B @ ‘ l.EVEL [ eI
DNA 4696T
EFFECT OF LATERAL GRADIENTS ON ELF
PROPAGATION IN THE EARTH-IONOSPHERE »,_‘
WAVEGUIDE
[Pyl Srattinger
‘ iR&D Associates
O 'P.0. Box 9695
R o ;Marlna del Rey, California 90291
30 September 1978 r

AN

' Topical Report for Period 16 October 1977—30 September 1978

\

CONTRACT No. DNA 001-78-C-0009 \«/

MAOGS

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.

THIS WORK SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE B310078464 P39QAXDB00136 H2590D.

DG FILE_COPY.

Prepared for

Director

DEFENSE NUCLEAR AGENCY
Washington, D. C. 20305

e Y T el e Y 7T S S R B i i e ta o o T o NS B A g s 7 0%
WLl 5 e N . : ) :




e b s o s

N L me N R . N TR P S S S N L TEIE LI
L;,Ah'}mut.x, SRR AL LR P ES SR

Destroy this report when it is no longer
needed. Do not return to sender.

PLEASE NOTIFY THE DEFENSE NUCLEAR AGENCY,
ATTN: TISI, WASHINGTON, D.C. 20305, IF
YOUR ADDRESS IS INCORRECT, IF YOU WISH TQ
BE DELETED FROM THE DISTRIBUTION LIST, OR
IF THE ADDRESSEE IS NO LONGER EMPLOYED BY
YOUR ORGANIZATION.




{
|
g , UNCLASSLFIED
E: i SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
3 . READ INSTRUC S
¥ REPORT DOCUMENTATION PAGE BEFORE COMPLET,T,Jg’*;ORM
1. REPORT NUMBER 2. GOVT ACCESSION O. iwsﬁECIPIENT S CATALOG NUMBER
DNA 4696T » : ;
\ £ v } :

§4: TITLE (and Subtitie) PERIOD COVERED

EFFECT OF LATERAL GRADIENTS ON ELF
PROPAGATION IN ‘L‘HE FARlH—IONOSPHERh

\‘
WAVEGUIDE. N | ) (’/,~j¥

Y

16 Oct 77—3@ Sep 78

NUMBER

RDT-TR-1@87005-0@3

1. AUTHOR(Q) n . CON RANT NUMBER(s)
B s ek e e s vty - oo /f a———
; e e
L“_(“:‘:n‘l/G:_elf1ngex: - PhylllS/GIE\ZLflnE‘ei ] ';_; /5 DNUQI -78-C-g8H9
S.RP!Z‘RFI;)RK;:’GOziZA;(;ZSAT/ON NAME AND ADDRESS - V 0. PROGRAM ELEMENT. PROJECT, TASK
r’ 3
P.0. Box 9695 ~f§éigﬁé1 Subtgsk| PIYQAKDBO0L-36 *
Marina del Rey, California 90291 e
11. CONTROLLING OFFICE NAME AND ADQRESS J | 12. REPORT.DATE.. w)
Director / // 30 Seprestyer 978 / ;
Defense Nuclear Agency ] 1 e

Washington, D.C. 20305 \ : 38
14, MONITORING AGENCY NAME & ADDRESS(if F{erent lr?rn Controlling Office) 15. SECURITY CLASS (of this report)

SN Ee i
19) Rt UNCLASSIFIED :
( T

AR B IS 154, DECL ASSIFICATION/ DOWNGRADING
R TN SCHEDULE
16. DISTRIBUTION STATEMENT (of this Report) TN \ 7
; \ | 3
Approved for publlc release, distglbu\tlon unl tmlted. o - N »

P Sy

Qo cinr | (AN gsoo o2 |

e ——— \

.-.-..

| I7 DISTRIBUTION STATEMENT (of the abstract entered in Block 20. { different from Report)

18. SUPPLEMENTARY NOTES

This work sponsored by the Defense Nuclear Agem\:y under RDT&E RMSS Code

B310078464 P99QAXDBO0136 H2590D. \
A
‘ \ i
19, KEY WORDS (Continue on reverse side if necessary and identify by block number) ‘\\ }
\
Radio Propagation ; \
ELF i Y
Disturbed Ionosphere \

:' 20. ABSTRACT (Continuw on reverse side if necessary and identily by block number)
e effect of steep lateral gradients on ELF propagatiom\in the earth-
ionosphere waveguide is investigated by full-wave calculations based on two
different models of the waveguide. In both models, the ioposphere is replaced
by a mathematically equivalent upper wall. In one model, n@e height of the
waveguide is taken to vary in the lateral direction, but thé surface imped-
ance of the upper wall is assumed constant. In the other model, the surface
impedance is taken to vary laterally, but the height is assumed constant. ]}

-3

£,

UNCLASSIFIED Z:L)

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
- .

~ S, FEEN
E;: ,,z( ) );}’ R B 4
N 3 A.‘ ‘1»’ JA\E‘T;

DD, Sh%; 1473 P‘ EDITION OF | NOV 65 1S OBSOLETE

W QS




A, IR AT RN\ BIT it g < s oy e s

e e ST

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

]

/zo./ " ABSTRACT (Continued)

bMagnetic field strengths are calculated along various great circle paths
through the transmitter and compared with values obtained from the great
cirecle WKB approximation for the same paths. The results for the two models
are not very different from each other, and both are in agreement with the WKB
results to within 1l or 2 db at distances of several thousand kilometers.

mntran Bt il ol oot v iintis B g it n

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

B . P, P S

ey wpmptP AL L P, | o e S

bl il

e T DR T A e D o T, T ot A Al I el s 8

[ SN

cud .

Bt ML e ¢ e

il .

Lo ak

i b vk it 4 bt




i e et e

et e et e mnn = s

TABLE OF CONTENTS

Section Page

1 INTRODUCTION= = = = = = = = = = = = = = = = = = 3
2 PHYSICAL MODEL FOR NONUNIFORM WAVEGUIDE =~ = - = 4
3 VARIABLE HEIGHT WAVEGUIDE MODEL = = = = = = - = 6
4 VARIABLE IMPEDANCE WAVEGUIDE MODEL- - = = =~ = =~ 19
NUMERICAL RESULTS AND CONCLUSIONS =~ = - = ~ = = 22

REFERENCES = = = = = = = = = = = = = = = = = = 32

B TS, it e 5 W AR AV < M B DA O, P SIS, 1T Ay IO A R Y
(8}

ACCESS(LH Tor

nTIs Whita Sagtion
ot Buif Section
UNANKOUNCED 3
JUSTIFICATION

BY oo s oo i
DISTRIDE T AWAREITY LS
Dt AVl a7 oc SPECIAL

A

2

&

I ncny YR i D OREYOA 5 MR MRS et AT b M S oo P

R . o ot T S 1 A ML e T A ™ TR 5 T D

Ik

1 it B 8o i i

PRI DAY




e )

T PR e g TN s e (I e e,

D TR e

ANy THE SR RERIEAR (T a0

AR R T

it e

EER RE L

t
§

SECTION 1. INTRODUCTION

A subject of considerable interest to the C3 community is the
possible effect on long-range ELF communication of widespread
ionospheric disturbances of nuclear origin. Predictive
calculations at the present time are based on the so-called
"great circle WKB approximation," in which the properties

of the entire earth-ionosphere waveguide are taken to be those
that exist along the great circle between transmitter and
receiver, and the properties vary slowly in the horizontal
direction, so that the WKB approximation is applicable.

The shortcomings of the assumption that the waveguide is
laterally homogeneous have been recognized for a long time.
Because of the mathematical difficulties involved in allow-
ing for lateral variations, thc. .. have been very few theoret-
jcal treatments of the problem. The attempts which have been
made have dealt with ionospheric disturbances of limited
spatial extent [1,2] which are ameegble to scattering and dif-
fraction theory.

Here we are concerned instead with situations involving
transition regions where conditions wvary so rapidly that a
WKB approximation of the propagation may not be valid. Such
situations occur naturally at the day-night terminator and in
the polar regiong during large solar proton even:cs. In this
report, we investigate the effects of such transition regions
or "edges" on ELF propagation along and through them.
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SECTION 2. PHYSICAL MODEL FOR NONUNIFORM WAVEGUIDE '

It is well known that waves in the ELF band propagate in the
y earth-ionosphere waveguide, penetrating to ionospheric

' D-region altitudes and higher, depending on ionospheric
conditions. At ELF, only the lowest (TEM) waveguide mode

is nonevanescent. The mode is characterized by three

paver v

parameters, which are determined primarily by the ionization
height profile of the ionosphere. These parameters are a
relative phase velocity c¢/v, where v is the phase velocity and
¢ is the speed of light, a loss rate a in dB per thousand kilo-
% meters of propagation, and an excitation factor AO. There are
a number of full-wave numerical methods for calculating these ?
parameters when the ionosphere is assumed to be vertically
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¢; inhomogeneous but laterally uniform. There is no full-wave
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numerical method for determining equivalent parameters in

the presence of lateral inhomogeneities. It is generally
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assumed that, in a laterally nonuniform waveguide, the
propagation may be characterized by local parameters with
values appropriate to a laterally uniform ionosphere with the
local vertical profile. 'This assumption forms the basis for
a number of approximate solutions for propagation in a non-

E f uniform waveguide [3]. Most of these approximate treatments
‘ reqguire that the lateral variations are slow enough that a
WKB approximation may be used to calculate the lateral
variation of the ELF fields. Here, we will be interested in !

propagation in the vicinity of regions where this criterion
is not satisfied.
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i The problem of calculating ELF propagation in an earth-

é ionosphere waveguide in which the ionization height profile
b varies along the propagation path is very difficult mathe-
Ft matically. Even in the case of horizontal uniformity, the
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diffuseness of the ionospheric "boundary" necessitates a full ;

wave numerical treatment of the problem. However, once such

e S AT
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a numerical solution has been obtained, it is possible to

g replace the stratified waveguide by a mathematically equivalent

: sharply bounded waveguide which yields the same values of the

: quantities c¢/v, a, and AO. This is effected by a proper choice
of the height of the waveguide and the surface impedance of

its upper wall.

PYT ey

: : In principle, it should also be possible to replace a laterally
ﬂ : varying earth-ionosphere waveguide with a mathematically

A
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equivalent sharply bounded waveguide. The height and the )
surface impedance of the upper wall would obviously both be ;
functions of position. 1In order to keep the problem mathe-
matically simple, we will consider two limiting cases within
the framework of such a model. 1In the first case, we will
assume that the surface impedance of the waveguide is constant,

but that the height of the guide varies in the lateral direc-
tion. Ih the second case, we will assume that the height is
constant and that the surface impedance varies. The combina-
tion of the two cases should give some insight into the
influence of lateral gradients on ELF propagation irn the

TR PT
e R Hog OO e 0

earth-ionosphere waveguide.
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SECTION 3. VARIABLE HEIGHT WAVEGUIDE MODEL

We wish to model a nuclear-disturbed or SPE-disturbed earth-
ionosphere waveguide in which the waveguide has been disturbed
over a very large area, but in which the transition between
the disturbed and undisturbed portions takes place in a dis-
tance small compared to a wavelength. As discussed in
Section 2, we will attempt to model such a situation with a
sharply bounded waveguide of variable height, as shown in
Figure 3-1. For mathematical simplicity, the waveguide is
assumed uniform in the y-direction, and consists of three
separate sections. The outer two sections are semi-infinite
uniform waveguides of different heights. These are connected
by a central section with a sloped upper wall. The waveguide
of greater height represents the undisturbed portion of the
earth-ionosphere waveguide, that of smaller height represents
the disturbed portion, and the central section represents the
transition region. The lower wall is assumed to have infinite
electrical conductivity and the uppcr wall, in accordance with

the discussion of the previous section, to have constant sur-
face impedance.

A cross section of the waveguide is shown in Figure 3-1,
together with the coordinate system. The undisturbed, tren-
sition, and disturbed regions are designated by I, II, and III,
respectively. The origin x = 0 of the transverse coordinate

is taken to be where the extrapolation of the sloped upper
wall intersects the lower wall in Region III. The source 1is
assumed located in Region I at x = X1 and the coordinates of

the boundaries of the transition region are x_ and Xy

O
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7
It is now necessary to solve the wave equation in each of the
three regions and then to apply the appropriate boundary
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Figure 3-1.

REGION II ~~ Py| REGION O
7
~ l

Cross section of variable heighi waveguide showing geometry and ‘ ]
coordinates. (The z-direction is perpendicular to the plane of

the figure.)
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conditions at x = Xq and x = x We assume the source is an

electric dipole antenna, oriented either vertically or
norizontally. The first configuration would correspond to

a natural source of ELF radiation, such as a lightning
discharge, and the other to an articifial source, such as

the Wisconsin Test Facility. We assume that the source is
sufficiently far from the transition region that only the
nonevanescent TEM mode is incident on the transition region.
We also assume that no other modes are generated in the tran-

sition region or at its boundaries.

In the two uniform regions, the TEM fields can bhe derived
from an electric Hertz vector which has only a vertical
component ny. The electromagnetic field is obtained from the
Hertz vector through the equations

3l
= __x) 2 . ¢ _
B =V (By + k n, i, (3-1a)
3. g :
= Ic x Iy, £ (3-1b)

where k = w/c is the free space wave number and ﬁy is a unit
vector in the y-direction. In Region I, the primary excitations
for the different dipoles are given by

A 1/2
VD _ o (1) _ 2 2 _
Hy H; cos (kCoy) Hy [kso ((x xs) + 2 ) ‘ (3-2a)
HX d VD -
Hy = 5% Hy (3-2b)
HZ _ 3 VD -
N, = g7 Ty (3-2¢)
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where VD, HX and HZ refer to a vertical dipole, a horizontal
dipole oriented along the x~direction, and a horizontal dipole
oriented along the z=-direction, respectively. In these
expressions, Ay is a factor depending on the source strength,
ho is the height of the guide in Region I, and S, and C, are
the complex sine and cosine for the TEM mode in a uniform
waveguide with the properties of Region I.

Since the properties of the waveguide are independent of z,
it is useful to carry out a Fourier *ransformation in this
variable. Thus, we write

-ikSzz
Hy(x,y,sz) = Hy(x,y,z) e dz (3-3)

-0

with similar expressions for the components of E and B. The
transforms of the primary excitations given by Equation (3-2)
can be written in the form

1/2
~ik(S§—S§) (x~xs)

Hy(x.y,sz) = %; pPIP (So,sz) cos (kCOy) e
(3-4)
where the function FDIP corresponding to the different dipoles
is
PP = (s? - sf:)-l/2 (3-5a)
Fi¥ = (3-5b)
M2 =5 (s - si)-l/2 (3-5¢)
9
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In Region I, the total field consists of the primary excitation
radiated by the source plus the wave reflected from the transition
region. Thus, the total Hertz vector in Region I caa be

written as

1/2

A ik (S -si) (x_ %)

2
F cos (kCpuY) e ©

1/2 1/2
. 2 2 . 2 2
-ik(85=-87) (x-x%.) ik(8°=-87) (x-%,)
e o "z 1 +Re o "z 1

(3-6)

where R is a reflection coefficient to be determined. In
Region III, on the other hand, there is only an outgoing wave,
s0 that the Hertz vector can be written as

1/2 1/2

ik (s%-g? a2 g2
III DIP ik(S5-S;)  (xg-x;) =-ik(S]-S;)  (x-x,)

Ay
IIy = H; F cos (kCly) e e

(3-7)

where Sl and C1 are the complex sine and cosine appropriate to
Region III and Al is a constant to be determined.

A relationship exists between S1 and S0 as a consequence of the
assumption that the upper wall has a uniform surface impedance.
¥rom Equation (3-la) and (3-1b), the tangential field components

are
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I _ _ 3 oI
Ex = k C, tan (kCoy) T Hy
I _ 4,2 I
Ez = ik COSz tan (kcoz) Hy
2

Bl = - £ 5 1

X c z 'y

2

I__ ke I -
B, = 1% 3% IIy (3-8)

with similar expressions for the fields in Region III. The
surface impedance at the upper wall (y = h) is defined as

- = - { =- (3-9)
cBx =h CBz y=ho

O

Sl

Making use of Equation (3-8) and the fact that |kch| << 1,
we obtain from Equation (3-9)

2 -1 -
Co = nkh (3-10)
o
The same procedure in Region III leads to
2 _ _ i -
cl = HEHI (3-11)

Thus, the relation between the eigenvalues in Regions I and III

is

(3-12)
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It now remains to construct the solutions in the transition
region. For reasons which will become apparent, we will
express the solutions in Region II in terms of cylindrical
coordinates about the z-axis (Figure 3-1). In addition, we
will write the electric field in the form

E=kV x (uﬁz) +isyi7xVx (wﬁz) (3-13)

where u and w are scalar functions satisfying

W% + k%)

g£|c

) =0 (3-14)

In terms of these functions, the cylindrical components of the
electric field are

_ 2 (1 3u _ .2 3w _
B, =k (E; 5" Sy % ) (3-15a)
__,2({0du, .21 3w _
E, = k( :+ S, g"a¢) (3-15b)

_ 2, .2
E, =18, (1-8)) kw (3-15¢)

where

Y
i
.
©

(3-15d)

and p and ¢ are the coordinates shown in Figure 3-1. From the
induction equation, the components of the magnetic field are

3
= k ou , 1 9w _
BD = SZ w (ag+ £ 30 ) (3-16a)
3
= - - s2) X -
BZ = i (1 Sz) ) u (3-16b)

The third component of B will not be needed.
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It can be expected, for the kinds of disturbances with which é
we are concerned, that the change in height across the ;
transition region is perhaps a few tens of kilometers while ;
the lateral distance over which it takes place is of the order f
hundreds of kilometers. Thus, from Figure 3-1, §
4h ¢ (3-17) 1
L 4
and the angle ¢ is restricted to the range 0 < ¢ < ¢° << 1. ]
Furthermore, we know that at the ground (¢ = 0) the tangential é
components E¢ and Ey of the electric field must vanish. Thus, :
the power series expansions for u and w must have the forms %
;
¢2 3

u=G(§) - g(¥§) =+t . .. (3-18a)
o> |
w=F(8¢ - £(£) 3"'* « . . (3-18b) j
When these soclutions are substituted into Equation (3-14), we i
obtain the differential equations {

“n ]

¢ +2¢ +1-8Hc-L g=o0 (3-19a) A
3 z g2 1
" ] %

F +2F +(1L-8%) F-23f=0 (3-19b)
£ z 2 1

€
In order to obtain a simple differential equation for one of %
the four functions appearing in these two equations, it is i
necessary to obtain two additional relations among them. These i
are provided from the known surface impedance of the upper wall. :
The components of the electric and magnetic fields in Region II, b
as obtained from Equations (3-15), (3-16), and (3-18), are ;
]
13
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(3-20a)

(3-20b)

, 1T _ ., .2 2
: | E- =1 k Sz (1r - Sz) F ¢ (3~20c)
:
i IT _k [ 1 1
! B)" = o SZ(G 3 F) (3-21a)
; BT oo K 1-s%¢ (3-21b)
-4 w
| The surface impedance at the upper wall (¢ = ¢o) is
g gII gII
e (3-22)
: CBD CBZ
i
A
; This leads to the two relations
(1-S§)F 2
: —2 =~ _1_=cCt (3-23a)
b (G'+F/E ) bon 071
g i 2.
: : (g/£+SZF) i 2
A ' —_— = - —— = C{ (3-23b)
\ : 2 ¢oﬂ o 1
i , (1-87)G
i ; Z
_ where the last equality in each equation follows from Equation
4 f (3-10) and the geometry of Figure 3-1.
w §
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; ; A combination of the last two equations leads to the relation
§ 2 '
3 H C7E,G
|t g - c2e -8 e-sl g—g s (3-24)
: i (l--S»z-Co gl/g)
ot
: i Substituting this into Equation (3-19a), we obtain
é’ £(g-cX,) 6 i
% %TE 2o 1 - + % - c2§l, G = 0 (3-25)
é E(l—SZ) - C El
We are interested primarily in situations where the WIXB approx- !
7 imation is not applicable, i.e., when kp << 1. In this case,
; the second term in Equation (3-5) can be neglected in lowest
{ . approximation. The solution of Equation (3-25) thus becomes
. : (E,-0)  (£=B)
G (§) =G () E (3-26)
i (EO-B) E(E-a)
1
% E where i
T ) ) i
".,‘Z: = - - ﬁ‘
- E o =co & =ClE, (3-27a) |
e , :
o B = —— (3-27b) |
§ (1-s)) ;
;i g The next integration yields ;
I (g (Ema) '
i1 § G -a
R | _ (e} o B8 £ (a-R) (E-a)
R o (¢ _~8) o o
Lk o
P (3-28)
4
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In order to apply the boundary conditions, we must evaluate
Equations (3-26) and (3-28) at £ = El. The results are

2 .2 .2
. \ h,s° (s2-s%)
G (€;) =G (g) 5 —5—2 (3-29a)

h,So (s3-52)

' 2 2

G € ) S h h S
G(g,) = G(E ) {1 + 2.t 1 in 2 - 82 an [-2 o)
1 ° Gle) 7o (g2-g2) By 2 h,s3

(3-29Db)

The solution is completed by making the fields continuous at
X = X and x = X . Since the slope of the upper wall in

Region II is very small, the p-component of the fields is nearly
horizontal. Thus, we require that

T ITI.
il ) B!

{x.)
P o _ X o -
BII(p ) BIII(x ) (3~30a)
z o z o
Bl (py)  BL(xy)
P 17 _ "x'71
= (3-30b)
BiT(p,)  BL(x)
z 1 z'71
The first of these equations leads to the relation
&) 1/2
G
.._—._-.____.O —3 — 3 2 - 2 —
G(E,) 18 = 8y) (3-31)

where the left-hand side of Equation (3-30a) has been calculated
from Equations (3-21a) and (3-21b), making use of Equation (3-23),
and the right-hand side has been calculated from Equation (3-8)
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with HiII given by Equation (3-7). Carrying out the same

procedure for Equation (3-23b), we obtain

L ]

G (&) 1/2

s = - i 's2 - 8% (1 + R) (3-32)

G(E,] ) z I = R)
The last equation allows us to calculate the reflection
coefficient

' 22 1/2
R = (3-33)

- 1/2

G (£))/G(E)) - i(s2-s?)

which, making use of Equations (2-28), (3-29), and (3-31),

becomes
s2h (s’--sz)l/z— sh (sz-s?')l/2 (1-iy)
R = 1”1 "0 "2 oo "l "z (3-34a)
1/2 1/2
2 2 2 2 2 .2 .
Slhl(So—Sz) + SOhO(Sl—SZ) (1-iy)
where
2 2
£ S h h_s
y= —23+ 0 |n (59) - 8% on | 29 (3-34b)
(si-si) 1 h,S;

Finally, we need a relation between Ay and Ao' the amplitudes
of Hertz vectors in the disturbed and undisturbed regions,

respectively. This is obtained by making B, continuous at
X = X and x = Xy These two conditions may be expressed as
IIT I1
B, (%) B,  (pg)
- = S5 (3-35)
B, (%) B, (ol)
17
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Carrying out this operation and making use of the various
relations above, we obtain

2 2. 1/2
A (s%-5%) " (1-R)
Kl =0 2 73 (3-36)
o 2

(s3-s2)" (1-1m)

All quantities necessary for the calculation of the electromag-
netic field in Region I and II have now been obtained. 1In
practice, the fields are detected either by whip antennas,

which measure the vertical electric field, or by loop antennas,
which measure the horizontal magnetic field. To cbtain numerical
values for these quantities, it is necessary to invert the

appropriate Fourier transforms. These results will be presented
in a subsequent section.
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SECTION 4. VARIABLE IMPEDANCE WAVEGUIDE MODEL

As in Section 3, we again assume a waveguide which consists 3
of three separate sections which are uniform in the y-direction. ;3
However, we now assume that the height of the waveguide is

constant, but that the surface impedance is not. The outer .

L b

two sections are again semi-infinite uniform waveguides, b
with different surface impedances. They are connected by a |
8 . central section of length L whose surface impedance varies
i ; continuously between the two outer values.

L ppn el AT T
P

ISPRPIPPIT NS TOUPRRT S et T 7 T

3 E The Hertz vectors in Region I and Region III are again given

by Equation (3-6) and (3-7), respectively. However, there is
no longer a functional relationship, such as Equation (3-12),
between the eigenvalues in the two regions. The quantities
S and S are independent and considered specified. The Hertz

. Lot o

BT il e ot

i vector in the transition region satisfies the wave eguation

| £ 42,11 a
s R k2 [Sz(x) - g2l = o (4-1) =

A3 ax i ;
: 3
; (xo LxIx 'ff
i i
ol 3 7
i ’ {
| £ S(x,) = §; %
%i § :
; ) L

In analogy with the sloped waveguide of the preceding section,
we assume the impedance of the transition region varies
linearly in the transverse direction, i.e.,

N g

19




2

(%-x.)
s%(x) = s% + (sg - g% °

D (4-2)

With Sz(x) given by Equation (4-2), the solution of Equation
(4-1) is

II _ 1/3 -
ny = B u [Jl/3(u) + B J_l/3(u)] (4-3)

I g where

u = (ak) 3 (4-4a)
? 1/2
: K = k [Sz(x) - Si ] (4-4b)
| 32 L '

O =3 35 3T (4-4c)

2,.2 L2
k (So-Sl)
and B and B are two constants to be determined.

£ The boundary conditions are again that the tangential electric
ig ‘ and magnetic fields must be continuous at the boundaries of
| the transition region. This requires [l and Fix to be contin-

Y
. uous at x = X, and x = X From the continuity of the ratio
{

of these quantities at x = x,, we obtain

B i Jl/3(uo) + J_2/3 (uO)

i Sama sl > gy gt S i et iy

= 4-5
. To73(u) = 19 ) 50u) (4-3)
]i and from the continuity of the same quantity at x = X

1 [Jl/3(ul)+i J_2/3(ul)} + 8 [J_l/B(ul)—i 32/3(u1)] (4-6)
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Finally, from the continuity of Hy at x =

¥o

and x = Xy

- 1/3 ' -
a4 = B, [Jl/3(uo) + 8 J-l/3(uo)] (4-7a)

~ - 1/3 _
A (1+R) = B uj [Jl/B(ul) + 8 J_l/3(ul)] (4-7b)

from which
1/3
Ay (1+R) O _[‘71/3(“0) *8 J-1/3(“0)]

B 173 (4-8)

1 [J1/3(“1’ * 8 J-1/3‘“‘1’]

With the above expressions, the Fourier transforms of the fields

may now be inverted in a straightforward manner.

However, in

view of the idealization of the model, it seems more reasonable
to look at a limiting case where considerable simplification

occurs in the complexity of these expressions and, therefore,

also in the necessary computational labor.

This is the limit

in which the lateral extent of the transition region becomes

Small, ioeo' L g Oc

In this case, the Bessel functions in the
above expressions may be approximated by their small argument

expansions, and Equations (4-6) and (4-8) become

1/2 1/2
2 2 2 2
R (S,-8,) - (5y-8;,)
1/2 1/2
2 .2 2 2
(SO-SZ) + (Sl Sz)
1/2
2 .2
Al 2(80_82)
A 1/2 1/2
o 2 .2 2 2
(So-sz) + (sl-sz)

(4-9a)

(4-9b)

Numerical results based on these simpler expressions are

presented in the next section.
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' SECTION 5. NUMERICAL RESULTS AND CONCLUSIONS

The results of the preceding two sections have been used to l

¥ obtain numerical values for the magnetic field along various

y great circle paths through the transmitter, for the ionospheric

i parameters listed in Table 1. These results are compared in

4

3 Figures 5-1 to 5-6 with those calculated from the great circle

_ WKB approximation for the same paths. The great circle WKB

| results are obtained from the following expressions:

i Region I

VD _ .1/2 _1I i

2 BWKB = SO F (5~1la)

o HX . 3/2 I

| Buxp = Sg F cos 8 (5-1b)

" !

‘7 B2 = 3/2 pT g5in 0 (5-1c)

: WKB (o] 1 ¢ q

3 where

3 :

. FI _ ( T )1/2 elksor (5-2)

N 2kr

5 is the di . i

b and r is the distance measured along the propagation path. ¥

; Region III

VD _ .3/4 .-1/4 _III

: Bakp = 5 S17 F (5-3a)

¥ '

HX _ .7/4 _~1/4 _III

- Buks = 5o 83 F cos 6 (5-3b) i

. ;

- -f

[ HZ /4 .~1/4 _III . ’

P = - .

g BWKB S0 Sl F sin © (5-3¢) :

22 ]

|
1

DR RVIT P Y BRPeN

¢ Lo it il ot o sl 00, e i Sl

i s kit ki i e Lot e




LI L U N ey

.

ingar, =~y M TR e T T By e T TP T T RGeS B, Tt et Sl st A L Rt o i g P

. R
N
{*(LL-¢) uotzenb3 23g) - |apou ]
1ybLay s|qeLueA 3y} 40 u0L3I3S Buitpuodssddaod ayj 4o0j se juelsuod uoijeSedosd awes ay3 oALb o
03 ussoyd uvaq sey uotldas paquanisip ay3 jo aduepadul 3y} ©|apow duepadul I geLJeA Y] LO4
¥
0e°1 6e°1 8°0 TN | 0 0oL 0s 0s 3INYQ3IdKI “
379VIYVA
02°1 6" L 8°0 s2°1 oot 0ot o€ 05 LHOI3H ,A
318YTYvA
Lo % L L 0 7300W
1 X="X y 4 3QIN93IAVM
E
“
LSUOL3IRIND|B) 3Y3 ul pasp #
sopinbaney |3poy 9Yy3 404 SJd}Bweded Jl4aydsouo] |-G 3|qel %

- " " . e e LT

T v g, riﬁ,.ﬁu




st e g™ I g S T o it -....31.:.:),.!;,;;\‘ Ve - N - EM e e - l - - et TR T | e e
!
*SIXe-X Y3 pue yjed 3[I4L) e84 Y3 UIIMIAG 3Bue BY3 SL O 4333
, -weJded 3yl “saunbLy BuLMO||O4 Byl PuR SLY3 U] *UOL}IBLLP-X 3Y1
w. buoje pajuatuo ajodiLp 2L43I3|3 [RJUOZLACY © SL U3FILUWSURL] Y :
"UCLIRUNDBLIUOD JUBALD3J PUR 433 LWSURUT BlleS Y3 J404 uoljemixoudde :
s @4M 31041) Jes4g 3y3 03 3ALle|dJd gp ul Yjbusuis pisty otjaubey |-G sunbLy N,
(W) FONVISIA FTOHID LYIHD :
0009 0055 000§ 00S¥ (11774 00SE 000€ 00SZ :
,. T T T T T T - -
¥ 1 ‘_
- - b w
ﬁ 8
,‘ Sp 0%
| |
,, -
, - ot Jdo ]
g1 o
(6o9) g —~ 3 ~ s
- 1 = s
g bos
= _S Do
-] | :
i
- -1
- ZH 0§ = 4 )
30HN0S 370d1a 2141031713 XH
JAINO3AVM LHDIIH I18VIHVA
| ! 1 ] L | 1 z
r .




ﬂajh.in-\-n}sﬂh.,éat.:w.ﬂﬂu.w,.w.\vjf.ﬁumma‘iavs.w.zé,u..., T T T A TP T T R R A T TP T e il j._..,,.aj!ﬂ_\,al...,_ws_i:._w\,d.i\-nm... Ghaitla i CULICAC S L I At et M g L iy Y " e oy
m_,,.lsxz.ff{..i e e - _ v e et e e - M
k
]

M *UOL3D9ULP-Z 3Y] m :
f buoje pajusLJo 9]0dlp D14323]8 |PIUOZLJIOY © SL J9IJLWSURL} Iy} :

m *uoL3edanbyLJUO3 UBALBIBA PUR U3} LWSURLY JweS BY] 404 uoLrjewixouadde P
m, @M BL0dL) Jea4y DY} 03 dALIR[3d4 gP UL Ybuauls platy oLraubey °z-G aunbry

(W) JONVISIO FIOHID LV3IUD

, G0n9 0055 0005 00St 000% 00S¢ 000€ 00SZ

‘ ] T | | T T 0

i T

!

w w :
m w o
- | A
; S¢ — IR
” : s 34

25

4 Pl\\l..\ll\l.\\\\:‘ T /

(63p) g

lexgxg lmso*l 0z

l
|
~N
e "'wﬁ-’ ot

- ZH 0S = 4 ] : G
324N0S 3170414 214912313 zH
3QIND3AVM LHOITH IT8VIHVA

-

B i s o W R g i W i VS W R T %8 ek T A 1 U 6 B o e e R I R e e, B e ol
: 4

a2 g e il o4

MoV fogy S

b e o e e



TR TR TR AT NI e FTIHE TN R R, TSR Y OO A e CE AR i s i) (o s e e

1 P T T8 a1 T T TS T T S ST 1y 7 1T T T i U TR T I A R

P S e S it PO o A o e 8 N P g 7 | b [0 Qs ot KL o W e R - Com e s e e M s S s e N

*S510dLp 2143099 |BOL]4BA B SL Jd3FLWSURAY BY]
*Uot3eanbLiuod UBALBI8A pue 4933 LuSued} dwes Sy} 40} uoljewixoadde
MM [24L) e84 3Y3 03 dALje[d4 gp ul yjbusuiys p[ary dSrjaubey °c-G sunbly
(w) 3ONVLSIA 3I0HID 1v3IUD

0009 00SS 0005 00st 000t 00SE 000¢ 00S¢
T T T T T T 0

e

t {Bap} 9

l°‘90‘l 0z
26

8%Mg
g

|

ZH 0§ = d
304NOS 37041A JIHLI3773 TVIILH3A
3AINDIAVM LHDITH IT8VIHVA

L4
T T e T e T R T - : b




X

L b E.;.;!ﬂ:f- U et T e G e

- lerae S5

ey £ £ L L3 o -~ ial TYTITRATNT il e A 4.\5“!.;&?‘;.\.” AT AT T T N R A T TR TR e T S R L T T g TN T T R iRk o) w ym‘m, ] l..x 1.*
]
*UOL]J3ULp~X BY]
buote pajuatuo ajodip 314398(3 [eju0Zl4oy ® St 4337 HWisuedy ay)
"uotleanbliuod J8AL3IBU puB UIY]LUISURLY SWRS Iy 404 uorjeuixoudde
84M 310410 38349 9Y3 03 dALIe|aJ gp ul y3busuzs plaiy drjaubey *p-G 3unbL4
{w:) 3ONVLSIQ 3T0HID Lv3LD
0009 0055 0005 005t 000 00se 000
I I | | ] L
|
5% :
5 !
o€
51
3 ;
§
o m :
(63p) ¢ o
- 2 .
Mna
= |® ;
9 t
- z |
|
|
.w
- ZH 08 = 3 »
324NOS 370414 21413313 XH :
3QINDIAVM FONVAIdNI FT19VIKVA
1 ] ] ] J | _ e
!
_.‘
& "l S emte ke e T M gieten g oy e, . ' 1A B e T f&ﬁ.ﬁn‘ﬁ . w




TTTY 4 [T T tidd

e s m T it ool i &

m. ﬁ'l(. P o T e .! A D ea s ¥ hna Vant ol UG PRI K i\l‘x&),.}..,)(\\l\.{..v._‘ o e i

‘U0L3334Lp-Z ay3

¢ buole pajuaLao ajodip 21419913 [ejuozidoy e SL 493} LwSUBA) BY|

¢ "UOLIRUNBLIUOD UBALIIDL pUR U917 LWSURIF AWES 3y} J04 UOLFeuwLXoudde

: DIM 324L) Je3UY BYJ 03 3ALIR[34 gp ul Yybudu3s plaLy oijaubey
() IONVLSIQ 3TOHID Lv3HO

00§S 000S 005t 000t 005

S

000

IR TS

-G 34nbl4

0052

“ _ I I ]

; ZH 06 = 4
i 304NO0S 310d!d J1¥103713 zH
3JIND93AVM IONVAIdWI JTVIHVA

|

St
(6ap) g

s il i il Lt Bl &t B s’ i i ©

i Lo el b

28

T e - e

AT




: |
_
i
*3]0dLp 21430918 |BJL3J3A B SL J933LWSURA] BY] “
UoL3eUNBL 0D UBALBDBL puUB 1337 LWSURLT 3WeS Y3 404 uoljeuwixoudde ;
@3M 9104L] Jed43 3yl 03 dALle[ad gp ul yjbuauis platy oLisubely °g-g sunbly i
(W) IDINVLSIA FTIDHID LVIYO S W
0009 00SS 0005 005t 000V 00SE 009¢ 0052 T
- _ | _ 1 T 0 |
|
i
- 1 m
[
—— e ———) - o~ _ :
Q [
oe o :
5 3 =
14 E— i
oo
(62p) g 2=
[ve]
!
!
i
_
, H
ZH 0S = 4 ,
i 304NO0S 370dId 21419313 TVIILY3IA T :
3AINOIAVM IONVAIdWI FTEVIHVA M
.m
] | ] ] ] | £ _
m
|
t
“wrgY % é&ﬂ(gadwiké e L TS Teeuer Tt ki wE e et bl ey gk i W e el 4 T B oot %ﬂg *




e e

. T

PR -

MR TRt

%
9
o
Ed

S ———

where

FIII _ ( ot 1/2 ho 1/2 ik[so(xs-xi)+sl(xo*x)+A]/cos )
= [ o e '
2kr hl
(5-4)
A=1L ______ho oy (1-52) [(l+so) hol/2
= - S. = = 8; = (1-8))1log .
(h0 hl) o) h0 1 o (l+sl)hll/?

(5-5)

In these expressions, 6 is the angle of the great circle path
with respect to the x-axis. Thus, 6 = 0 is the path perpen-
dicular to the transition region and 6 = 90° is the path

(entirely in Region I) parallel to the transition region.

In the figures, we have plotted the quantity

DIP

DIP
WKB

20 loglo

as a function of distance from the transmitter, for a trans-
mitter frequency of 50 Hz. Figures 5-1 to 5-3 show the results
for the variable height waveguide, the parameters for which are
given in Table 1. Figures 5-4 to 5-6 present the results for
the variable impedance waveguide, the parameters for which are
also given in Table 1. The models have been constructed so
that the phase speeds and attenuation rates are the same for
each in Regions I and III. The modal parameters and height of
the undisturbed region are representative of an ambient day-
time ionosphere. The parameters for the disturbed region are
representative of a nuclear disturbance with an ionization

intensity factor T = 10710, This factor is defined as

(FY)
= (5-6)
R2t1.2
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where FY is the total fission yield in megatons, t is the
time in seconds after the burst, and R is the radius in
kilometers over which the debris is assumed to be uniformly
spread. In this report, our primary concern is not with

the modelling of a particular disturbance, but with the
accuracy of various methods of carrying out propagation cal-

culations in the presence of a sharp lateral inhomogeneity.

It can be seen from the figures that the results for the two
models are not very different from each other, and that both
are in agreement with the WKB results to within one or two
dB at distances of several thousand Kkilometers. Since the
total attenuation in this distance is several dB, we
conclude that the great circle WKB approximation is quite
adequate in the calculation of ELF propagation through wide-

spread disturbances, even in the presence of "sharp"
boundaries.

Of cou. , it must be realized that the ionospheric models
employe¢ -n the calculations have been rather artificial,
since & real ionospheric disturbance would change both the
height and .mpedance of the upper boundary. It is possible
that calculations based on a more realistic model would
reveal lai_jer discrepancies. This remains a matter for
further investigation.
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