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Section 1

INTRODUCTION

Ionospheric disturbances cause severe disruptions of radar and conmmuni-

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 ionospheric

4 conditions which lead to this occurrence. This report addresses several

aspects of the theoretical investigation of ionospheric irregularities. It

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

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

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

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 ionosphere to the magnetosphere. An important

by-product of the calculation is the energy deposited in the upper ionosphere

by electrons precipitating in mim-latitude regions (L e 6). The distribution

7inm M maO& N FILM I
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of energy dep,..Ltion can be calculated quite accurately because thEt method

incorporates the AURORA code, which has been carefully developed and tested

,ver a period of many years (Ref. 3, 4, 1). It was t.h.refore suggested that

results from this program could be of great value to t|.Ž interpretation of

data from WIDEBAND and other experiments directed at the assessment of

radio propagation through the ionosphere. The fundamental advantage is that

the precipitation of electrons from the trapped particle bo1ts, and the re-

sultant energy deposition, are more understandable and readily predictable

than in the auroral regions. Eventually it might be possible to predict

the particle precipitation contribution to ionospheric 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 weru limited mainly to

one station that only operated for a portion of a four month interval,

though we 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 2l 1

is a discussion of the basic theory behind the calculations. It. has heretofore

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 bounce-averaged

8



tr;atrnvnt can never yield satisfactory results. Section 2.2 describes furtber

efforts to calibrate the electron diffusion rates by observations of trapped

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

mainly because of instrumental difficulties. However, some of ithe difficulties

miy,'ht be OVLr c,,mC by a new method, outlined in Sectin 2.3, that takes advan-

tace of the var'ation in electron fluxes due to their longitudinal drift

mot ion. The following section, 3, is concerned with a preliminarv analysis

of WIDEBAND data. Unfortunately, those data, and the supportive data on

magnetic variations, ionospheric densities, and trapped particles did not be-

come available soon enough to allow a detailed statistical analysis for possible

correlations. There were, however, a sufficient nutmber of interesting scintilla-

Lion events at mid-latitudes to lend support to our suggesLion that studies

of ionospheric zctivity and particle precipitation could profitably be carried

out in mid-latitudes.

Recent satellite measurements of the angular and energy distributions

of ions and electrons by Shelley et al. (Ref. 5) and Mcliwain (Ref. 6) and

elec; "L: fields of Mozer et al. (Ref. 7) provide improved information onI , phenomena affecting the coupling of the ionosphere arid magnetosphere and on

the acceleration of ion from the upper ionosphere to energies in the key range.

The reason these results are of interest here is that they imply the widespread

and frequent occurrence of plasma instabilities that lead to anomalous resistivity

and electric "double layers," which, in turn, cause large electric fields

jaligned along the magnetic field. These phenomena may lead us to modify our en-

tire understanding of the exchange of particles betweea the ionosphere and

magnetosphereand of the motlon of nuclear debris after a high altitude nuclear

explos ion.

[9



Section 4 describes an interpretation of some ion and electron dis-

tributions observed ly 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 analysis, an electric field was assumed extending below and above the

satellite along the magnetic field. In the calculations described here the

distribution 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.

S..One of the prime candidates for a mechanism that produces ionospheric

irregularities is the Farley-Burieman 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-alLitude nuclear explosion, with the attendant

plasma motions, is a likely candidate for plasma instabilities. The atmospheric

heave drives plasma across the magnetic field, inducing 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 ionosphere, 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

V "may be expected to extend to several thousand kilometers from the burst.
I.

S'p
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Section 2

DIFFUSION OF TRAPPED PARTICLES
A/h]D P111• DISTEIBUTION OF PREOCIPITATING PART IL:S

2.1 THE PITCH-ANGLE DIFFUSION EQUATION

Th, otins of' trapped pairtieles in the magnt )tspher can be studied by

a statisti-al treatment that rt-sults in a Fokktr-Planck diffusion equation.

By tensid,.rlnji tirmn.; longer than the particles' grroperiords one of the six

degrees e:f freedom cart be eliminated. Another variable can be eliminated by

either assuming uniformity of the distribution in longitude, or by acknowledging

that th, lohngitudinial drift motion is predictable, arid linear with time. That

leaves four pairamoters (plus time) to dftscribe the partiele-s' distribution -

oneý advantageous choice is L-shell, latitude or position on a field line,

enrergy, E, arid pitch angle, a. We may also choose to ignore the L-parameter

aid eoncentratr on the physical processes that involve only the remaining three

S .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 judicious

elimination of one or more variables.

U .. .-- 1
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2.1.1 The Bounce-Averaged Diffusion Equation

'Stably tnuppl'd particles interacting with lea-level wa'es, or

with t!:itr irildi tt'fioi.;r--typu'qioir; y.101)

;_ V 05a(- ntn;e.Pr 1

- in .r :ini a -t] ['e:ti'gy< L,.:;s t'.rm] + [s urc,*xn] - 155(.; ]

whr, (t,s,E,O) i 'd,}''' s,'': rion',r -- dnsit distributir. fonu.ctifin, and

D,,y(tua) is a pitch anorl. diffusion,r. oficient. The! remaining indelp'ndent

variables are time, t, and distan:c, along a field lilne_, s, (usually measured

fro.m the equator); V is the velocity. The energy loss term is important for

collisions with particles in the atrmosphere (Ref.10), but can generally be

ignored for interactions of electrons with waves at high attitudes

i•ef. 11, 12). Most of the important physical processes are described by

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

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

loss terms are needed for logical consistency.

Equation (i) is a local diffusion equation. The second term, however,

must be differentiated with the first adiabatic invariant held constant. A

suitable replacement for the local pitch angle is any variable that depends ,

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

if e;nergy remains constant

u l- o 2 (2)

where B (s = 0) is the minimum magnetic field strength - or equatorial field -

0

and B(s) is the local field. For free, non-interacting charged particles,

a would be . timns the cosine squared of the pitch angle, a, at the equator;

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

i 13



T it si t.l ':ju!ItLil ,lu be written

P' a L UU
:22v d- Tr 61[ ~ ---, ...........

__ T. ii f- T F R s (i-, J((4,)

__/ t[l))" ]L~• • ( -•• 6u - .u : -1-• ')-I• ,

( I- CO a5] u 13

wThe . envetibonal uIthead f2r treating thie eqIatior has beer: tc rawirror pVo the

<: >etes ant tra -I ovbetween ther Tsiero pari T ti s th ,1 aard a oi. Thu element

. tictar~ee alum; a particle trajectory is as/eus •. A simp., integration

I-

[ ~where the subscripts; II and 2 indicate values at the conjugate mirror points;

; ~< > denotes anl average over ds/cos &•, and T is the "quarter bouncee period"

@F integral

T __ ]-- i __ _s 5
211 s Cosas

The constant R1 has theý dimenslons of a length; in a dipole fiej.d it is just

the radial distanct: to the eýquatorial crossing. In a (nearly) symmetric dipole

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

3/8T(u) " t 1.380173 - .64'•X93 (1-u) (6)I
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Ir 1(2:itl.i (n ) tt e(AmmI;ativity et 1 ,n ,irati ýIs and < > is

,1:2.1rd DI' D0 0 . ar t remain bhoundld at the mirror pirnts. The separation of

D and in the av,'rag,' !Yn the ritsht side would l!urtth;r simplify th--

,,quo t , ,, t'op: thisr (rjquIr.S an ussi'nptixtion that is not always warrant,'d.

l1];ui 1. Vy thl 1 I. I Cu:I rat". 122..2 : s...:.l,, lw ru(' 4' that f , not

t ,:..i.Jr )1. y vary ,-r a prti..e trajoetory. Tf f is ind,!Ijond.:nrt T s a

"bhounu., aVt;I'U<:.l .quatiol2 results

< H< > T (7)

[Note that an average over d/.;!cos a is the only way to remtove the i'f/6s term,

tlhouh the. ,,riginal justifiatiot fo)r the averaging procedure did not take

this i. ntth acunt (JC. ]in) ] . in the lO.S eon , a C a, t}n assumption of

* ' uniformity of f along th- field line cannot be valid. In the limiting case

of a totally absorbing atmosphere, where no particles are scattered backward

U into the upward direction, the df/ds term becomes Vf 2 /T. The resulting equation,

which has been frequently used for the less cone, is

I
~bf 12f

It I Iu~ ~ -
whore TB is the bounce period (4R T/V). Somewhat different derivation have

been used elsewhe•re to justify Equation (8). An alternate method is to

assume that the; particles are lost within one-fourth bounce period, on the

average. The loss turn is then 4f/rB (Ref. 14, 15, 16, 17)..

It is relatively easy to dtmonstrate that the bounce averaging procedure

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

15



Wh£'!; f Ad,.-,t • spatl 1 psition it is not fcn rally possible to write a

diffusion equation for < f >. A ca;e of interest iL ;h.r. D (us) is a

fuinct .on I-f± u only, irdc-s)..1 d,.-t of s (this is not the same as the assunmp-

tin tha't Dor , iS a Culncti-,n -f , ';i~y). Ther,. fIlfew fr.m Equatins

Tuu T

•. : B

F 1 K- r' --

o 1

Th-Te bunce av,.- ed diffusion equati:in is n'ow

S< f > V( -r)()

* ~~~~.- • [<D.>T(<<-a T.f»" ]<
:D > T << °u >>

uhere the symbols << >> denote a new kind of average

s, B3 s. B
<< > -j x - cos ca ds / fl •- cos a' •s (is)

Thus an attempt to remove one integration variable, s, has onLy resulted in the

a.ppearance of a new dependent variable, << r >>, or. th.e right side of the

difflsion equatiun. It may be concluded that, except for sjpecial cases, the

bounce-averaged diffusion equation is not valid for the treatment o.)f distribu-

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

16



di1"fus i•i " ri.wiria-nt y tralied jartic les with lark,: pit,a h angles.

A ruýgh criterion can. be formulated fo)r the range )f validity :.)f

Equat!inn (7)."If thern-ý is a cutoff e:quato.)rial. pitch angl,i-, o,. below which all.

the tr1 phd p:erti>, lo ii:teract strongLy with the atm-sphere w Ltbin at] It' a

b. un_-e [.e••ri,. tde dic.tributi;rn can be symm,!tric in s only f;r Ipitch angles

k ,gIre:at,,"r than . + L ., wliere

Tc A< Dt7 _> ('3)

/ BY

< DoflB cos a

Values ')f < D > are available fr.omr several sources (e.g. Ref. 19,20); normally

c aa > is expected to be less than 10 rad ze--. Table I shows the

numerical factors that give Al from < Da >. Except for the case of strong

diffusimn, when < D > becomes comparable with 1/,B, Equation (7) is satis-

... factory for most of the trapped particles. But near and within the loss corne.

a a the pitch angle diffusion equation must be solved explicitly for

(at least) three independent variables.

}A

To see what can be accomplished with Equations (C)and(8), consider the

idealized case where

Dsin a1 , sin o D (sin o)q (14)

ii I
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TABLE I

Range of Influence of Atmosphere on

Permanently Trapped Particle Distribution

E ev AtO (electrons) &CI (protons)

103 1.68xJL < D> 11. JVL < D

10 .953 " 6.26 "

10 5 .568 " 3.52 "

106 .434 " 1.98 "

107 .420 " 1.12 "

I,

m1



a,.d I s- o thut -Iinintair;s toi tral PdparI-2 ,l is

w~-r. D a!d ar- -:jrnsta-ntz3. Theý diffusion equat,.rn `tr a stati nary distri-

be-Ai 'C. i *)) is, a:'t-r r-p] n-ing sin Cy by,

',-rapped: j' -( T DJxd j X x > 16l)a)

I I r q+'L 6f Lf~loss conie: 0 - - DTx 4-x'5Y 1b
B ~x LS[o B OY1J BI C

To simplify thtt solutions let 'r be a constant, equal to the bou---e period
B

at .The- solutions of Equation (16a)are straightforward, and give for

trapped particles

F- (p+2)(p+,Z-q)X 2,ILq+C - 1a

So 1 P+ n- + C~ q 0 (17b)
D2 1 2~l1 Io (P+2)

w~here the C's aire constants. The loss cone equation, (16b), is Bessel's equation,

and gives sol)utions in terms of Bessel functions, I noof imaginary ariagment

q/2 2 2y -q1/2qfC 3 X- t/2 2-q (2-q DoTB -2 (18a)

3 q= 2  (18b)

It is necessary to match the functions andl their first derivatives at X ;

the remaining constant can be eliminated by letting f I at X -~0. The

solutions for q 2 are

19
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f 4-, 2.- T 
-. )ý ~XXc

Ss 
7 xp4-1

So I 
A. -0 X><

D- ---- ! i, + X D 0 p+,- c q -

f o ( p2)- 
p

f/= ' ' -X 1 / - x -b

S 0 1p + 2 S o 0 q -, :5B + 2 ( x + - X, I, .
-

p + 2-q

f= -D (p+2) (p+2-q) -

0 S p+2-2 p+l-q/2
I7 (7 i. (.) _X_- (TT2)p+2+q

q+ i--q

(1- -q 1x -2 + -< X-

q p+2-e ) + .

( p+2+ ) -x (p+ ,_)(j 2+q)

1 -i- 2 + (p- 2 q)<P+--q/' / . -q -_qx)<.- q 0. X > X#

. .-qX _, [ _.' _ 
q 0,

f q/2-q 2- Dor oo )12 X-/ 
1d

2 - +1/ 1

x -- q/2-q 'ý (-•_ (

q/1- L l BD/3T

Si -X<< -qX )-1-<22
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"I 2/• 2 2-q Dq T 3

Tines. , "ts are fairly inse-rsitiv,: t,, the strerngth of the .r . A '-reat

simlifieati..r,, th-rof-,r, occurs in theý limit as S b.coms zr,.; tl,; lo:ýs

cOne scý1utioio. ar,:

T~r ( 51i&) ~ i Sn% T (zŽja)f /Do B/ 10 Do.4

2 s i 2  (/)n

q=O

%)-d2~~~ ~~ a ./a •.•q- •b
'¢ '1-sinsin I 2 1/2

"" q - D ,) r ,3

(sin C1) -q/2 IU qAe-q 2-

02b; •o B

2-2-qa sin D -r l1/].q

q O.

Thest ar' similar to the solIutions for the satne case f£rund by Thecodoridis and

and Paolini (Ref. 14) uxce.pt that they normalized their ss-luti,•s su•m'what

differently.

Several soluti:lns for the weak source, q = 0 case are shown in Figure 1.

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

atmosphere, on L = 4. The reason for considering protons, is that thie

21
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Figure I 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 saec".
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2.1.2 Solution of the Three-Dimensional Diffusion Equation

Th, integq7ratii,,n of Equntion (3) poses some novel difficulties, mainiy

bccauo;c tP" th,' d[.:tort oe of thý do)main of' inteigratinjn. The nurmel.rical

to-.,:h~i: l, wt!r,•d-ribLed jreeviousl.y (R(ef. 1),, co the: follvinrg discussion is

A, vA.t:1 :•hii l t. t'wida:: .. tal quiet i us.

The time integration of the pitch angle diffusion equation is n'et

always interesting, and can be avoided by assuming either a steady state, or

a 1. wes:t eigen:node decay with

f g. 17 (u,s) 'ý_t/r 21

The :-haram:ezeristic decay perbt)d is T. Thu d.i'fercrrtial equation for g is

0

where:., v i5 tine dimensionless distance from the equatorial plane, S/R 0 . The

.do,.main of irlt,lgration (fur L dipole field) is shown in Figure 2. The extreme

limits ()f v ar,.- + T(O) ± 1.380173. The domain of integration is bounded

_in tiv! right by the curve v v vn(u), where the subscript m denotes that a

para!i,.ter is evaluated at the mirror point. The figure shows only half of the

d,•main; the earth's field is sufficiently symmetric that the lower half can be

-csiderd a refle!ction o)f the ulpper half. Theý particles generalLy enter the

atmosphere_ý at different valu,:s .,f V, say -V c and +Vc 2 , in ,he tw ,pj. -site

hemispheres, so the integration is not really symmetric. SeVL•ral horizontal

dashed lines have bet:n drawn to indicate for different L shells the v values

24
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Figure 2. The domain of integration of the pitch angle
diffusion equation.
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wii ]'tt itafl( m•heVi2 s•eutt rir.[ and eneirgy ion ts i;hrý broufght i r b the _di['fusion

Thtý tramsformation from local pitch angyle., O, to adiabatiu invariant

variabici u, hlot altre.td the! domaint ,t' irite•tgratioun iLr antth r way that is not

i mnediately apparte-nt in Figure 2. Everywhere except at the, equator (v (J) the

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

going in one direction with af arc sin BE (I-u) and another group going in

the opposite direction with a i • - arc sin B(-u). Thc choice of u ' cos cy
0

rather than - cos a 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 label the two distributions wish superscripts

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

If f(a) is to be continuous at a - it follows that, on the line

v = Vm(u)

g UP(u,Vm) = g (u,Vm) (23)

If the domain were symmetric about v 0, only one g would need to be considered

with

g(u,vm) g(u, - Vm) (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 fom emp(-Cv); which is incompatible with Equation(2 4 )except

in the trivial case C 0 0 (or f independent of a).
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mm

It also,i appoarc that, if bi-/.Iv is, to remnain boundred at v v in the deriva-

tiv, bf!ju must vanish &t the mirror points. For mTot of thee intteresting pitch

anFie diffusif rn mechanisms, the diffusion co efficient appr-;aches zero s(-, fast

SUP DOWN
at ( Y /_ that the tw, dis;tributions, g and F!DV , can be co•nsidered ful.ly

in[depndent. Evten if D0W aoes not approach zer, at ]t;ast as fast as cos o, the

d-erivative c riaili:,ýn f;.11,,ws fr-m the differential equation, 22.

The boundary condition at u 1 is

icy 0 (25)

This doe:s n,' t imply that 6g/bu is zero, though this type of boundary condition

on iý(u) is fairly easy to incorporate in a numerical finite difference integrati-n.

The most interesting boundary is at v v ; here the integration switches

-over from generally slow pitch angle diffusion at nearly constant energy to rapid

diffusion and energy loss due to collisions with atmospheric atoms and molecule&.

The time scales in the two v regions are so vastly different that it is imprac-

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

over both regions simultaneously until convergence is attained. The character-

istic times for diffusion in the magnetosphere are hours to days; the character-

j istic 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

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

equal footing. For example Spjeldvik and Thorne (Ref. 21) attempted to treat

the atmospheric interactions by introducing a diffusion coefficient in the bounce-

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

from the difficulties of constructing a numerical solution across the boundary

27



woere: s*JrC yrarwettrs ohange by orders ,,f :•magnitude, their results d,, not

appear entirely reasonable. At the transition between the two moJdes of diffu-

sion they show a sudden, steep drop, followed by a nearly isotropic distribu-

tion within thu loss c .ne. Yet one! would expect the dCLwngoing flux at the top

of the atocsphere to show a n,!arly exponential fall-u.ff at the transition, with

a characteristic scale given by Equation (3) . In Figure 3 [similar to Figure 3

of1 Ref. I except that the no-backscattcr o'ase shows the new results of Equa-

tiInn((lv)]are compared to the Spjeldvik and Thorne resu-t3 and ou" new results.

For a wave field of 30 my the predicted diffusion coefficient for 50 kev

eletctrons is approiximately

C4> " sec-1  
(26)

This gives a tco of ab, ut .50 at the equator. The distribution at 300 key

altitude should therefore be spread out over nearly 180 near the "cutoff" at

75 . The results of Spjeldvik and Thorne fall off much faster than the expected

exp (a/18°) 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 (a ?> 600).

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 = v c, it is not generally possible to construct a simple boundary co)ndi-

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

reflected, or

9UP (U,v) 0 (27)

28
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DGW

Thi i twI.. L s i mJ atibi.,: with Equtior! (,)unit . is clu, ne'o at

SI v, whi ch i, turn -n1 ' the possibility of' particle loss ir, the atmc~sphere.

l' ,difi'iul ty is rmov,!d if thec parti,-]les which would mirror a small, but

"V in'it-, b,:yrid v ar, returned after beig siivihtly attenuated.

A simiple pr, scription based enri this observation an be use(:d in moJst situations

x wcr,- tde -jhyi-a1 processes. are understood. Often the "penetratiLn depth"

} is small enough that the mathematical difficulties only affec-=t ,rne ptoint

ln(Ul) = v in. an array of discrete points.

Ideally, the integration would be joined across the boundary at v , to a

detailed solution of the Fokker Planck equation describing scattering in the

atmosphere. The AURORA code generally suffices for that purpose except that the

chnnge in the pitch angle due to magnetic reflection was incorporated in the code

only in 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 transition to atmospheric scattering.

In our previous calculations an altitude of 150 to 180 km was chosen. At higher

altitudes (above 200 km), errors quickly build up, even in the parts of the distri-

bution that are not strongly affected by the atmosphere. This means that it night

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

The case of zero reflection is very much like what actually happens to

trapped protons. Protons entering the atmosphere are rapidly degraded to thermal

energies before suffering appreciable deflection (Ref.l0). The steady state differ-

ential equation (22) has been solved for a range of values of D C up to the limit of

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

7 I30



coefficient (e.g. Ref. 19) are for the average <DOry >. The simplest assumption

about the form of D M, is that it is a function only of ao. It is curious that

this assumption leads to values of < 1]oyo > that are just slightly less than

one-half D over most of the range of cao. The conversion formula is, from

Equations 6 and 9

<D aY>- 2 D k2&)
o 0 T co s o

3/14
.3,332 + .i6 tan-fc (sin - i)

" Jn3/14 a
1 + .46 sin af

b 0

The diffusion corefficient < D > was also assumed independent of ay
aaS0 0

Somne sample results of calculations for 50 keV protons on L = 4 are

showir in Figures 4 throuth 7. These results should be compared with Figure 1,

which treats the same case by the bounce averaging method. However, it is

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

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 distribution at the equator and the distribution at the top of the atmos-

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

At small values of Bm/B 0 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

rtsults beyond B Bo - 50 are satisfactory, and should be accepted as the

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

for moderate diffusion rates the averaged diffusion equation results would agree
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Figure 4. Loss-cone distributions of 50 keV protons on L-4; < D >~x:ý
10- 8 sec-1. The two curves shown are for the
distribution at the equator, and for the distribution going
downward at the top of the atmosphere.
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Figure 5. Loss-coni distributions of 50 key protons on L-4; < •Dol- -
10"Tsec" The two curves shown are for the
distribution at the equator, ard for the distribution going
downward at the top of the atmosphere.
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Figure 6. Loss-cone distributions at 50 keV protons on L=4; < fl>o =

1- 6 sec"1. The two curves shown are for the
distribution at the equator, and for the distribution going
downward at the top of the atmosphere.
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ai"m >ct -Mostly 'M t:•i tilt Z':W reosuits, e.xcepit tool U Liii assivm::d Alt' 'us i.t V i Iv.:'-¢iA.n

"":t b, l..wr by fact..r ,f about 2, or thý l,,ss rate r'ais,!d to f/rB .- ust

what had biee; assumed in earlier work. This seems to Ce fortuiluous; the

correcthi-n factor varies fron,.m near - to a value muc:h great.r than 2 at ver-y

smaill diffusi.n coeffic bats. Yet, f-ur the most part th.t agre,-int btweon thu

two' kiis ~of re3sults is v"-''r god

The fact that the bounce-averaged proton distributi..cn are s- near to the

correct solutionrs in the l.su c-" *; :night lead o)ne.. to smppose that thu bourn.ce

averaged -.quati--on could work as well for electrrns,, given a satisfactory

heruistic loss term. There are several factors that work against this supposi-

tion. First, there i. the excetation that the distributi.on. at very small

pitch a:nglez should b- ahrDct entirely ds,, to the atmosphl.ric scatter i- pr<"cesses,

which are exceedingly difficult to incorporate in a simple: model. s-cond, t"h

energy loss of electrons in the atmosphere must be conridercd. It is unlikely

that calculations at a single energy such as reported by Spjeldvik and Thorne,

(RHýf. 21) could ever yield more than a crude order-of-ragnitude estimate of the

total precipitation rate (though their distributions are questionable, compari-

sons with our new results indicate that both methods predict approximately the

samae number of particles in the loss cone).

The major conclusions that can be drawn at this point are that our basic

method is sound, ard that the only significant uncertainties 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 that the seemingly crude assumption for the form of DI
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yangi~ 'narre.,cIiy t' r .ar. iSin the less;z ,:(,ne cant tn±ý assu,,mfd ttnn f D

;aiv,: any b'ai:g(Ithe cre tlscfth<- results. So all tha-t nee21'is tl.o be

½terty. tbw mth' A is theý c-alibration, cA' the- dilffiz.on -oeffciets, an-d

as, wiII, be, :ppar('ht in. the frailcodIng scti,
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2.2 TESTS OF TIT PITCH-ANGLE DIFFUSION TIEORY

A oar.'c ,b'r vitinr r' the. distribution X electrons within th:? lO.SS

-n- has C1 reat p•tirtul aa a me:ans of' det,.ermnirdg both diffusion rates and

at•,s 1  L •i a a~t'r rate:s. Ir; spe,.tion of F.Utraes bi through 7 arid ) if

B 'rn I ''V .2 ''nfrrtsthat the l.s cidstibtin is-

i..tolod t.. ' U.it, , 41..u.; 1r rat,!. B'lut the impurtant measurable

par'amttr. av,! n(,t ot :.'t:atly those that stimpl, irntiLtion iright l-ad or .

tobliev uc LolforLi trj; s For' examvpleý, total flux in the: ceniter of

the- loss c,tii, (or rati ,io of a "C) flux t. C1) flux at low altitude) is nearly

:inde.pend,:enit of dilf'f'ssion rate, e-.xceq;t in1 strong d! f["as.io. The distribution

nerthe center of the lz~ssin ics Most Valuablo for the- iziformnation it

pr.,vilts abut bac,,.attr rats., Idýeally tnhe ratio. of dlwngoirig flux to

upging flux at intermediate pitch angles inn the loss cone would gi[ve directly

the instarntanreous value of the diffusion coefficie:nt, a quantity that ha2 not

yet been found by any other method.

Unfortunately most of the loss conic data we have examined do riot appear

to be reliable. The data are very sparse, mid of uncertain quality. It is

likely that most of the data were contaminated by cosmic ray induced bremsstrahlung:

Sp.jeldvik (Ref.22) has noted similar difficulties. The only case we. found in

which brensstrahlunig contaarination of the loss cone counting rates could be

ruled out was the one reported in Figure 9 of Reference C. The data for that

case were collected during a time of intense magnetic activity (K = 8-);
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i, it 1: 1.m ".rtai? whtth er c(thtir (:r:e:.:i; tt]od have afisobad the trapp(!d

W.' hay: gr,'at hoes.a that; th,: itestrum-,.mto] c .ritaminatioli problems m.ray

Ini.: ,.rn :'f:.t. : ii tii utist iurL Sat(iItt ;xp:iiui:nts: and w( ar t :

awtiittii, ti.:, I', data. But, in vi ,w ,i' th: .vrawt dilficultius, w, wish to

illl'S it t Ll,)wir, ii. , aiiothl-tlr ,itthod. that mgtfht be usýed to derive

dcl~ff'isi:n Ci.- rr ' ntI .
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2.3 LONGITUDINAL DRIFT AND THE FILLIN4G OF THE LO3S CONE

An important effect that has b"en ignored in the preceding discussion

is the variation of the size of' the loss cone with geomagnetic longitude.

The earth's magnetic field is uiliy very roug4hly approximated by a simpLe

dipole field. For most purposes the important deviations from the simple

model can be accommodated in an off-center dipole field model (Ref. 23).

The cutoff, a , 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 a and
c -max

partially fill the so-called "quasi trapping" regions where the cutoff a, is

reduced. A diagonal line is 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 particles

can advance into the gap between ac-max and a as fast as aC recedes. The

maximum change in a with longitude * is of the order

ýV .35/L (29)

The mean o distance a particle can diffuse daring a complete bounce period0

is given by Equation (13). The diffusion coefficient near a needed to keepC

the gap filled is therefore

40
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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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< L) >~ L)
0 0 2 A to 0

- ± i (a ; P
B 

D

whereT i tiI i: drift pr Lot. Table II Lists stmr-o vizlus :stirna!.:d e,w

> . Equa tiotn (Bo) howeerr, ta fers only to the nucessa)ry difrusioi

,coefficint that will allow a small number of partic'-lies to 1-lak out ofV the,

trapjliiiv n;Io at everiy I (r','tude. As the idiffusion eueffic~ent is iicrens I

it will eradually approach a value that follows f to adjust continuously to

tlle.:ani:i c:utoff, jwith a nearly urlif•rm leakage rate independ,ent of ling-.itude.

vThis latter limiting val-ue is much less than the strong, diffusion limit,

> but as much as 5 decades higher thaun the value: of' TAble II.< D>•- bu as nuha .

SFii'ures I and 10 show results of sample calculations using

I Equation (7) for the diffusion of electrons (with an assumed < D >
0 0

constant) with no allowance for backscatter. Similar results have appeared

previously (Ref. 24). For low values of the diffusion coefficient, the tail

of the distribution fills in nearly as exp(-const h-); the local cutoff, Be/Be,

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

coefficient becomes large onough,in this case 10- sec-, the pitch angle distii-

bution is similar at every longitude, except that the local cutoff determines the

location of the shoulde- of the distribution.

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

observed for trapped electrons and for trapped protons. Figure 11 shows some

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

42
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TABLE IT

Minimum Pitch Angle Diffusion Coefficient That Allows

Some Filling of the Loss Cone at All Longitudes

E (ev) DI im (electrons) D lim(protons)

3 -13/L/

10 .4 -I1.9 '-/L
10 1.4 5.9 IO/L

105 4.2 /L 1.9-8

106 1.3-L /L 5.9-I /L

7 -Z /

1t0 7.4"zI 1.9"5 /L
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L• L3, D=1O'7
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Figure 9. Solutions of the averaged diffusion equation for various

longitudes (relative to the SA anomaly, denoted by the
label 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
longitudes (relative to the SA anomaly, denoted by the
label on each curve). This case is for a diffusion
coefficient large enough that the edge of the distribution
follows a constant altitude trace.
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was adequate to ex-hibit the effect. We have done a simple calculation using

Equation 8 with the loss term multiplied by 1 minus a "reflection coefficient",

R. A plausible fit to thu data is shown in Figare 12. The backscatter of

electrons does tend to mask the eastward drift effect; but since the quasi

trapping phenoier,,l affects mainly particles mirr~rring above the atmosphere,

there is hope that the effect may be of value in determining diffusion

coefficients.

How then might the atmospheric backscatter be treated simultaneously

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, %c,

does not move too rapidly, then the steady state equation, 22, should give

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

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

tion, plus the quasi trapping region. ThiQ first-approximation could be used

as a starting point for several iterations of Equation 22 to obtain detailed

solutions for all longitudes. We expect to test this method smon to find out

whether it is practical, and indeed results in great savings of computer time.

4
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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 operation 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 Gf scintillation activity

(Ref. 26). E. J. Fremouw of SRI graciously allowed us access to the data,

and with the assistance of S. Matthews (also of SRI), we were also to construct

our own summaries of the data.

Table Hlists 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, S , and the phase duration,

(X, of the VHF signals. Our 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 correspond roughly to the designations veryauiet and very active,

respectively, in Ref. 26, though 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 K indices, solar sector crossings,P

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 &outh are labelled with a S.)

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

f established, either by comparison with (very limited) ionospheric sounder

data, or by absolute 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 levels. Perhaps new

ionospheric sounding stations might be established at critical sites. In

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 scintillation activity,

Ionospheric 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 K -- and the mid latitude scintillations. Table III
p

lists the K index and the character of the interplanetary magnetic field.P

Only the sum, LKp , of the 8 three-hour K 's is shown because activity was

very low during the period. Values less than 20 for SKI indicate quietp

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, K and the solarP

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-

I tion rates, though we have not found any that are directly applicable to

J the period in question.

* it should be kept in mind that the WIDEBAND experiments were initiated

at the bottom of the solar minimum. MagnetospherLc and ionospheric 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 defense 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 "aLmospheric-heave" plasma, (ii) 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 electrons along the magnetic

field. Although much theoretical effort has been devoted to the investigation

of the pertinent instabilities (see Perkins, Ref. 27; Kindel and Kennel,

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

and Coffey, Ref. 3Z; Swift, Rcf. 33; and Swift et al., Ref. 34), many
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uncertainties remain (see Papadopoulos, Ref. 35, for a recent review of

"this subject).

Much experimental evidence, however, is now available en the electric

fields resulting from the instabilities. The fields were inferred initially

from observations of"monoenergetic" electrons in the auroral zones (see, e.g.,

lHoffman and Evans, Ref. 36; Evans, et al., Ref. 37; Paschman, et al., Ref.

38; Maehlum and Mocztue, Ref. 39; Arnoldy, et al., Ref. 40; and Basqued, et.

al., Ref. 41). More recently they have been inferred from observations of

=energetic ions generally moving along the magnetic field away from the upper

ionosphere (see Hultquist et al., Ref. 42; Reme and Bosqued, Ref. 43;

Mcllwain, Ref. 6; and Shelley et al., Ref. 5). In addition, the electric

fields have been inferred from shaped-charge barium releases (Wescott et al.,

* ~Ref. 44; linerendel et al., Ref. 45) and direct measurements (Mozer at 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-aligned 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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-.-- auroral

ionosphere

Figure 13. Equipotential model for electric fields above
auroral ionosphere. Lines represent equipotei~tial
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 are.

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

to 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 model

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 y. The subscripts s
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Z1 io s

ZS,!E

Z01

ZV t

'. zt, It

ATMOSPHERE I

Figure 14. The field geometric used in calculations of effects
of electric fields. The oblique solid lines represent
magnetic field lines. The horizontal lines represent

equipotential surfaces; the satellite is on " dashed

* horizontal line at zi s
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denotes the parameters at the location of the satellite. The electric

field E, which is directed upward, extends from zowhere the potential is

w2 ,to zI. The potential at the satellite is yi. 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(E), when the field was present to the

flux, j, when the field was absent.

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

is equal to the flux at zs, i.e.

i(at Bt, wd) = J(s' 5  B s ws) (31)

where the kinetic energy is wt = w(32)
S

.2 .2
and Bin _at . E (33)

Bt BS

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

i.e.,

sin (Bs/Bt) (34)

If the backscattered flux at zt is denoted by JB((it, gt, wg)B

1'/2 • sr T,,, then at the satellite,

J(ts Bs , w) j Of, B-, w (35)

s y sC S B I Bt
where again cys and (Yt are related through (33) in the "loss cone,"

C r > s 2 ! ' es c " a n w. w B t "
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When an electric field is applied along the magnetic field directionj

itself is no longer an invariant, as in equation (31). Rather, the proper

invariant of the motion is f, the phase space distribution function (the

distribution function used in Section 2). The two functions are related by

the (non-relativistic) formula,

j = 2:mv-" (36)

It follows that the flux at z-- which equals the undisturbed flux at z

for a 1 sin-kBl/B)½ s " is transformed to

w(
j (E', Bs w) - J(Vs2 a , ws) (37)

S S S W S C s
S

wher-, w'. = W + eCT (38)

2 W .2
and sin C -T Sil a (39)- S

S

for 0s%' • -12 (40)
s

(Pitch-angle diffusion 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. If energy diffusion

is negligible, the right-hand side of equation (3) retains its form, but with

the space-like variable BiB everywhere replaced by the transformed variable

) the phase 3pace dstrilbution tunction must be a function of w-ecp

rather than w. It is not likely that energy diffusion can be ignored if the

electric field is set up by plasma turbulence of electrostatic-type waves.)

Although the primary flux for Ot' > sin- ( w 1/2 is unknown, the potential

cpl will rc.flect upgoing electrons observed at zs with energies w' and pitch

angles a' such that,
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W Os 2asF + B sin2 C' < e I1 (41)
S

Hence, in the pitch-angle range

sin-' (s Wl B s s ' /2 (42)

with e0 1  w• w 1 MP ) (43)

well as for 0 < CY' • 42 with w an The downgoing flux at z is equal

to the upgoing flux, i.e.
"(- el (F) CY' -, (44)

SB W1)j (-'B w)
S S s S S

At the top of the atmosphere, zt, through the potential Wb' the electron

flux becomes

* •,(E) (at Bt; w') ((51
t,) ;; ( r) ( B,, B,')

sS

* 4where wt=w'+epb 9b+=2" P1 (46)
* w' Bt

2 st 2,"and sin a r sin Wet (47).......... • " W' + eCb -s s n2 's( 7

hence, the edge of the loss cone of the observed flux at z is now energy• s
dependent and has increased from the value given in Equation (34) to

V sC il w w*' )A (48)

The pitch-angle distcibutions of the electrons can therefore be used to

determine Cb
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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

S, a C' (49)
S SC

are re[iected back toward the satellite by the magnetic field. Since Eqs. (49)

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

I+ ,P b B-I /Bt t 1' P (50)
(l-B /B) w'B /Bs

such electrons will be trapped between the magnetic mirror at the top of the

atmosphere (zt) and the upper boundary (z 1 ) of the electric potential. The

electron data discussed in the next section indicates that electrons 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 detarmine 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(R), was determined from the equations

J() (at) Bt' w) j B (E) -tI Bt, w) (51)

where 0 a rt r •/2 for w- e9 2  (52)

(w - e•p, Bt B (and sin-l- W 5o a !/2 for W2- w 9 P (B+-;=1,. (53)
F T.

Here J is the backscattered flux.
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The backscattered flux which reaches the satellite is

B(E) W, -o B (EB) ()
(a, B3, w - b w B (a , w) (54)

2 w B

2 w_ s .2where sin a'- sin a (55)s W- eOpb Bt t

4.3 ELECTRIC FIELDS INFERRED FROM SATELLITE DATA

4.3.1 Satellite Measurements

Exceptionally valuable data on particle distributions in the magneto-

sphere are being obtained with the satellite 1976-65B, 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 .' major

experiment on-board which measures the energy and angular distributions of

ions in the energy range 0.5 to 16 key and electrons in the range 70 eV- 24 ke".

j 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, 0.94, 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.
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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 following section, we offer

an interpretation of the data obtained on two of these events which were re-

ported recently by Shelley 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 Of and H+ ions (about 10 8 /cm 2 .sec.sr.

keV at 1.28 keV) were observed simultaneously. (Tle detector

settings were at 0.94 and 1.28 keY at the time of the measure-

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

0field with a half-width-at-half-height of roughly 15 . Both events were

observed at high magnetic latitudes (Ži 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 or about 21hr at an altitude of about 5450 km.

These data indicate that the accelerating potentials below the

satellite were about I kV. From the altitudes of the observations, we note

that the electric field intensities must have been higher than about

1000V16000 km or 0.2 mV/rn. 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, wth u 0.1 eV (the ion thermal energy in the ionosphere), and
-I

wI = Wth + 1 keV. Moreover, the pitch angles of the energezic ions, ti,

should be related to the pitch angles of the themal ions, th' by the

equation
si2fl=Wth Bs s2 th(56)

sin Ce w -~ sin a(6

where B s/B is the ratio of the magnetic-field intensity at the satellite to

that at the base of the acceleration region. According to this equation

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

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

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

in the anomalous resistivity region. The magnitude of the observed flux,
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however, indicates that the ions, even at low energies, are not severely

restrained by the waves, If we equate the ion flow (number/see) in the

magnetic tube sections at the source and at the observation altitudes,

we get,

1.25 150

< fvj" A 2r'A s dw. j(i BS wi) sin ai cos ai d a. (57)

where f is the velocity distribution function of the ions, assumed to be

Maxwellian, and A and A are the normal cross sectional areas of the tube
0 S

at the source and at B . Now, if we a9sume that all thermal ions with
s

vi, > 0 along the field become accelerated, then.

2 2 2 2
n -v I /V th ' jth dv

' n • e " t 2ý v dv C I-Vlvt

""I = (r)3/2 3 0 1 0 dv I I v

nv th/2 1/ r (58)

"Here, n is the number density of the ions at the source and vth is the

thermal velocity of the ions. By substituting this result and the observed

flux in Eq. (57), we find that

7 BS~~2 x 10 B
2v10 0 (59)

v th B

where we have put A /A = Bo/B . Thus, since v 2 x 10 cM/sec (c 3000 K)
for 0 c i1nsiide using B 3 (6000 + (2500 + RE)3t, we find

0+

that an 0 ion density of about 300/cm at the base of the acceleration re-

gion can provide the observed flux. Since the 1'1 ion thermal velocity is

about 4 times that of the 0+ ions, the required H4 ion concentration is

about 80/cm . The distribiitions of ions In the polar ionosp.hiere are quite

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

Figurc 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

field. There, the ions will acquire a high E x B drift velocity. Mozer et al.

(Ref. 7), with instrumentation on the same satellite, has measured electric

fields perpendicular to the magnetic field as high as I V/m. In such a field

at the altitude of the satellite the ions would acquire a v component of

about 170 km/sec, which is the velocity of a 2.4 keV 0+ ion. Hence, a per-

pondicular electric field of about .2 V/m for the 0+ 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 potential difference along the magnetic field

iacreased with time and/or space and that the field extended above as well

as below the satellite. The data were obtained at iO95:: •T, Seplenihev1e 15,

2976, at d'zsk, 18 hir. LT, near the geographical uoordinates 101.5 R. Locng.,

69.50 1. Lat., and at an altitude of 7280 ýli. At the time of the measure-

rmeita the satellite was moving toward higher latituder.

The data ottained 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 ist spin period.

(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 Ist

spin period will, therefore, be taken to be the undisturbed flux, j(a' BHI W
s s

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)( , 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

and N+ for the succeeding scan from n to O. The counting rates of the COE A

and ONE 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 15a and b. The triangles in Figure 15a designate the

- averaged counting rates obtained during spin 1 and the open circles designate

the rates obtained during spin 3. Figure 1Sb shows the counting rates obtained

on the individual scans 2 and 2+. Note that the undisturbed flux of these

low-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 • 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 16a, b and c, 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 C 300, is evident in

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

The pitch-angle data obtained on spins 1 and 3 by the CHE 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 400 and 1400.
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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, CPb 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 cb is given in Equation (48). In

Figure 20 the width of the loss cone given by this equation is plotted as

a function of ep for each of the central energies of the electron detectors.

Here, the ordinate, Aasc denotes the difference 18 0 °0- c'. In evaluating
;C" sc

Equation (48), the ratio B /B was set equal to the third power of the ratio
s t

of the geocentric distance to the "top" of the atmosphere (altitude % 300 ki)

to the geocentric distance to the satellite.. The widLhs of the loss cones

estimated from the detector data taken on spins 1, 2 and 3 are listed ina
Table IV. The values of eb corresponding to these widths, as determined

from Figure 20, are listed 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 ecpb inferred from the COE 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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TABLE IV

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 eyb in keV Inferred From Loss Cone Widths

Spin Number C A CME B CME C CHE D

1 - 0 0

2 1.2? 1.5 1.5

3 1.2? 3.6 3.9
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the reduction of the counting rate of this detector on spin :i indicates

that the electrons above the satellite were accelerated by ai 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 cb = 0 condition, and the spin 3 spectrum was used for Yb > 0. Results

were obtained for Tb = 1.5, 3.0 and 4.5 kV. In general, it was found that

the backscattered flux of electrons which reached the satellite decreased

rapidly a3 "b increased. However, for the CPb = 0 case, the computed back-

scattered flux was less than that observed at the satellite on spin i. This

discrepancy is believed to exist because the high-energy AURORA code, which

was used for this analysis, does not compute the production of secondary

electrons. These electrons are not important for most applications of the4 code, but they are significant in the computation of the backscattered flux.

Because of this difficulty, the loss-cone depth computed for each value of

p was divided by the depth for Yb 0 and the ratios were compared with the

ratios formed by dividing the loss-cone depths observed on spins 2 and 3 by the

depth observed on spin 1. -This procedure tends to cancel errors in the back-

scattered flux which are proportional to the flux. The observed rarios are

listed in Table VI. Comparison with the computed ratios in Table VII indicates

that sb : 1.5 kV on spin 2 and (b s 4 kV on spin 3. These values are con-

sidered to he 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 Depth on numbered
Depth ort Spin I

1 1.0

2 3.0

3 8.8

TABLE VII

Computed Ratios of Loss Cone Depths

AURORA Code Results
Potential, pb' in kV Depthph forftr Z-Tb)

in IcY Depth for c-O

0 1

1.5 2.8

3.0 5.6

4.5 10

mm--



The 0+ and H+ ion data indicate somewhat higher values of cp•. On spin

1, of course, the ions were not present, which is consistent with b = 0. The

data from the energzi-mode channels prevailing at the time of spin 2 indicated

high fluxes of 0 at 3.3 keV and H ions at 0.94 keV. On spin 3 high fluxes

of both 0+ and H + ions were observed at 4.5 keV.

Thie electron data also indicate that a potential of about 0.5 kV existed

above the satellite on spin 3. Application of Equation (37), taking as the

undisturbed flux, &(as, B ws), the flux detected on spin 1 (see Figure 19) and

assuming 1 = .5 kV, the calculated flux disturbed by the electric field re-

produces fairly well the flux observed on spin 3. The flux values calculated in

this manner, using the CONE A, CME B, and CM?, C data on spin 1, are given by the

triangles in Figure 19. This potential is also consistent with the peaking of

the CYF A counting rates at 900 and the approximate symnetn, of the counting

0 +rates about 90 on scans 2 and 3. This detector is evidently counll`ng 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 B s/B, the electric

potential above the satellite reduces the pitch angles of the electrons such that

the lower energy electrons within the detector energy bands are more nearly

j aligned with the magnetic field. This effect appears tc, account entirely for the

fCME D counting rates. The peak in the CME C detector 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 B1 set equal to the

magnetic field intensity 1000 km above the satellite, indicates that electrons

of energies .94 - 2.63 keV (within the response of the CME C detector) may be

trapped in this manner for 0 b = 3.7 kV and cl= 0.5 kV.
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5. IONOSPHERIC IRREGULARITIES DUE TO ATMOSPHERIC HEAVE

A high altitude nuclear detonation heats the atmosphere 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 outward at the E x B drift velocity. The situatiot 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 electrons exceeds the

thermal velocity of the ions, the Farley-Buneman instability (Refs. 8 and

51) may occur and lead to the formation of magnetic-field aligned plasma

irregularities.

The Farley-Buneman instability is based on the familiar plasma ion

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 welt understood (Refs. 51, 52, 53, 54 and 55).

Farley (Ref. 8) extended the simple two-stream theory to the problem of

field-aligned irregularities in the ionosphere, taking into account the presence

of the geomagnetic field and the effect of collisions between the charged and

neutral ionospheric particles. The results show that plane electrostatic waves,

and associated irregularities in ionization density along field lines, will
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appear spontaneously in ionospheric regions where strong currents flow per-

pendicular to the geomagnetic field lines, providing . Vd> ai" Here

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.
1

Buneman (Ref. 56) has also considered the electrojet problem, using

the Navier-Stokes fluid equation rather than the more complicated Boltzmann

equation applied by Farley. In the high collision frequency limit where the

two approaches may be compared, Farley found that his and Buneman's dispersion

equations are essentially in agreement.

The conditions required for the onset of the Farley-Buneman instability

have been verified for both the equatorial and auroral regions (Refs. 57, 58,

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 chorter 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

could be excited there.

A simplified model was use-d to estimate the relative drift motion of

the ions and electrons in regions of the ionosphere where the atmospheric

"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 vj x B electric field induced by the plasma motion. This

field is generally directed toward the west for the burst occurring in the

northern hemisphere. Outside the circular region the heave motion is assumed

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

at 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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I Figure 21. Schematic representation of electric field distribution
resultinig from the atmospheric heave. R is the effective
radius of the "heave" region. E i 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 B, was obtained for the ensuing

electrostatic potentiel.

In cylindrical coordinates, r, 8, the solution inside the tubular

region is,

0i = Eind. r cose. (60)
i. md

The electrostatic field inside the tube is therefore equal and oppositely

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

velocity - Eid x B = (vi), which is the velocity at which the ions near the
inii

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

0 - End kr cos a (61)
0

where k and k are the dielectric constants of the plasma inside and outside

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

therefore, 2

Er = Eind. kr• cos (62)

ktR

and E9 m Eid I sin 0. (63)

The distribution of this electric field is depicted in Figure 21.
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According to the MICE code results for a Standard SPARTAN (200 kin),

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 450 and B • .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

5 3about 3 x 10 ions/cm . 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/k is in the range 10 to 100 for

R u 1000 km. This value of R seems appropriate because the 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. Ur,.ng these values in Equation (63) to evaluate E, the result-

ing E x B drift velocity, for B - .5 gauss, at r = 2R is found to be greater

than about 10o cm/sec. This velocity, which is nearly equal to the relative

ion-electron velocity in the E-region of the ionosphereis much higher

than the ion thermal velocity ('s 10 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 ionospheric conductivity on the

magnitude of the electrostatic field in the 9-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 zones, electric fields of about

.06 V/m observed above the ionosphere are tound to produce relative velocities

in the E-region greater than the ion 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. In 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.

98

I98 '



6. CONCLUSIONS AND RECOMNENDAITONS

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 plasma 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.
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o Further Satellite 1973-65B data on the energy and angular distributions

of keV-type ions and electrons 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 tite 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.
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