration is not really symmetric. Several horizontal

dashed lines have beun drawn to lndicate for different 1L shells the vC values
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Figure 2. The domain of integration of the pitch angle

diffusion equation.

25




{r 1w

witere atmospheris seattering and enerey loss mash ba broupght inse the diffusion

equation,

The: transtormation r'rom local plteh angle, o, to adiabatic invariant
variable u, hus altered the domain of integration in another way that is not
immediately apparent in Figure 2. BEverywhere except at the equator (v - 0) the

distribution in u hos been split into two separate parts: a group of particles

< B \ R
going in one direction with a ~ arc sin V/E (1-u) and another group going in
¢ o :
. . . X B . . [
the: opposite direction with o & T - arc sin 5 (1-u). The choice of u ™ cos o
o]
rather than ~ cos @, has caused the separate regions to lie on top of one

another, though they are actually joined only at the point v =0, u= 1. A simple
way around the difficulty is to lahel the two distributions wich superscripts

UP and DOWN, and perform the v integration in each direction.

_ If (o) is to be continuous at & = % , it follows that, on the line
i
v = v (u)
UP DOWN
g (wv) =g (uv) (23)

If the domain were symmetric about v = O, only one g would need to be considered

with
glu,vy) = g(u, - v ) (24)

This condition leads immediately to the conclusion that g cannot be separated
into a function of v multiplied by a function of u (as f was separated to
give g and a function of t). If g were separable the v eigenfunctions

would have the form exp(-Cv); which is incompatible with Equation (24)except

in the trivial case ¢ = O (or f dindependent of 8).
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It also appears that, if 3;7/3v is to remain bounded at v - Vi the deriva-
tive dp/du must vanish st the mirror points. For most of the interesting pitch

angle diffusion mechanisms, the diffusion coefficient appruaches zero sou fast

H W

. . . . UP DO .
at o = 7/_ that the tws distributions, g and , can be considered fully
independent.  Even ir Du& aves not approach zero at least as fast as cus o, the

derivative conaition follows from the differential equation, 22.

; The boundary condition at u = 1 is

o
[

= 0 (25)

e 81(‘.
H
2

o

This do=s not imply that 3g/du is zero, though this type of boundary condition

: B, on iz{u) is feirly easy to incorporate in a numerical finite difference integration.

The most interesting boundary is at v = Vs here the integration switches
wver from generally slow pitch angle diffusion at nearly constant energy to rapid
diffusion and encergy loss due to collisions with atmospheric atums and molecules.

The time scales in the two v reglons are so vastly different that it 1s imprac-

T eyiny ety e Bl SRR R T I T n 1

tical to solve the combined diffusion equations in & routine fashion, integrating

3 over both regions simultanecusly until convergence is attained. The character-
istic times for diffusion in the magnetosphere are hours to deys; the character-
igtic times for diffusion in the atmosphere are less than the particles' bounce

periods — of the order seconds or less. It is just this disparity that renders

S ESRC T 2 2

liable to suspicion any attempt to treat the distinct physical processes on an

P S R

equal footing. For exsmple Spjeldvik and Thorne (Ref. 2l ) attempted to treat
the atmospheric interactions by introducing s diffusion coefficient in the bounce-

averaged diffusion equation that was very large in the loss cone region. Apart

1 )
1 |
|

from the difficulties of constructing a numerical solution across the boundary
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L e
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where some parameters change by orders of maignitude, their results do not
appear entirely reasnnable. At the transition between the two modes of diffu-~
gion they show & sudden, steep drop, followed by & nearly isotrupic distribu-
tion within the loss ¢ ne, Yet one would expect the downgoing Flux at the top
of the atmcsphere to show a nearly exponential fall-off at the transition, with
a characteristic scale given by Equation Q3)., In Figure 3 [similar to Figure 3
of Ref. 1 except that the no-backscatter rase shows the new results of Equa-
tion (19) Jare compared to the Spjeldvik and Thorne resu.ts and our new results,
For a wave field of 30 my the predicted diffusion coefficient for 50 kev

electrons is approximately

-4 -1 p
< E= (] o
Daoaq > Lo77 sec (20)

This gives a 4@, of about .5° at the equator. The distribution at 300 kev
altitude should therefore be spread out over nearly 18° near the "cutoff" at
750. The results of Spjeldvik and Thorne fall off much faster than the expected
exp (0/180) rate; our results are consistent with the expected fall-off rate,
and are nearly indistinguishable from the bounce-averaged results where those

results are expected to be applicable (& 2 60°).

A few words of caution are in order here. While scattering within the
atmosphere may be treated in the numerical integration as a boundary condition
at v = Vs it is not generally possible to construct a simple boundary condi-

tion there. Consider the simple case where no particles are assumed to be

reflected, or

g7 (u,v,) =0 (27)
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This «oreiition s Ineompatible with Equation(22)unlens

&g

5

DOWN .
" 13 aluo gero at

VoS vL,which i turn denies thoe possibility of particle loss in the atmosphere.
The diffisulty is rewmeved 1T the particles which would mirror 2 small, but
finite, distanc. boeyond v oarn returned after nveing glightly attenuated.

A simple prescription based on this observation can be used in most situations
where bhe physical processes are understood., Often the "ponetration depth”

is small enough that the mathematical difficulties only affect one point

Vm(ui) =V, i an array ot discrete points.

Ideally, the integration would be joined across the boundary at Vs to a
detailed solution of the Fokker Planck equation describing scattering in the
ntmosphere. The AURORA code gemerally suffices for that purpose except that the
chiunge in the pitch angle due tc magnetic reflection was incorporated in the code
only {n an approximate fashion. To the best of our knowledge, none of the atmospheric
scattering and energy deposition codes have explicitly taken into account the
precautions discussed above. As a result it has taken some experimentation to
establish the optimum altitude for the traﬁsition to atmospheric scattering,

In our previous calculations an altitude of 150 to 180 km was chosen. At higher
altitudes (above 200 km), erroxrs quickly build up, even in the parts of the distri-
bution that are not strongly affected by the atmosphere. This means that it might

not always be feasible to obtain reliable results for electron energies below 1 keV.

The cage of zero reflection is very much like what actually happens to
trapped protons, Protons entering the atmosphere are rapidiy degraded to thermal
energies before suffering appreciable deflection (Ref.1Q), The steady state differ-
ential equation (22) has been solved for a range of values of Doa up to the limit of

strong diffusion. The most readily accessible published values of the diffusion

30
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coefficient (e.g. Ref. 19) are for the average <:Daoaoi>. The simplest assumption
about the form of Dy is that it is a function only of ﬂo. It is curious that
this assumption leads to values of < xhoao:> that are just slightly less than
one-half DOO over most of the range of ao' The conversion formula is, from

Equations 6 and 9

o o
00 T cos o

o )
L3380 + 169 tan“au (Sinj/ﬂyn - 1)
——— D

A3

: ) I
1+ 46s sint e

(V]

The Adif'fusicn coefficient < Da o > was also assumed independent of GO .
€ U
Some sample results of caleulations for S0 keV protons on L = 4 are
_. shiown: in Figures b through 7. These results should be compared with Figure 1,
which treats the same case by the bounce averaging method. However, it is

riuw possible to calculate the distribution at any point along the field line.

e et

Even if the bounce-averaged diffusion equation were fully applicable it would
only give a sort of "average" distribution. In the cases shown we have plotted

the distributicn at the equator and the distribution at the top uf the atmos-

o g o e, e e

St
P

phere (in terms of an adiabatic invariant parameter Bm/BO = 1/1-u).

At small values of Bm/B0 there is a discrepancy that is simply a con-
sequence of stopping the calculation before the solutions for particles with
large pitch angles had fully converged. In this region the bounce-averaged
equation gives better results with less demands on computer time. The new

results beyond Bm/BO‘” 50 are satisfactory, and should be accepted as the

correct sovlutions against which others should be judged. It is peculiar that

i
i for moderate diffusion rates the averaged diffusion equation results would agree
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; downward at the top of the atmosphere.

34




*aasydgouryz ay3 jo doj ayy 3B paesumop

wcuom:oﬁuspuuumﬂvm:uuomo oaﬁ:m .uqu:vmmzuuucoﬂu:nﬂuumﬁwm:uuommumckonm
seaInNd om3 YL °_ d9s_ 01 = < 724 > ‘4= uo suozoad A9y S JO SUOTINQIAISTP PUOI-BEOT *¢ 2an81yd

- ¢
Om\ﬁmomm:zv g |
0] 102 o] | ]

35

401vNO3

4401NJ

(XN14) 901

JY3H4SOW LY
ONIH31IN3

i

L




al= b oxaetly winh the new results, except that the aszuntd diffuston coefficiont

set by lower by Ffactor «f aboub 2, or the loss reale raiscd to hf/TB — just
wiat had boen assumed in earlier work. This seems 4o be fortuitous; the
ecorrection factor varies from near L to a value much grester than 2 at very
amall diffusion coefficients. Yet, for the most part tha apreenznt brtweat the

two kinds of rosults is very good.

The fact that the buunce-averaged proton distrivutions are o near to the
correct aclutions in the losb"2=nn might lead unc Lo sippose that the bounce
averaged equatizn could work as well for electrans, ygiven a satisfactory
heruistic loss term. Therc are several rfactors that work asainst this supposi-

tion. Pirst, there ig the expectation that the distribution at very small

{

riveh angles should be almost entirely dus to the atmospharic scattoerire processes,
which are exceedingly difficult to incorporate in a8 simple model. Second, thz
enerpy loss of electrons in the atmosphere must be considered. It is uniikely
that calculations at a single energy such as reporied by Spjeldvik and Thorne,
(R-f. 21) could ever yield more than a crude order-of-magnitude estimate of the
total precipitation rate (though their distributions are questionable, compari-
scns with vur new results indicate that both methods prediet approximately the

sam: nunber of particles in the loss cone).

The major cunclusicns that can be drawn at this point are that our basine
method is sound, and that the only significant uncertsinties are in the
predictions of backscattered electron distributions by the AURORA code. The
close agreement of the proton distributions with results of bounce-averaged
calculations indicates that the numerical integration method is giving correct

results. That the bounce averaged formulation is good over such a large range

of pitch angles means thot the seemingly crude assumption for the form of Dau
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if tne diffusiorn oo«

voappretiably deeeade Lo

BV I
vary maracaly lor partizlez In the legs cone can the assumed form ¢ Daa
have any bearing o the correciness of the roesults. So all thab needs to be
metheel is the calibration of the diffusicn zoefficients, and

dors b owerily th
e yontirmatiocn of the backoratber pmdistions — both men-trivial exsroises,

Will be apparent in the follewing secticon.




2.2 TESTS OF THE PITCH-ANCLE DIFFUSION THEORY

A care=ml obgervation of the distribution ot olocebrons within the 1acss
o has great potential as a means eof determining both diffusion rates and

atmosph ria wackavatieor rates.  Inspection off Pigures h throush 7 and ) ofF

v Rety ) eontims that the looz cono distribution is

(4]

Bolferonee 1, (als .
tdeed very sensitive L0 the dittusion rate. 3ut the important meagurable:
paramcters are not neoosnarily those  that simple intuition might lead or 2
to believe uceful fer Lhis purpose,  PFor exanple, total flux in the center of
the loss cone {(op ratico of @~ n° Tlux ¢ oY flux at low altitud=s) is nearly
independent of ditvfusleon rate, cxeoept in strong diffusion.  The distribution
near the conbor of the losy con: i most valuable for the information it
provides about bacwacatter rates.  Tdeally the ratic of dewngoling flux to
upFolng flux at intermediate piteh angles in the loss cone would give directly
the instantancous value of the diffusion coefficient, a quantity that ha: not

yet been found by any obher method.

Unfortunately most of the loss cone data we have examined do not appear
to be reliable. The data are very sparse, and of uncertain quality. It is
likr~ly that most of the data were contaminated by cosmic ray induced bremsstrahlung:
Spjeldvik (Ref.22) has noted similar difficultices. The only casce we found in
which bremsstrahlung contamination of the loss cone counting rates could be

ruled cut was the one reported in Figure 9 of Reference &, The data for that

case were collected during a time of intense magnetic activity (Kp = 8-);

. L
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soo it is weertain whethoar other processes could have at'fechoed the trapped

- w il

clechrong.

\;

W have preat hopes that the inatrwnental contanmination probleoms

gy beoen overceue: 1o Lo omeast ren

nLosatellite experimenbs: and we ars
awaltine the new data.  But, in view ol the grave dilficulties, we wizh
sugirest, in Lhe Followlm section, another method that might be used to

Aiffusion costficients.
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2.3 LONGITUDINAL DRIFT AND THE FILLTNG OF THE LOGS CONE

An important etrfect that has been ignored in the preceding discussion
is the variation of the size of the loss cone with geomagnetic longitude.
The earth's magnetic field is only very rouhly approximated by a simple
dipole ficld. For most purposcs the important deviations from the simple
model can be accommodated in an off-center dipole field model (Ref. 23),
The cutoff, ac, then varies with azimuthal position. Figure 8 shows the
100 km altitude trace plotted against geomagnetic longitude for two L shells.
The particle's azimuthal drift allows them to diffuse beyond ¥ max and
partially fill the so-called "quasi trapping" regions where the cutoff o, is
reduced. A diagonal line 1s sketched in Figure 8 to indicate how the "edge"
of the distribution advances as the particles drift (in this sample, electrons

drifting eastward).

If the diffusion coefficient is large enough, the diffusing particies

can advance into the gap between o, and «, as fast as a, recedes. The

~Mmax

maximum change in o, with longitude ¢ is of the order

2 m35n? (29)

The mean o, distance a particle can diffuse during a complete bounce periocd
is given by Equation {13). The diffusion coefficient near dc needed to keep

the gap filled is therefore
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Figure 8. Variation of the edge of the loss cone with geomagnetic
longitude. Of the two 100 km altitude traces, the smaller
B value determines the limit of influence of the atmosphere.
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TE = "D

whor: TD Lo biv: lrirt perlod. Table IT lists some values cstimabed Cor

< s > . Bauatlon (29) howsver, refers only to bhie nucessary dil'fusion
o
(e

uunffi;lent thut will allow a small number of particles to leak out of the:
brappine ropglon at every longibuds.  As the diffusion coofficient is incereascd

it will sradually approaceh a value that follows f  to adjust gontinuous y Lo
the chargring 2utoff, with a nearly uniform leakape rate independent of longitude.
This latter limiting valuce is much less than the stronyg diffusion limit,

<D >~ % , but as mucli ag 9 decades higher than the values of Table IX.

R
)

Fipurag © and 10 show results of sample calculations using

BEquation (7) for the diffusion of clectrons (with an assumed < Dy o > =
oo

constant) with no allowance for backscatter. Similar results have appearcd
proviously (Ref. 24). For low values of the diffusion coefficient, the tail
»f' the Jdistribution fills in ncarly as exp(-const g—); the local cutot?ft, Bc/Bo’

o
is generally out of sight at the lower right of the figure. When the diffusion

[
coefficient becomes large enough,in this case 10 2 sec l, the pitch angle distii-
bution is similar at cvery longitude, except that the local cutoff determines the

location of the shoulde: of the distribution.

The filling and depletion of the quasi-trapping sss cone has been

observed for trapped electrons and for trapped protons. Figure ll shows some

results of Imhof (Ref. 25) for a low altitude satellite whose east-west motion




TABLE IIT
Minimum Pitch Angle Diffusion Coefficient That Allows

Some Filling of the Loss Cone at All Longitudes

E (ev) Dlim(electrons) Dlim(protons)
10° 43733 1,971
10* 1671 5,971/
10° 427181 1.9°8 /1
_ 10° 1378 /L 5.9°L /L
10’ 7.4 1L 1.972 /L
i

.
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\ L=3, D=107
T
0”8
10 3L
- 216
10”4 252
288
10~ '
i 8 15 22 29 36 43 50
B/8,

Figure 9. Solutions of the averaged diffusion equation for various

-

longitudes (relative to the SA anomaly, denoted by the
lebel on each curve). This case is for a small diffusion
coefficient so the bottom edge of the particles remains
nearly fixed at one B value,
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Figure 10. Solution of the averaged diffusion equation for various

T LT g

longitudes (relative to the SA anomaly, denoted by the
label on each curve). This case is for a diffusion
coefficlient large enough that the edge of the distribution
follows & constant altitude trace,
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was adequate to exhibit the effect. We have done a simple calculation using
Equation & with the loss term multiplied by 1 minus a "reflection coefficiant”,
: - R. A plausible fit to the data is shown in Figure 12. The backscatter of
| | clectrons does tend to mask the castward drift effect; but since the quasi
trapping phenomenon affects mainly particles mirroring above the atmosphere,

there i3 hope that the effc.ct may be of valuc in determining diffusion

coefficients.

How then might the atmospheric backscatter be treated simultaneocusly
with longitudinal drift,while avoiding the rigors of a diffusion equation
with four independent variables, longitude, latitude pitch angle,and energy?

= Again, it should be feasible to take advantage of the fact that the various
pehnomena have quite different time scales. If the cutoff boundary, dc,
does nct move too rapidly, then the steady state equation, 22, should give

valid results for the atmospheric backscatter. The averaged diffusion equa-

Lo R R SEER

tion should then be adequate to treat the major part of the trapped distribu-

-t tion, nlus the quasi trapping region. Thio. lirst-approximation could be used

1 : as a starting point for several iterations of Equation 20 to obtain detailled

~§ solutions for all longitudes. We expect to test this method soon to find out
B ﬂ’ E whether it is practical, and indeed results in great savings of computer time. ’J
&
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Section 3

OBSERVATIONS OF SCINTILLATIONS IN MID LATITUDES

Ionospheric scintillations have been observed at all latitudes,
though research on their effects has been concentrated in the equatorial
and auroral regions., Recently, there has perhaps been a tendency to emphasize
the equatorial regions because those regions are most predictable. However,
it might be argued that the mid- and high-latitude ionospheric disturbances
more closely approximate the effects induced by high-altitude nuclear explo-
sions. We have therefore directed our efforts at a search for correlations
in mid latitudes between scintillation activity and energetic particle
precipitation., The mechanisms underlying such correlations are poorly under~

stood, so our work has been mainly explorational.

A receiver station in the WIDEBAND program was operated at Stanford,
California from May 25, 1976 to mid-September 1976. The purpose of the Stanford
station was mainly to check out procedures, and verify the operatiom of the
system. Operation of the Stanford station was therefore somewhat irregular,
covering only about three days of each week. Nonetheless, an appreciable
amount of data was acquired showing high degrees cf scintillation activity
(Ref. 26), E. J. Fremouw of SRI graciously allowed us access to the data,
and with the assistance of S. Matthews (alsc of SRI), we were also to counstruct

our own summaries of the data.

Table IIIlists the times of the observations and the estimated levels
of activity. The scintillation activity levels from A-quiet - to B-intense -
pertain to the combined amplitude displacement, Sv, and the phase duration,

ap’ of the VHF signals. OQur assessments were made independently, and may differ
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slightly from those arrived at by the SRI group (Ref. 26). The levels A

to B corxespond roughly to the designations very quiet and very active,

respectively, in Ref. 26, thougn we have tried to break down the individual
pass records by the elevation angles. Some low elevation intense scintilla-
tions should be discounted because they reflect merely a large total electron

content over a long path.

We have also listed available data on Kp indices, solar sector crossings,

and the character of the total electron content (TEC) as observed by the

WIDEBAND receiver.

The first thing to be noticed is that moderate-to-intense activity in
mid latitudes can occur at all times of the day, and with no obvious pattern.
(The early morning passes are labelled with a N because they started in the
north, and the afternoon passes starting in the south are labelled with a §.)
There may be a correlation between the north-to-south gradients of the iono-
spheric electron content, but the predictive value of this correlation is not
clear. The absolute levels of the total electron content have not yet been
established, either by comparison with (very limited) ionospheric sounder
data, or by absolutc calibration of the WIDEBAND data (Ref. 26), If the
correlation is established and confirmed, it is not clear how it would be
exploited to obtain local predictions of scintillation lavels. Perhaps new
ionospheric sounding stations might be established at critical sites. 1In
any event the electron density and temperature are the most likely ionospheric
parameters that might reflect the deposition of energy from the trapped
particle belts. The three-fold correlation of scimtillation activity,
lonospheric conditions, and precipitation of trapped electrons is a topic
which calls for an extended investigation.
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We had initially hoped to find correlations between the global
indicators -- such as Kp -- and the mid latitude scintillations. Table III
lists the Kp index and the churacter of the interplanetary magnetic field.
Only the sum, XKP, of the 8 three-hour Kp's is shown because activity was
very low during the period. Values less than 20 for EKP indicate quiet
days, and only values greater than 30 should be considered significant.

The interplanetary field during a half-day is characterized by the direction

of the field near the earth; T stands for toward and A for away. An

inspection of the most readily available indicators, Kp and the solar
sector structure reveals no such correlations. Analysis of a larger body
of data might reveal low-level correlations, but such correlations would

be of little value to an operational system.

We are just now beginning to receive new data on electron precipita-
tion rates, though we have not found any that are directly applicable to
the period in question.

It should be kept in mind that the WIDEBAND experiments were initiated
at the bottom of the solar minimum. Magnetospheric and jonospheric activity
have been very low, but are expected to rise rapidly through the next several
years. That the anticipated correlations failed to materialize is not surprising
because no great solar events occurred during the period while the Stanford
receiving station was in operation. It has, however, been demonstrated
that high levels of scintillation activity do occur frequently in mid-latitude
regions; frequently enough that the study of mid-latitude scintillations is

a worthy endeavor.
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Section 4

COUPLING OF IONOSPHERE AND MAGNETOSPHERE

4.1 ANOMALOUS PHENOMENA AFFECTING COUPLING

Many processes of importance to defensc problems are sensitive to
the coupling of the ionosphere and the magnetosphere. This coupling is
severely altered when plasma instabilities form anomalous resistivity,or
electric double layers,in the upper ionosphere that impede the flow of
thermal plasma currents along the magnetic field. The resulting electric
fields, with components along the magnetic field, preclude the neutraliza-
tion of large-scale electric fields produced in the magnetosphere by high
altitude nuclear explosions. Such obstructions thereby affect (i) the growth
rate of plasma irregularities all along the magnetic tubes containing the
debris and "atmospheric-heave' plasma, (1i) the dynamical motion of the debris
tube, hence the eventual distributions of the debris and the trapped electrons,
and (iii) the energy deposition in the upper atmosphere and the attendant
interference with radio-wave propagation and optical/IR systems. Furthermore,
the obstructions affect natural processes in the auroral zones,which are

examined to understand phenomena produced by high-altitude nuclear explosions.

Anomalous resistivity and electric double layers are due to plasma
instabilities that inhibit the mobility of thermal electrxons along the magnetic
field. Although much theoretical effort has been devoted to the investigation
of the pertinent instabilities (see Perkins, Ref. 27; Kindel and Kemnel,

Ref. 28; Block, Refs. 29,30; Carlqvist and Bostrom, Ref. 31; Papadopculos

and Coffey, Ref. 32; Swift, Ref. 33; and Swift et al., Ref. 34), many
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uncertainties remain (see Papadopoulos, Ref. 35, for a recent review of

this subjéct).

Much experimental evidence, however, is now available cn the electric
fields resulting from the instabilities. The fields were inferred initially
from observations of'"monoenergetic' electrons in the auroral zones (see, e.g.,
Hoffman and Evans, Ref. 36; Evans, et al., Ref. 37; Paschman, et al., Ref.
38; Machlum and Mocstue, Ref. 39; Arnoldy, et al., Ref. 40; and Basgued, et.
al., Ref. 41). More recently they have been inferred from observations of
cnergetic ions generally moving along the magnetic field away from the upper
ionosphere (see Hultquist et al., Ref. 42; Reme and Bosqued, Ref. 43;
McIlwain, Ref. 6; and Shelley et al., Ref. 5). In addition, the electric
fields have been inferred from shaped-charge barium releases (Wescott ct al.,
Ref. 44; Haerendel et al., Ref. 45) and direct measurements (Mozer et al.,
Ref. 7; Mozer, Ref. 46). The data indicate that the electric potentials
extend to 6 kV and higher, and are located within a few thousand kilometers
from the earth (Evans, Ref. 47; Lampton, Ref. 48; Winiecki, Ref. 49; Arnoldy,
Ref. 50; and Haerendel et al., Ref. 45). Moreover, they occur in regions

where field-aligred currents are high and where the auroral-electron precipi-

tation is intense.

A model of the electric potentials in a cross section normal to an
auroral arc, which accounts for most of the observations (Swift, Ref. 33),
is shown in Figure 13. Here, the magnetic field lines are taken to be vertical.
The equipotentials are symmetrical about the magnetic field line at the center
of the arc. At any altitude, the potential is a minimum at the center and

increases monotonically toward the sides; hence the electric field component
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Figure 13.

auroral
ionosphere

Equipotential model for electric fields above
auroral ionosphere. Lines represent equipotenmtial
surfaces; the magnetic field is taken to be
vertical.
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normal to the magnetic field is directed toward the center of the arc.

Toward higher altitudes, along magnetic field lines, the electric potentials
decrease in magnitude; thus, the electric-field component along the

magnetic field is directed upward. Such a field component tends to acceler-
ate electrons downward and ions upward. Note that the electric field normal
to the arc increases toward higher altitudes. No data are available on the
closure of the potential contours above the top of the diagram. It seems
plausible, however, that the contours near the sides continue upward, parallel
toc the magnetic field, and close in the conjugate region, maintaining approxi-

mate symmetry about the geomagnetic equator.

The work described below provides additional information on the proper-
ties of this electric field and the conditions under which it develops. The
properties of the field are inferred from recent satellite measurements of
electron and ion distributions. In the following section (4.2), equations
are developed which describe the effects of an electrostatic field along the
magnetic field on charged particle fluxes. In section 4.3 the observed
fluxes are interpreted in terms of the parameters of the potential mcdel

described above.

4.2 EFFECTS OF ELECTRIC POTENTIALS AND MAGNETIC MIRRORS ON CHARGED
PARTICLE FLUXES

Transformations of particle fluxes will be described with reference
to the diagram shown in Figure 14, which depicts a converging magnetic field

and an electrostatic potential. Altitudes and magnetic field intensities

are denoted by z and B, and electric potentials by ¢. The subscripts s
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e

denotes the parameters at the location of the satellite. The electric

field E, which is directed upward, extends from zo,where the potential is
@,,to z,. The potential at the satellite is @1 The subscript t denotes
quantities at the "top" of the atmosphere, where particle collisions become

appreciable,

The particle data which will be described in the following section
were obtained before and after the electric fields were established.

(£)

We will, therefore, relate the flux, j , when the field was present to the

flux, j, when the field was absent.

In the absence of E, the incident flux, at the tsp of the atmosphere

is equal to the flux at z_, i.e.
-~

j(at’ Bt' “t) = j(dsx BS’ ws) (3L
where the kinetic energy is v, =W (32)
sin2 e in> o
and -‘-B——t = ﬂ"%——s . (33)
t s

The edge of the loss cone, a. = asc’ is obtained from (33) for o, = n/2;

i.e.,

a, = sin” (3 /3,)%. (34)
If the backscattered flux at z, is denoted by jB(at, Bt’ wBt)'
112 < @, = 1, then at the satellite,

e, B, w) = jula , B, Var) (35)

where again o, and o, are related through (33) in the "loss cone,”

Tz 2 - w_ =W .
Q’t?. a asc’ and s Bt
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When an clectric field is applied along the magnetic field direction, j
itself is no longer an invariant, as in equation (31). Rather, the proper
invariant of the motion is £, the phase space distribution function (the
distribution function vsed in Section 2). The two functions are related by

the (non-relativistic) formula,

j o= 2mwt (36)
It follows that the flux at z, -- which equals the undisturbed flux at zg

1
for a; = sin'l(Blst)2 ~= is transformed to

SE) (o Bty = Vs S, B, w) (37)
g’ s’ s W s? "¢ s

b ' = &
wher~, W, T W, +'ccp1 (28)

W

2 5, 2

and sin Q; = ;i sin® o (39)
for 0 £ a_ s ~f2 (%0)

(Pitch-angle difFfusion has been ignored here. However, it will eventually

be necessary to extend the analysis to cases where the effects of diffusion
are of magnitudes comparable to electric field effects. 1If energy diffusion
is negligible, the right-hand side: of equation (3) retains its form, but with
the space~like variable BiBo everywhere replaced by the transformed variable
E%%@%El ; the phase space distribution tunction must be a function of w-ep
razher than w., It is not likely thaf energy diffusion can be ignored if the
elactric field is set up by plasma turbulence of electrostatic-type waves.)

-1, wg ) 1/2

Although the primary flux for a; > asin T vy is unknown, the potential

91 will rcflect upgolng electxons observed at g with energiles w; and pitch

angles a; such that,




- i
1 E—“I
B -B
2 s 1 2
w; ‘co&, a'; + Bs sin Q'; }< ep, . (41)
Hence, in the pitch-angle range
w!' - ep B %
~1 s 1 s
sin (-—.-——_w‘ o ) < cy; < m/2 (42)
] 1
Br-
i < W PR .
with &y T WL T ey ( 5 - B]_ ) 143)
as well as for 0 < al s w/2 with v, $ &, the downgoing flux at z_ is equal
to the upeoing flux, i.e.
- (T 44)
() (F) ¢
B0 (ag, By wi) = 00 (m - ar, B, ).
g At the top of the atmosphere, z , through the potential g, » the electron
i flux becomes
! K w
; (E t E}
L R N R AT N 5)
’ ;
. = ' = -
? \é vhere w_ Ve T e gy = 9y @) (46)
: i w' B
: 5 end sin® o, = ;—,—-:ﬁ-—— . Ft- sin? o . 47
ey s P s
! Hence, the edge of the loss cone of the observed flux at z is now energy
§ dependent and has increased from the value given in Equation (34) to
w! t+ e B\ %
4 ¥ . -1 8 q’b s ) .
g G’sc = gin (—-;-;—-——- . T}: . (48)

The pitch-angle distvibutions of the electrons can therefcre be used to

determine Pp*




Note also that the electron flux reflected by the potential above the
satellite (Eq., 44) is also transformed to the top of the atmosphere accord-
ing to Eqs. (45)-(47), and those electrons with

1 ] \

O’s 2 aSC (49)

are reflected back toward the satellite by the magnetic field. Since Eqs. (49)

and (42) are satisfied by electrons in the energy range

oy + o9y By/B . 1.
578y~ Vs % T 7 (50)

such electrons will be trapped between the magnetic mirror at the top of the
atmosphere (zt) and the upper boundary (zl) of the electric potential. The
electron data discussed in the next section indicates that electvons are indeed

trapped in this manner.

The AURORA code was used to compute the flux of electrons backscattered
from the atmosphere. An iteration procedure was used to detaurmine the appro-
priate incident flux which included not only that given by Eq. (45) but also

the backscattered electrons which were reflected back to the atmosphere by

the electric field. The latter flux, j(i), was determined from the equations
(E) - 1(B) .
where 0= @, s /2 forws é$2 (52)
-1 w - qu B }i )
and sin (_G'"_' . -Ei-) =a, = 1/2 for ®, S W< &, (i;t-;—gl) (53)
Here j(i) is the backscattered flux.
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The backseattered flux which reaches the satellite is

(E) VT %y (E
17 @ By w - ep) = — J(B)(Qt’ Ber W) (54)
B
2 W _s L2 .
where sin ¥ = T e . Bt sin” a, (5%)

w > a@b .

4.3 ELECTRIC FIELDS INFERRED FROM SATELLITE DATA

4.3.1 Satellite Measuremeats

Exceptionally valuable data on particle distributions in the magneto-
sphere are being obtained with the satellite 1976-653, a high-altitude polar
orbiting satellite that has been launched recently, Drs. E.G. Shelley, R.D.
Sharp, and R.G. Johnson of IMSC are the principal investigators of 2 major
experiment on-board which measures the energy and angular distributions of
lons in the energy range 0.5 to 16 keV and electrons in the range 70 eV- 24 ke,
The ions are detected with three mass spectrometers which sample the mass-per-
unit charge (m/q) distribution, in the m/q range 1-30, once per second.

Since particle fluxes change rapidly in space and time at high latitudes, it
is important to emphasize the time periods over which the energy and pitch-
angle ranges are sampled, The energy-per-unit charge range 0.5 to 16 keV is
covered by each spectrometer in 12 steps (0.5, 0.68, 0.%4, 1.28, 1.76, 2.4,
3.3, 4.5, 6.2, 8.5, 11.6 and 16.0 keV). At any particular time, the energy
settings of the detectors are at different values. They are cycled through 4

values every 64 seconds, remaining on each step for 16 seconds. Thus, a

12-point energy spectrum is acquired from the 3 spectrometers every 64 seconds.




The pitch~angles of the particles are determined by correlating the
view directions of the detectors, which are perpendicular to the spin axis
of the satellite, with the direction of the magnetic field. The satellite
is spinning at 3 RPM with its spin axis perpendicular to the orbital plane.
Thus, essentially the entire pitch-angle range is sampled by each detector

every 10 seconds.

The electrons were detected by four spectrometers, designated CME A,
CME B, CME C, and CME D. These spectrometer channels detected electrons
principally in the ranges .074-.238 keV, .352-1,13 keV, 1.58-5.04 keV,

and 7.3-23,5 keV, respectively.

Data from the first few orbits revealed several events of H+ and 0"
ions streaming upward along the magnetic field in the auroral and polar re~
gions, even during times of magnetic quiet. In the followiag section, we offer
an interpretation of the data obtained on two of these events which were re-
ported recently by Shellay et al. (Ref. 5). We also analyze an additional
event for which we utilize the electron data as well as the ion data to

interpret the results.

4.3.2 Interpretation of Data
In the two examples of the satellite data reported by Shelley et al.

(Ref. 5}, approximately equal fluxes of O+ and H+ ions (about 108/cm2.sec.sr.
keV at 1.28 keV) were observed simultaneously. (The detector
settings were at 0,94 and 1.28 keV at the time of the measzure-

ments). Moreover, the pitch angle distributions of
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both ions were nearly identical. They were sharply peaked along the

field with a half-width-at-half-height of roughly 15°. Both events were
observed at high magnetic latitudes (2 690); one was observed at a local time
of about 14.5 hr  at an altitude of about 7680 km, the other was observed

at a local time of about 21hr at an altitude of about 5450 km.

These data indicate that the accelerating potentials below the
satellite were about 1 kV. From the altitudes of the observations, we note
that the electric field intensities must have been higher than about
1000V/6000 km or 0.2 mV/m. In such a field ambient H' and 0% would be
accelerated to 1 keV in about 22 sec and 90 sec, respectively. Now, if
we assume steady-state conditions on a time scale of 90 sec, the observed
ion flux, should, as discussed in Section 4.2, be a factor wi/wth higher
than the flux of ambient, ionospheric ions at the base of the acceleration

region. Here, w . =~ 0.1 eV (the ion thermal energy in the ionosphere), and

th
Wy =Wt 1 keV. Moreover, the pitch angles of the energecic ions, 2,

should be related to the pitch angles of the thermal ions, ath’ by the
equation
B
2 Yth s 2
sin @, v B sin Y (56)

where Bs/Bo is the ratio of the magnetic-field intensity at the satellite to
that at the base of the acceleration region. According to this egquation

the pitch-angle distribution of the ions should have been ever more sharply

peaked along the field *han indicated by the data. Such a broadening of

the distribution could have been due to scattering of the icns by the waves

in the anomalous resistivity region. The magnitude of the observed flux,

n
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however, indicates that the ions, cven at low energies, are not severely
restrained by the waves. If we equate the ion flow (number/sec) in the
magnetic tube scctions at the source and at the observation altitudes,

we get,
1.25 15°
< v~ A =2 T aw, g, B

o s . o wi) sin &, cos oi d Qi (57)

S’

where { is the velocity distribution function of the ions, assumed to be
Maxwecllian, and A0 and AS are the normal cross sectional areas of the tube
at the source and at Bs' Now, if we assume that all thermal ions with

v'l > 0 along the field become accelerated, then

<fv, > = —3/7 3 foe ? 2« vdv ¢+ ¢ | t v dv
1 (q)B/ vth3 0 L 4o ll X
=nv , /27, (58)

th

Here, n is the number density of the ions at the source and Vin is the
thermal velocity of the ions, By substituting this result and the observed

flux in Eq. (57), we find that

7 2}
2 10 .
L REl e (59)
Vth s
‘3
where we have put AO/As = Bo/Bs' Thus, since Vey = 2 x 10 caw/sce (as 3000°K)

for 0F ions, and using BO/BS;; 3 0., (6000 + RE)3/(25OO + KE)3], we find
that an O+ ion density of about 300/cm3 at the base of the acceleration re-
gion can provide the observed flux. &ince the H+ ion thermal velocity is
about 4 times that of the ot ions, the required H+ ion concentration is
about 80!cm3. The distributions of ions In the polar ionosphere are guite
variable. However, such concentrations at altitudes of several thousand

kilometers are not unreasonable.
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The observed pitch-angle distribution of the ions can also be accounted
for by assuming time and/or space variations of the potential model shown in
Figure 13. In that model note that ions are accelerated by a weak electric
field component along the magnetic field; but at high altitudes, they en-
counter a much stronger electric field which is perpendicular to the magnetic
fiecld. There, the ions will acquire a high E x B drift velocity. Mozer et al,
(Ref. 7), with instrumentation oua the same satellite, has measurced clectric
ficlds perpendicular to the magnetic field as high as 1 v/m. 1In such a field
at the aititude of the satellite the ions would acquire a v, component of
about 170 lm/sec, which is the velocity of a 2.4 kev 0+ ion, Hence, a per~
pendicular electric field of about .2 V/m for the O+ ions, .7 V/m for H+,
can account for the 15-degree widths of the ion distributions. Certainly
both this mechanism and wave-particle interactions must be affecting the ion
distributions. The relative importance of the roles of these mechanisms,

however, is uncertain at the present time.

The analysis of the additional event of this type that we investigated
indicated that the electric poteatial difference along the magnetic field
increased with time and/or space and that the field extended above as well
as below the satellite. The data were obtained at 1044 UT, Sepfenber 15,
1776, at dusk, ~ 18 nhr, LT, near the georraphical coordinates 101.5° F. long.,

)

£9.5° N, Lat,, end at an altitude of 7280 km. At the time of the measure-

mepts the gatellite was moving toward higher latitudes,

The data obtained during three successive spin periods of the

satellite were investigated. Field-aligned H+ and 0+ ions, with pitch-angle
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distributions similar to those described above, were observed on the 2nd and

3d spin periods but not on the first. Accordingly, it will be assumed that

the accelerating field was not present at the time of the lst spin pericd.

(It is most likely that the onset of the electric field was due to the rela-~
tive motion of the satellite and the region containing the field.) The
electron distributions were fairly uniform during several spin periods prior

to the observation of the ions. The electron flux measured during the lst

spin period will, therefore, be taken to be the undisturbed flux, j(as, Bs’ ws),
according to the notation used in Section 4.2, and the electron flux measured

later will be the flux perturbed by the field, j(E)

(a;, B, w;). The electron
distributions changed rapidly during the time of the measurements. Hence,

the pitch-angle data shown below for the high counting rate channels, CME B
and CME C, are plotted separately for each of tne two pitch~angle scans that
were made during a particular spin period. These individual scans during a
spin period, N, are designated by N for the scan of pitch angles from 0 to

T and N+ for the succeeding scan from m to 0. The counting rates of the CME A
and CME D channels were low; to improve the statistical accuracy of the

data, those counting rates were averaged over similar pitch-angle intervals

observed during scans N~ and N+.

The pitch-angle measurements obtained with the CME A detector are

shown in Figures 154 and b. The triangles in Figure l5a designate the

averaged counting rates obtained during spin 1 and the open circles designate
the rates obtained during spin 3. Figure 15b shows the counting rates obtained
on the individual scans 2  and 2%, Note that the undisturbed flux of these

lov-energy electrons, .074-.238 keV, is quite uniform, even in the loss cones.
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This isotropy is expected on the basis of the pitch-angle diffusion results
discussed in Section 2. A diminution of the flux of electrons returning
from the near atmosphere (the near loss cone, a 2 1300) is indicated in the

perturbed flux on spins 2 and 3.

The pitch-angle distributions measured with the CME B detector on
spins 1, 2 and 3 are shown in Figures l6a, b and ¢, respectively. The count-
ing rates from both scans of the pitch angle range for each spin period are
shown in the Figures. Note that the electrons heading toward the near atmosphere
are approximately isotropic, except in scan 3 . Also note that the near
loss cones become progressively deeper and wider in the successive spin periods,
and that beyond the edge of the loss cone the counting rates increase in the

success.ve spin periods.

The pitch-angle data obtained with the CME C detector display charac-
teristics similar to those of the CME B detector. For these higher-energy
electrons, however, the far atmosphere loss cone, a & 300, is evident in

the 17 scan. These data are shown in Figures 17a, b and c.

The pitch-angle data obtained on spins 1 and 3 by the CME D detector
are shown in Figure 18. The statistical accuracy of the data is rather
poor. Nevertheless, the near and far atmospheric loss cones can be discerned.

Moreover, the counting rates (open circles) on spin 3 exhibit maxima near

the edges of the loss cones, at 40° and 140°.
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Figure l6a. Pitch-angle data obtained on spin 1 by the CME B

detector.
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Figure i6b., Pitch-angle data obtained on spin 2 by the CME B detector.
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Pitch-angle data obtained on spin 1 by the CME C detector,
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Figure 17b, Pitch~angle data obtained on spho 2 by the CME € detectov.
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The energy spectra of the electrons detected on spins 1 and 3 are shown
in Figure 19. These spectra were obtained simply by dividing the mean
values of the counting rates, outside the loss cones, by the geometric fac-
tors of the detectors, and plotting the results at the peak-response
energies of the detectors. The triangles shown in the figure will be ex-

plained later.

The potential difference, Py below the satellite can be estimated
from the widths of the near loss cones. The relationship of the edge of a
loss cone to the electron energy and Pp is given in Equation (48). 1In
Figure 20 the width of the loss cone given by this equation is plotted as
a fuaction of ep for each of the central energies of the electron detectors.
Here, the ordinate, Aq;c, denotes the difference 180°- a;c. In evaluating
Equation (48), the ratio BS/Bt was set equal to the third power of the ratio
of the geocentric distance to the "top" of the atmosphere {(altitude = 300 km)
to the geocentric distance to the satellite.. The widths of the loss cones
estimated from the detector data taken on spins 1, 2 and 3 are listed in
Table IV. The values of ep, corresponding to these widths, as determined

from Figure 20, are liated in Table V.

The results indicate that the potential below the satellite was 0 on
spin 1, and increased to ~~ 1.5 kV on spin 2 and to ~ 3.8 kV on spin 3. The
values of ep, inferred from the CME A data, especially on spin 3, are not

reliable because of the extreme sensitivity to the electron energy of the

curve shown in Figure 20 for this detector. Moreover, as discussed below,
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Fig're 19. Energy spectra of electrons measured on spins 1 and 3. The
tifangles are the spectral intensities of the disturbed fiux
computed from the spin 1 data assuming a .5 kV potential
above the satellite. A Maxwellian distribution with T = .8 keV
is shown for comparison.
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TABLE 1V

Observed Values of Loss Cone Widths in Degrees

Spin Number CME A CME B CME C CME D
1 0 21 21 ~ 24
2 70 39 27
3 75 60 35 ~ 27
TABLE V
Values of e, in keV Inferred From Loss Come Widths
Spin Number CME A CME B CME C CME D
1 - 0 0 -
2 1.27 1.5 1.5 -
3 1,27 3.6 3.9 -
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the reduction of the counting rate of this detector on spin ) indicates
that the electrons above the satellite were accelerated by ar additional
: potential of about 0.5 kV. The detector therefore may have been counting

electrons with energies far from its principal energy-response band.

The potential below the satellite was also estimated from the depths
of the loss cones, by using the AURORA code to compute the flux of back-
scattered electrons for various assumed values of the potential. The inci-
dent flux at the top of the potential region was taken to be isotropic and
to have the spectra shown in Figure 19. The spin 1 spectrum was used for
the P = 0 condition, and the spin 3 spectrum was used for Py, = 0. Results
were obtained for Pp = 1.5, 3.0 and 4.5 kV. 1n general, it was found that

the backscattered flux of electrons which reached the satellite decreased

% rapidly as Py increased. However, for the P = 0 case, the computed back- M
i i scattered flux was less than that observed at the satellite on spin 1. This
. g, discrepancy is belicved to exist because the high-energy AURQORA code, which
j ég was used for this analysis, does not compute the production of secondary
% § electrons. These electrons are not important for most applications of the
% % code, but they are significant in the computation of the backscatitered flux. '
i § Because of this difficulty, the loss-cone depth computed for each value of
;j g P, Was divided by the depth for Wb= 0 and the ratioss were compared with the -
? ‘g‘ ratios formed by dividing the loss-cone depths observed on spins 2 and 3 by the
_z: é depth observed on spin 1. This procedure tends ‘o cancel errors in the back-
% . g scattered flux which are proportional to the flux. The observed ratios are

listed in Table VI, Comparison with the computed ratios in Table VII indicates
that @, ~ 1.5 kV on spin 2 and @, ~ 4 ¥V on spin 3. 'These values are con- -

| _i sidered to be in good agreement with those listed in Table V,
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TABLE VI

Observed Ratios of Loss Cone Depths

CME C Data
Spin Number (Depjh on numbered sgin)
Depth on Spin 1
1 1.0
2 3.0
3 8.8
) TABLE VII

Computed Ratios of Loss Come Depths

AURORA Code Results
Potential, Ppe in kV (xgzg ggi a; Pb)
P ¢

0 i
i.5 2.8
3.0 5.6

4.5 10
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™e 0% and HQ'ion data indicate somewhat higher values of ¢g- On spin
1, of course, the ions were not present, which is consistent with Oy = 0. The
data from the energr-mode channels prevailing at the time of spin 2 indicated
high fluxes of o at 3.3 eV and HY ions at 0.94 keV. On spin 3 high fluxes

of both 07 and B ions were cbserved at L.5 keV.

The ~lectron data also indicate that a potential of about 0.5 kV existed
above the satellite on spin 3. Application of Fquation (37), taking as the
undisturbed flux, j(as, B, ws), the flux detected on spin 1 (see Figure 13) and
assuming P, = .5 KV, the calculated flux disturbed by the electric Tield re-
produces fairly well the flux cbserved on spin 3. The flux values calculated in
this manner, using the CME A, CME B, and CME C data on spin 1, are given by the
triangles in ¥Figure 19, This potentlial is also consistent with the peaking of
the CMF A counting rates at 900 and the approximate symmetry, of the counting
rates about 90o on scans 2% and 3. This detector is evidently couniing principally
electrons which are backscattered from the atmosphere and reflected from the
potential above the satellite. Furthermore, the potential above the satellite
is inferred from the enhanced counting rates of the CME C and CME D detectors
near the edges of the loss cone. For small values of Bs/Bl, the electric
potential above the satellite reduces the pitch angies of the electrons such that
the lower energy electrons within the detector energy bands are more nearly
aligned with the magnetic field. This effect appears tc account entirely for the
CHE D counting rates. The peak in the CME C detectcr may also be due to trap-
ping of the electrons between the electric field above the satellite and the
magnetic field below. Application of Equation (50), with Bj set equal to the
magnetls field intensity 1000 km sbove the satellite, indicates that electrons

of energies .94 - 2.62 keV (within the response of the CME C detector) may be

trapped in this manner for ¢, = 3.7 XV and Py = 0.5 kv,




IONOSPHERIC IRREGULARYTIES DUE TO ATMOSPHERIC HEAVE

A high aititude nuclear detonation heats the atmosphece principally
through the absorption of X-rays near 80 km. The heated atmosphere rises,
approximately vertically, and through collisions moves plasma across the
magnetic field. As in the case of the dynamo, an electric field is induced
in the plasma. The polarization field resulting from the induced field
propagates up magnetic field lines and causes the plasma all along the field
line to convect cutward at the E x B drift velocity. The situatio is similar
to the atmospheric dynamo which is driven by the tidal motions of the atmo-
sphere. If the velocity of the ions relative to the elecirons exceeds the
thermel velocity of the ions, the Farley-Buneman ianstability (Refs. 8 aad
51) may occur and iead to the formation of magnetic-field aligned plasma

irregularities.

The Farley-Buneman instability is based on the fawiliar plasma ionm
wave instability Known as the two=stream instability. This instability for
the case of a highly ionized collisionless plasma has received considerable

theoretical study and is well ynderstood (Refs. 51, 52, 53, 54 and 55).

Farley (Ref. 8) extended the simple two-stream theory to the problem of
field-aligned irregularities jin the {onosphere, taking iato account the presence
of the geomagnetic field and the effect of collisions between the charged and
neutral fonospheric particles. The results show that plane electrostatic waves,

and associated irregularities in ionization density along fieid lines, will

92




[ .

appear spontanecusly in ionospheric regions where strong currents flow per-
pendicular to the geomagnetic field lines, providing ﬁ . ﬁ% > a;. Here Q

is the unit wave propagation vector, Vd is the relative drift velocity be-~

tween the electrons and ions, and a; is the thermal speed of the ions.

Buneman (Ref. 56) has also considered the electrojet problem, using
the Navier-Stokes tfluid equation rather than the more complicated Boltzmamn
equation applied by Farley. In the high collision frequency limit where the
two approaches may be compared, Fariey found that his and Bureman's dispersion

equations are essentially in agreement.

The conditions required for the onset of the Farley-Bureman instability
have been verified for both the equatorial and auroral regions (Refs. 57, 38,

59, 60 and 61).

Much attention has already been given to processes which may be respon-
sible for the striations photographed during the high altitude nuclear
tests; and, indeed, the effects of specific mechanisms have been incorporated
in various codes. To our knowledge, the mechanism discussed here has not yet
been considered (Ref. 62). Yet, it appears to be quite straightforward, and
it does account for a feature not explained by other mechanisms, namely the
30-40 sec delay time in the appearance of the striations following a nuclear
burst. In the proposed mechanism, this feature is expected because the
atmosphere below the burst does not move upward sufficiently rapidly at

timas shorter than the observed delay time.
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‘ In this section we discuss the possibility that the Farley-Buneman

instability might occur following a nuclear detonation.

The ionosphere and debris near a high altitude nulcear explosion are
rendered highly conducting. The net effect is to enhance the tendency of
plasma to move as a single fluid in which ions and electrons are tied firmly
to the field lines, The likelihood of plasma instabilities driven by rela-
tive motion between ions and electrons is therefore low in the ionosphere
below the detonation point. At large distances, however, the conductivity
remains only slightly elevated; so the question remains whether instabilities

H could be excited there.

A simplified model was us~d to estimate the relative drift motion of
the ions and electrons in regioms of the ionosphere where the atmospheric i
heave is not prominant. The model is illustrated in Figure 21, The ion
velocity across the magnetic field, driven by the expansion of the atmosphere,

is assumed to be uniform within the circular region of radius R. Eind

is the resulting v, x B electric field induced by the plasma wotion. This

i
field is generally directed toward the west for the burst occurring ia the

northern hemisphere. OQutside the circular region the heave motion is assumed )
4
v

to be negligible. The field Ei will therefore produce polarization charges

nd.
ar the boundary of the circular region, as indicated in the figure, and these ’
charges will propagate upward along the local magnetic field lines. Since

the atmosphere expands on a long time scale -- tens to hundreds of seconds ==

charges spread to distances along the magnetic field which are much greater

!
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Figure 21. Schematic representation of electric field distribution
resulting from the atmospheric heave. R is the effective
radius of the "heave'" region. E, is the induced electric
field, and E is the electrostatic field.
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than the transverse extent of the electrostatic field. Accordingly, the
charges were assumed distributed in a tubular region, and a two-dimensional
solution in a plane perpendicular to E, was cobtained for the ensuing

electrostatic potential.

In cylindrical coordinates, r, B, the solution inside the tubular
region is,
01 = Eind. r cos 6 . (60)
The electrostatic field inside the tube is therefore equal and oppositely

. directed to E . Hence, the plasma in the tube will drift with the

ind.
velocity - E;nd X B = (;ia? which is the velocity at which the ions near the

- base of the tube are forced across the magnetic field by the neutral atmo-

sphere. Hence, the relative velocity of the ions and electrons will be zero.

\
;
' { Outside the tube the potential solution is,
‘- 2
_ kR
= Bid, & cos B (61)

where ki and ko are the dielectric constants of the plasma inside and outside

the tubular region. The electric-field components outside the region are,

,
o e T

G therefore, 2
i kik'
,- q El‘ - Eiﬂd- E-;—;z cos © (62)
| kikz
and Eg = Eind. E;;z sin 9, (63)

The distribution of this electric field is depicted in Figure 21.

. e m—
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According to the MICE code results for a Standard SPARTAN (200 km),
the ion velocity in the ionospheric region beneath the burst where the ions
are coupled to the neutrals is about 5 x 105 cm/sec. Similar velocities are
given by the MRHYDE code for the Check Mate test. If the inclination of the
magnetic field is taken to be 45° and B :s .5 gauss, then the induced field
is very high, about 1.8 V/m. The dielectric constants are approximately
proportional to the plasma density. In the undisturbed E-region of the
ionosphere the ionizaticn density during the daytime at mid-latitudes is
about 3 x 105 ions/cma. Results of the MRHYDE and MICE codes indicate
E-region ionization enhancements by a factor of 100 to 1000. For the Standard
SPARTAN (200 km) the effective value of ki/ko is in the range 10 to 100 for
R ~ 1000 lm. This value of R seems appropriate because thz Spartan data
indicated that there the ion velocities are down by more than a factor of 10
and the ion temperatures are nearly equal to the undisturbed E-region ion
temperatures. Us .ng these values in Equation (63) to evaluate E, the result-
ing E x B drift velocity, for B = .5 gauss, at r = 2R i3 found to be greater
than about 107 cm/sec. This velocity, which is nearly equal to the relative
ion~electron velocity in the E-region of the ionosphere,is much higher
than the ion thermal velocity 03'105 cm/sec) in the undisturbed E-region of

the ionosphere. Hence, the Farley-Buneman instability criterion is satisfied.

In this analysis the effect of the icnospheric conductivity on the
magnitude of the electrostatic field in the E-region has not been taken into
account., The conductivity would reduce the field, However, the effect is
not expected to be severe. In the auroral zonmes, electric fields of about
.06 V/m observed sbove the ionosphere are tound to produce relative velocities

in the E-region greater than the lon thermal velocity and to form field-aligned
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irregularities. Such fields are smaller than the one estimated above by

more than an order of magnitude,

It may be concluded that the Farley-Buneman instability has not been
ruled out in the ionosphere near a high altitude nuclear explosion, but,
because of elevated conductivities there, this instability mechanism is
not unlikely. 1In the distant E-region, the plausibility of the Farley-Buneman

instability has been demonstrated. However, the uncertainties in the calcu-

lation make it imperative that a more detailed calculation be performed.
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6. CONCLUSIONS AND RECOMMENDATIONS

It was found that:
o Large amplitude scintillations can occur at all times in mid-latitudes,
but show no strong correlation with well known ionospheric and geomagnetic

activity indicators.

o The distribution of trapped particles precipitating into the ionosphere
depends on diffusion into the loss cone, backscatter from the atmosphere,
azimuthal drift, and electric fields aligned along the magnetic field; all

of which produce recognizable and distinguishable effects.

o Several characteristics of the electric fields due to plasrma instabilities
in the upper ionosphere, and the effects of these fields on ions in the iono-
sphere and electrons in the magnetosphere, have been inferred from analyses

of the Satellite 1973-65B data.

o The Farley-Buneman instability can be excited by a high altitude nuclear
explosion. The resulting plasma irregularities in the ionosphere may extend
to distances of several thousand kilometers about the "sub-burst" point in

the ionosphere.

It is recommended that:
o The WIDEBAND probem, and future programs, be directed to make the best
use of opportunities to obtain mid-latitude scintillation data; and the theo-
retical efforts be expanded to further the understanding of the underyling

mechanisms that lead to ionosphe. instabilities ~ both in mid and high

latitudes.




o Further Satellite 1973-65B data on the energy and angular distributions
cof keV-type ions and elecirons be analyzed to obtain additional information

on electric fields produced in the auroral and polar regions and the condi-

tions under which they occur.

o Satellite 1973-65B data on the energy and angular distributions of
10-100 keV electrons be analyzed to obtain definitive information on the
. diffusion rates of trapped electrons at mid-latitudes, hence to calibrate

the theoretical model discussed in Section 2.

o Further studies be conducted to determine the electric fields and
currents in and above the ionosphere that result from high-altitude nuclear
explosions and to test the results against existing plasma-instability

criteria.

Y.
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: ATTN:  Code WX21, Tech. Lib.
l‘ Commander ATTN: D. L. Land
[ White Sands Missile Range ATTN: L. Rudlin
. : ATTN:  STYWS-TE-NT, Marvin V. Squires
v e ATTN:  AMSEL-NL-8D, Willis W, Webb Commander
Naval Weather Service Command
DEPARTMENT OF THE NAVY Naval Weather Service Hendquarters
ATTN: Mr, Martin
3 Chael ot Naval Gperations
i Navy Department Commanding Ufficer
i ATTN:  OF 9481 Navy Astronautics Group
ATTN:  {Code 604C3, Robert Placesi 6 vy ATTN: W. J. Gleason
24 Chief of Naval Research Commanding Offlcer
2 Navy Department Nuclear Weapons Training Center Paclfic
F ATTN: Code 461, Jacob L. Waruer Naval Air Station, North Island
\: ATTN:  Code 461, R. Gracen Jolner ATTN: Nuclear Warfare Department
¥
E Colnander Commander
4 Saval Electronic Systews Command Nuelear Weapens Training Group Atlantic
3 Naval Electronic Systems Command Hqs. ATTN: Nuclear Warfare Department
ATTN:  ELEX 03
F ATTN: PME 117-T, Satellite Comm. Project OfF. DEPARTMENT OF THE AIR FORCE
i
% Commanding Off fcer Conmander
: Naval Intelligence Support Center ADC/ DO
! . ATTN: (ode 40A, E, Blase ATTN: DOF
ATTH:  Document Contrel ATTN: DOFS
ATTN: DOA
|
i
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BEPARIMIRY OF THE ATR FORCE (oot inued)

Commandoer
ADCOM/ XD

Al0n:
ATTN:
ATTN:

NPQDR
Has. Tith Acrespace Toree (HVN)
NP, Mal G. Kuch

AV Geaphysive fabotatory, AbVsU

OPR, Alva 1. Staidr

Eals, Wilitam Swider, Jr.
TRRE, AL Taire
1z

. 1. G MeUlay
LEB, Kenneth 5. W, Champion
Gr, John S, Garing

Ly, %ocve S, Nareisi

LKN, F. K. Innes

LKO, Rohert E. Hut fman
GPR, . DelGreco

OPR, J. Kennealy

OFR, T. Connolly

sroLa, B L. Cunha

OFR=1, J. U Ulwlek

{KB, V. B, Innes

LK®, T. Kemeshea

OFR, I, Billingely

LKS, R. A, YanTassel

UPR, R. L. Murphy

OPR, H. Gardeaer

OER, R, O'Neitl

Al" Weapons Laboratory, AFSC

AT
ATT
A
ATTN:
ATTN:
ATTR:

AFTAC
ATTN:
ATTN:
ATIN:
ATTN:

Headquartern

SUL

YT, Capt Gary L. Cable
DYT, Capt Hollars

CA, Arthur H, tuenther
YC, Joseph Janni

¢C, Co! G. 1. Freyer

Tech, Lib.

TF/Ma} Wiley

™

TN-F, Lt Col E. €. Thomas

Alr Force Systems Command

ATIN:
ATTR:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATIN:

Headgquarters

bDLS

1.t Col B. CT. Nealy

Lt Col W. Beam

Lt Col H. Simmons

DLXP, Capt Kojsel

S{TSW, Wpns. & Wpns. Effects Div.
SDS/ULSE

BCLAK

Electroniv Systems Division, (AFSC)

ATIN:
ATIN:

Headquarters

James Whelan
W, €. Morton

Electronic Systems Division/ES

ATIN:

Commander

ESTT

Foreiyn Technology UBivision, AFSU

ATTN:
ATTN:

NICD, Libravy
Torss, Kermeth N, Williams
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Hy, USAF/IN
ATTN: N

He. USAF/RD

ATTN:  RDPM
RDSA
RPS
RDuSM
RN

Commander

Kome Alr Development Center, AFSC
ATTN:  OCSE, J. J. Simons

EMTLD, Doc. Library

V. Covne

SAMSO/AW
16 cy ATTN:D  AWW

SAMSO/SE

ATTN:  $2J, Majur Lawrence Doan

Commander in Chiet
Strateede Afr Command

ATTN:  XPFS, Ma) Brian G. Stephan
ATTN:  ADW, Lt Col 1, 5. Greene, Jr,
ATTN:  ADWATE, Capt Bruce Bauver

URAFRTAC/CH
ATTN: UBT, Mr, Creast

Compuinger

Anl

ATTN:  ASD-YH-IX, Lt (ol Rouber

DET 1, 12 WS
Spave Porecasting Section
ATTN:  Capt R. M. Heslin

Divisfon of Military Application

U8 Fuergy Research & Dev. Admin.
ATIN:  Doc. Con. For Frank A.
ATTN:  UDoc. Con, for Colonel T
ATTN: Doc. Con, for David H.
ATTN:  Doc, Con, tor Major D,

Uafverafty ot California

Lawrence Livermore Laboratory
ATTN:  Tech. Info. bept. =3
ATTN: 1. F. Tianey, =517

Sandia Laburatories
L.ivermore Laboratory

t Leverettoe

ADMINISTRATION

Ross

. Cross
Stade

A. Hayeook

ATIN: Doc. Con., for Thomas 8, Cook, drg. 8000

Sandia Laboratories
ATTN:  Doc, Con., For W, D. Bre

wn, Org.

1393
ATTN: Doc. Con. for J. C, Eckbardet, Org.

1250

ATTN: Doc, Con, for Clarence R. Mehl, Org.

52130
ATTN: Doc. Con. for Org. 9220

ATTN: Doc. Con, fer Morgan L. Kramm, Urg.

5720

ATTN: Dov. Con, for 3422, Sandia Rpt. Coll.




ENERCY RESEARCH & DEVELOPMENT ADMINISTRATION OTHER GOVERNMENT AGFRCIES (Continued)
i (Cont inued)
; NASA
tos Alamos Scientific Laboratory Gieorge €. Marshall Bpace Flight Center
ATTN:  Doc. Con. for J. Judd ATTN: W. T. Roberts
3 Do, Con. for R. A, Jeffries ATTN: R. Chappell
Da¢., Con. for Martin Tierney, I~10 ATTN: R. D. Hudson
Doc. Con. for E. A, Bryant, (NO DASIAC) ATTN: N. H. Stone
Doc. Con. for Dunald Kerr ATTN: €. R. Halcher
Doc. Con. for David W, Stelinhaus ATIN: W. A. Oran
Doe, Con. for k. W. Hones, Ir.
Reterence Library, Ann beyer NABA
Do, Com. for 8. Rockwood K. A. Schiffer
. Boc. Con. for William Maier M. Tepper
. Boe. Con. for Jehn Zinn D, P. Cauftfman
! Doc. Con. for W. D. Barfield G. Sharp
R Dov. 1. for Marge Johnson J. Findlay
. : Doc. Lon. for W. M. Hughes, M§ 959 A. Schardt
. boc. Con. for John 8. Malik ATTN: Cnde ST, W. L. Tavlor
; D. M. Rohrer, MS 518 ATTN: P. Eaton
V ATTN: R, Fellows
US Enerpy Research & Dev. Admin, ATTN: Code ST, D. R. william
Division of Headquarters Services ATTN:  E. R, Schmerling
Library Branch G-043 ATTN: ). Haugple
. ATTN: Doe. Con. tor Richard J. Kandel
ATTN: Poc. Con, for H. H., Kurzweg RASA
. ATTN: Doc. Con. for . Kohlstad Johnson Space Center
3 boc. Con. for George L. Rogosa ATTN: Uwen Garriot
- boc. Con. for Class Tech, Lib. ATTN: Classified Lib., Code BM6
. Con. for Rpts.
Doc. Con. for Joseph D. LaFleur NASA
Ames Rescarch Center
! OTHER_GOVERNMENT AGENCIES ATIN: ¢, P. Sonett
- ATTN: N=-245-3, Palmer byal
Ceniral Intelligence Agency ATTN: M-254-4, K. Whitten
ATTN: RD/SI, Rm. 5G48 Hq. Bldg. for NED/OSI - ATTN: N-245-4, Ilia G. Poppoli
2G48 Hgs.
. NASA Scientific & Technical Info. Fac.
N Department of Commerce ATTN: SAR/DLA-385
¢ Not fonal Bureau of Standarvds ATIN: Acq. Branch
! ATTN: Sec., Officer for M. Krauss
. ATIN: Sec. Officer for J. Cooper Nat fonal Oceanic & Atmosphoeric Admin.
% ATTN: Sec. Officer for D, R. Lide National Weather Service
’ ATTN: Sec. Officer for Lewis H. Gevantman Department of Commerce
ot ATTN: Sec. Officer for Office of Director ATTN: L. Machta
i ATTN: Sec. Officer for M. Scheer ATTN: J. K. Angell
ATTN: Sec. Officer for D. Garvin
H ATTN: Sec, Officer for B. Stiener National Oceanic & Atmospheric Admin,
I3 R ATTN: Sec. Officer for George A. Sinmnatt National Ocean Survey
g : ATIN: Sec. Officer tor K. Keesler Department of Commerce
Washington Science Center
: Department of Commetce ATTN: John W. Townsend, Jr.
: Giffce uf Telecommunications ATTN: Ronald L. Lavoie
! Institute for Telecom Science ATTN: Fdward §. Epstein
ATTN: Milliam F. Utlaut ATTN:  Wayne McGovern
ATTN: Cerzld A, Teterson
KASA
Goddard Space Flight Center National Oceanic & Atmospneric Admin.
- ATTN: R. F. Benson Envireonmental Research lLaboratories
ATIN: H. A. Tayler Department of Commerce

ATTN: M. Sugiura
ATTN: §. J. Baver
ATTN: James I. Vette
ATTN: J. Siry
ATTN: Technical Library
: ATTN: Gilbert D. Mead, Code 641
- ATTN: 4. Levin
ATTR: A. C. Alken
ATTN: A. Tempkin
ATTN: 3. P, Hepner

A. H., Snailey

Ra 3, Donald J, Williams

RX1, Robert W. Knecht

Robert B. Doeker

K43, Herbert H. Sauer

Eldon Ferguson

Walther N. Spjeldvik

Geocge C. Reid, Aeronomy Lab.
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OTHER GOVERNMENT {Gont inued)
National Science Foundation
ATTN: W. DI Adams
ATTN: ftred D. White
ATTN: M, K. Wilson
ATTN: Rolf Sinclair
ATTN: R, 8. Zapelsky
ATTN: F, P, Todd
ATTN: W, H., Uramer
ATTN: K. Manka
ATTN: F. Gilman Blake

US Arms Control & Pisarmament Agey.
ATTN: Offfce of Director
ATTN: Reference Info. Center

DEPARTMENT_OF DEFENSE CONTRACTORS

Aerodyne Research, Inc.
ATTN: M. Camac

Aerunomy Carporation
ATTN: 8. A. Bowhill

Avrospace Corparation
ATTN: Julian Reinheimer
ATTN: J. Sorrels
ATTN: G. Millburn
AYIN: V. Josephson
ATIN: M. Berg
ATTN: L. W. Ackerman
ATTN: V. Wall
ATTN: J. Woodford
ATTN: S. P. Bower
ATTN: F. Keller
ATTIN: R. D. Kawcliffe
ATTN: CGeorge Paulikas
ATTN: T, Friedman
ATTN: D. C. Pecka
ATIN: J. Stevens
ATTN: J. 8. Blake
ATTN: N. Cohen
ATTN: Harris Mayer
ATTN: Thumas D. Taylor

Analytical Systems Engineering Corp.
ATTN: J. A. Caruso

Buttelle Memorial Institute
ATTN: Denald J. Haoman
ATTN: Radiation Eff. info. Center

The Boeing Company
ATTN: Glen Keister

The Truetees of Buston College
Chestnut Hill Campus
ATTN: R. Hegblon
ATIN: R, L. Caiovillaa
Z ¢y ATTN: Chairmea, Dept. of Chem.
ATTN: R. Eather
ATTN: Library for Technical Documents

Brawn Engineering Compeny, Inc.
ATTN:  J. E. Cato
ATTN: 1. Dobkins
ATTN: Holand Patrick
ATIN: Romeo A. Deliberis

DEPARTHENT OF DEFENSE CONTRACTORS (Cont inued)

Univ. of California at Los Angeles
Office of Contract & Grant Admin.
ATTN: T. A. Farley, Space Sci. Ltr.

Univ. of California at Riverside
ATTN:  James N. Pitts, Jr.
ATTN: Alan €. Lloyd

Lniv. of California at San Diego
ATTN: €, E. Mellwain, Physics Dept,
ATTN: &, U, Lin

University of Califarnia
Berkeley Campus Room 318
Sproul Hall

ATTN: Kinsey A. Anderson

State of California Air Resources Board
ATTH: Leo Zafonte

University of California
Space Sciences Laboratory
ATTN: Bode Parady

Calspan Corporation
ATTN: Robert A. Fluepge
ATTN: M. (. Duan
ATTN: Technical Library
ATTN: W, Wurster
ATTN: C. E. Treanor

Lniversity of Colorado

Offlce of Contracts & Grants
ATTN: Jeffrey B. Pearce, LASP
ATTN: <Charles A. Barth, LASP
ATTN: A. Phelps, JILA
ATTN: C. Lineberger, JILA

The Trustees of Columhia University
City of New York
ATTN: Sec, Officer, H. M. Foley
ATTN: Richard N. Zare

Comsat laboratories
ATTN: Document Control

Epsilon Laboratories, Inc.
ATTN: Henry Miranda
ATTN: Carl Accardo

Computer Sciences Corporation
ATTN: C. Hulbert

ESL, Inc.
ATTN: Joames Marshall

General Dynamics Corp.

Convair Division
ATTN: Library, D. H. McCoy
ATTN: Library, 128-00

General Electric Company
Re~Entry & Environmental Sysctems Div.
ATTN: A. A. Sinisgalli
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DLPARTMINT UF DLFINSL CONTRACTORS (Continued)

Ceneral Electric Company
Space Division
Valley Ferpe Space Center

ATTN: P, Zavitsanox

ATT Jaseph . Peden, CCF 81301
ATTN:  Tech. into. Center

ATIN: M. . Bortner, Space Sci. Lab,

ATTN: V. Alvea
ATIND 1. Bauror

veneral Flectric Conpany
TEMPO=-Center for Advanced Studies
Don Chandler

B, Gambill

Mike Dindash

Warren 5. Knapp

¢ DASTAU

ATTN:  Tim Stephens

General Research torparation
ATTN: dohn lse, Jr,

Gencral Research Corporation
washington Operatlons
ATTN:  Thomas M, Zakroewski

Geophysical Institute
tniversity of Alaska

¥ R. Partnasavathy
Jo05. Wagner, Physics Dept,
T. W. Davis
i. Beton
S, 1. Akasotuy
B, J. Henderson
Xeal Prown
flenry Cole .
Technical Library

Crumman Aerospace Corpuration
ATTN: Michael D, Agostino
ATIN: Marton Rossl

Harvard Collepge Observatory
Smithsonian Astrophysical Observatory
Center for Astrophysics

ATTR: 1, Patrick Henry

HHB=SInger, Inc.
ATTH:  Tech, Info. Center 550, L. J. McBride

Hss, Inc,
ATTN: H. Stewart
ATTN: M. P. Shuler
ATTN: Donald Hansen

IBM Corporation
ATTN: Technical Rpts. Center (912 A814)

ITT Rescarch lnstiwute
ATTN: Technical Library

Institute for Defense Analyses
ATTN: Joel Bengston
ATTN: 1IDA Librarian, Ruth S. Smith
ATTN: Hans Wolfhard

Johus Hopkins University

Applied Physice Laboratory
ATTN: Document Libraiian
ATIN: Peter E. Partridge
ATTN: S. M. Krimigls

I PARTMENT F CONTRACTORS (Continnvd)

Kaman Seiences Corporation
ATIN:  Frank H, Shelton
ATTN: Library

Laockheed Missiles & Space Company, Inc.
ATTN: D, R, Churchill
» Jo Cretcher

.01, Weiss, D/6B-01
D, L. Crowther, D/6)-29
Edwin A. Smith, Dept. B5-H5
F. E. Crowther, D/60-0)
J. H. Hockenberry, D/AU-0"
. T, Hart, Jr., B/AI1-03

: U. A. Rivpe, D/60-80
ATTN: D, F. MeClinton

Lockheed Missiles & Space Company, In

ATTN: R. D. Sharp, D/52-12

ATTN:  Richard 6. Johnson, Dept. 52-12
L. L. Newkirk, D/52-21
John B, Cladis, Depr. 52-12
W. k. Francis, D/52-12
G. T. Davidson, D/52-5%4
Martin Walt, Dept., 52~10
John E. fZvans, Dept. 32-54
Tech. Info. Center, D/COTL
R. K. lLandshoff
W. D, Frye, D/52-21
W. L., Imhef, D/52-12
T. L. Dhassell
G. H. Nakano
R. D. Meyeruott
J. B. Reagan, Df52-12
James W, Schallau
R. P. Caren, D/52-20
b. C. Fisher, D/52-14
Billy M. McCormac, Dept. 52-54
A. D. aAnderson, D/52-54
R. A. Breuch, b/52-21

Maxwell lLaboratories, Inc.
ATIN: VYictor Farge

Mcbonnell Douglas Corporation
ATTN: William Olsen
ATTN: A, B. Coedeke

University of Minnusota
ATTN: 3. R. Winkler

Missjon Research Corporation
ATTN: R. Hendrick
ATTN: D. Sappenficld
ATTN: Cosrad L. Longmire
ATTN:  B. Archer
ATTN: Dave Sowle
ATTN: M. Scheibe

The Mitre Corporation
ATTN: Tech. Lib. far B. Troutwman
ATTN: P. Grant
AT''N: Library
ATTR: Tech. Lib. for R. Greeley

Nationai Academy of Sciences
ATTN:; National Matertals Advisory Board for
fdward R, Dyer
ATTN: National Materials Advisory Board for
J. R. Sievers
ATTN: National Materfals Advisory Ueird for
Willfam C. Bartley
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BLPARTMENT OF D1FENSE CONTRACIORS {Gont inyed) DEPARTMENT OF DLFINLE CONTRACTORS (Cont inued?
) : Pennsvivania State lniversity Stunford Research lnstitute
i Industrial Security Ofiice ATTN:  Allen M, Peterson
ATTN Jdo S0 Nisbet Felix T, Smith
ATTN: 1, Hale Arthur Lee Whitson
. h., R. Casten
Fhotometrics, lnc, Ray L. Leadabrand
ATTIN:  Irving L. Kofsky J. Lomax
G, BRlack
Phvnical by amics, Iac. M. Baron
N A. Thampson Ronald White
ATTN:  Jospeh R, Workman R. D. Hake, Jdr.
Walter G, Chesnut
Physical icloences, Inc. I.. 1. Cobb
ATTN: Kurt Wray £. Kindermann
. ATTN: R, L. Taylor James R. Peturson
Unjversity of Pittsburgh ot the Comelth. Sys. of Stanford Research Institute
H Hivher Fducation ATIN: Warren W. Berning
i Cathe'ral ot Learning
¢ ATTN:  Frederick Kaufman stanford University
ATTN: Manfred A. Biondi Radio Sclence Laboratory
ATTN:  R. S. Helliwell
R & D Associates ATTN: D, L. Carpeunter
ATTN: R, G. Lindpren
. Rohert K. lelevier TRW Defense & Space 5ys. Group
. Albert L. Lacter ATTN: Tech. Into. Center/5-1930
H. A. Dry ATT%: R. K. Plebuch, R1-2078
: - { William J. Karzas ¥. Scarf, R5-1280
- ATING wWitliam R. Graham, Jr, Robert M. Webhb, R1-2410
;‘ ATTN:  © rrest Gilmore R. Watson, R1/1096
b ATTN: P. Turco 0. E. Adams, RI=1143%
i do Fu Fridchtenicht, Rl-ilysk
R & D Assoviates H. H. Holloway, RI-2036
3 ATEN:  Herbert J. Mitchell
Y - ) Unlted Technolopies Corporation
H K The Rand Curporation ATTN: Robert . Bullis
, : ATTN: Technical Library ATIN: . Michels
’ ATIN: Paul Tamarkin
! ATTN:  Cullen Crain Gtah State University
| ] ATTN: C. Wyart
: ] Rice University ATTN: Doran Baker
Department of Space Sclence ATTN: D. Burt
I 4 ATTN: Jogeph Chamberlain ATTN: Kay Baker
ATTN: Runald F. Stebbings
Visibyne, Inc.
: Rockwell International Corpoeration ATIN: J. W. Carpenter
H Space Division
f & ATTN: WwWilliam Atwell Wayne State University
4 ATTN: Pleter K. Rol, Chem. Engrp. & Mat.
s E Sanders Assoclates, Inc. Sci.
; ATTN: Jack Schwartz ATTN: R, H., Kummler
4
‘: Science Applications, Inc. Wayne State Unfversity
s ATTN: D. Sachs Dept. of Physics
ATTN: Daniel A. Hamlin ATTN: Walter E. Kauppila
, g Professor Chalmers F. Sechrist
: ATTN: C. Sechrist
. 5
: ¢ Smithsonian Astrophysical Observatory
§ ATTN: A. Dalgarno
€ Univeratty of Southern California
, % 3 ATTN: §. W. Benson

A Space Data Corporation
: ATTN: Edward F. Allen




