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Abstract : For an appreciation of the nonlinear interaction of intense electromagnetic waves with the iono
sphere, it is essential to have knowledge of the dependence of the nonlinear propagation parameters on the 
irradiance of the wave and the height of the ionosphere (at a given time). Using the contemporary theoretical 
models and the corresponding data base, the complex refractive index corresponding to the propagation of the 
two modes along the direction of earth's magnetic field, has been evaluated as a function of the irradiance of the 
wave, at different heights of the ionosphere (between 80 km and 200 km) on the basis of the mid-latitude 
ionospheric model of Gurevich. Both the cases viz. when the electron density is unaffected (pulse duration 
< rN) and affected (pulse duration > rN) by the wave have been considered; rN is the electron density 
relaxation time. The calculations correspond to the wave frequency & = 107,5x107 and io8s"1» Qyrofre-
quency of electrons coc = 4x106S*1 and day time ionosphere. Similar calculations can also be made for the 
night time ionosphere. It is seen that the refractive index and the absorption coefficient can in general, be 
expressed as third order polynomials of irradiance; the corresponding coefficients for different heights have 
been tabulated. To illustrate the importance of the results, the nonlinear wave equation corresponding to near 
horizontal propagation, has been solved in the geometrical optics approximation and numerical results have been 
presented for height of 80 km. 

Keywords : Ionosphere, self focusing, radio wave propagation 

PACS No: 94.20.Bb 

1. Introduction 

The study of nonlinear interaction of electromagnetic waves with the ionospheric plasma 
got initiated by the discovery of cross modulation in 1930. A phenomenological theory of 
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cross modulation was developed by Bailey and Martin [1]; the theory, based on 
Boltzmann's transfer equation was also subsequently published. Fejer [2] observed the 
interaction of short radio pulses in the ionosphere and proposed it as a technique for 
ionospheric diagnostics. 

A host of nonlinear phenomena [3-5], associated with the interaction of high irradiance 
electromagnetic waves with the ionosphere, including demodulation, cross modulation, self 
action, mutual interaction [6], gyroresonance [7], generation of harmonics and combination 
frequencies [8-10] and phase perturbation [11] on reflection are caused by the enhance
ment of the electron temperature on account of Ohmic heating by the electric field of the 
waves. The enhancement of electron temperature leads to modification of the electron 
collision frequency and the electron density [12-15]; hence the propagation parameters 
(refractive index and absorption coefficient) also get modified. Other contemporary nonlin
ear phenomena include generation [16-18] of ELF/VLF waves by electrojet modulation, 
parametric coupling [19] of radio waves with ionospheric instabilities, self-focusing [3, 20-
22] and instabilities [3, 23-28], associated with thermal self-focusing. 

Since the sources of electromagnetic waves are mostly ground based, the ability to 
predict the path, irradiance and phase of a wave is a pre-requisite for communications and 
an understanding of the nonlinear phenomena in any region of the ionosphere and the 
integrated effect along the path. For prediction of the path, irradiance and phase of a wave 
in the ionosphere, a knowledge of the refractive index and absorption coefficient as a 
function of irradiance and height is necessary. Such a need constitutes the essential 
motivation for the present work. Another motivation is the relevance of this knowledge to 
HF over the horizon radar. This data is the basic input for the study of nonlinear processes. 
This communication presents a methodology for the evaluation of the propagation param
eters, as functions of height and irradiance. Numerical results, corresponding to a specific 
ionospheric model [3] (with sufficient details) and propagation along the magnetic field have 
been given. With minor modifications, results corresponding to propagation at any angle 
to the magnetic field, can also be obtained. Mention should be made of the evaluation [29] 
of the effective collision frequency in the presence of a high power radio wave at four 
heights of the ionosphere, employing a relatively simple model. 

Most of the formalisms for investigation of nonlinear phenomena in plasmas, presume 
thermal equilibrium which corresponds to identical temperatures of electrons, ions and 
neutral atoms/molecules. Such plasmas are indeed rare in nature; e.g. in ionospheric 
plasmas or laboratory plasmas, the temperatures of electrons, ions and neutral species 
are in general, different. Further, mostly the effect of increase in electron temperature is 
taken into account, only on the electron collision frequency. The effect of elevated electron 
temperature on ionization is usually ignored; in a few exceptions [3] (Section 3.2.3), ad hoc 
models have indeed been used for the purpose. The energy exchange between electrons 
and ions and between ions and neutral species, leading to a net heating of ions, has also 
been ignored in these studies. In view of the availability of a good and sufficient data base 
on the ionospheric parameters, collisions of the particles, ionization mechanisms and 
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electron loss mechanisms, it is possible to systematically explore the dependence of the 
electromagnetic wave propagation parameters on the irradiance of the wave, at different 
heights of the ionosphere. The present paper is an exercise to this end. The novel features 
of the present work are: 

(i) evaluation of the power received from the sur| per electron at different heights from 
the data for undisturbed ionosphere [eq. (7$) of the present paper], 

(ii) taking into account the precise dependence bf electron collision frequency and of 
electron density on the electron temperature, 

(iii) incorporation of (i) and (ii) in the evaluation &f nonlinear propagation parameters, 
(iv) using the nonlinear propagation parameters to solve the nonlinear wave equation 

in a specific case and 
(v) an unusual technique for solution of the energy balance equation (getting an 

explicit relationship between the electron iemperature and the irradiance). 
For propagation along the magnetic field in plasma, the refractive index n? and absorp

tion coefficient k* corresponding to the two modes Ex - iEy and Ex + iEy are given by 
Ginzburg [30] as 

Uo2
pl<o2){NeINeo) 

e r ? - / € * = f*-*,* = i - v p, / \ * "' (1a) 
^-^{ve/t^))±(o)cw) v ' 

where (op\s the plasma frequency in the undisturbed state (no electromagnetic wave), co 
is the wave frequency, ve is the electron collision frequency, o)c is the gyrofrequency of the 
electrons, Ne and N0Oare the electron densities in the presence and absence of the wave 
and €rand e,are the real and imaginary parts of the effective dielectric constant. 

For convenience, the CGS system of units has been used. 
The ohmic loss per unit volume i.e. power lost per unit volume by the electric field to 

the electrons, is given by [31] 

- 1 — T + 2 ' A{El0+E%) 
vl+(o)-o)c) vl+(u) + wc) 

^M^A^) 2 + >*+<M+M \ 2 1 . (1 b) 8m V " - [v2+(ft)-<Bc) vl+(to + <t)c) 

where Ew and E^are the components of the amplitude of the electric vector along the x 

and y axes and A_ and 4+are complex amplitudes of the modes Ex-/Eyand Ex+iEyt 

respectively. 
It is well known that the electrons in the field of a high irradiance electromagnetic wave 

get heated to the steady state temperature in duration of the order of M8vB, where S is 
the fraction of excess energy exchanged in a collision (~10~3). However as a result of 
increase in electron temperature, the electron density attains an enhanced steady state 
value in periods of the order of the electron density relaxation time rN. Hence for pulse 
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durations less that rN,Ne lNeQ - 1 , while the steady state value of Ne/Ne0 may be used for 
t>rN. The value of r^as a function of ionospheric height have been tabulated (Table 13) 
by Gurevich [3]. In day time ionosphere, relies between 32 s to 52 s for the range of 
heights - 100 km to 200 km. 

This investigation is limited to day times and heights, below 200 km for which the 
electron dissipation is predominantly on account of recombination, rather than transport; 
in this case an explicit expression for the steady state electron density as a function of 
electron temperature is available. 

Thus in this communication, we have evaluated n± and k± (corresponding to propagation 
during day time, along the direction of the magnetic field in day time ionosphere) at 
different heights of the ionosphere (80 km to 200 km) as a function of the irradiance of the 
wave for the two cases: 

(i) Pulse duration much less than rN\ in this case, the electron density remains 

unaltered (^ /A/^-1) . 

(ii) Pulse duration much greater than rN; in this case, the electron density is a known 
function of electron temperature see eq.(5). 

The data corresponds to propagation along the magnetic field with wave frequency 
oj = io7,5xio7,ioV1 and electron gyrofrequency coc = 4 X 1 0 V 1 . It is seen that at different 
heights of the ionosphere nT and k^ can in general be expressed by a third order polynomial 
in irradiance. As an illustration of the importance of the present results, the self action of 
a high irradiance electromagnetic wave, propagating horizontally in the day time ionosphere 
at a height of 80 km, has been considered; the appropriate nonlinear wave equation has 
been solved in the geometrical optics approximation. 

This analysis does not take into account filamentation instabilities, which occur for 
large power beams in the upper ionosphere and hence is applicable to the region, where 
the instabilities do not occur. 

2. Available data base on ionosphere and related phenomena 

2.1 Structure of ionosphere: 

For the purpose of this investigation, a typical model for the structure (during day time) has 
been used. Tables 1 and 2 of the book by Gurevich [3] detail this model. 

2.2. Electron collision frequency (ve) : 

2.2.1 Electron-neutral species collisions ( v ^ ) ; 

It may be seen from Tables 6 and 7 of the book by Gurevich [3] that N2, 02 and O are 
the only neutral species, which make non-negligible contribution to vm between 80 km and 
200 km of height; thus 

Vam = ^ 2 + ^ o 2 + V e 0 i (2) 

where the suffix m refers to neutral species. 
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The electron collision frequency v,m(T^) and the average fraction s(Te) of energy, lost 

by an electron in collision with neutral species can be evaluated from the expressions and 

data, collated by Gurevich ([3], Section 2.5.2) and hi$ model ([3], Tables 1 and 2) of the 

structure of the ionosphere. 

222. Electron-ion collisions: 

The values of collision frequency vBj of electrons with ions at different heights in the 

undisturbed ionosphere have been tabulated by Gurevjph ([3] Section 2.5.2) The values v*,, 

corresponding to the ionosphere with electron temperature Te (due to heating by the 

electric field of the wave) are given by 

v« - v4w0(rj//ve(rf lO)].[T./r0O]-3/2 (3) 

where Ne(Te) is the electron (or ion) density corresponding to electron temperature T0 and 

Te0 is the electron temperature in the undisturbed ionosphere. 

The fraction Sei of excess energy lost by an electron after collision (elastic) with an ion 

is 2mIM, where M, is the mass of the ion; hence the weighted mean value of 5^is 

^ = 0 n ^ / 3 O ) + | n - / 3 2 | + K* / 1 6 ) } . w 
where nNQ.,n0< and nQ. are the fractional concentrations of NO\ Of and o* (tabulated 

by Gurevich [3] - Table 2). 

Molecular/atomic weights of NO, 0 2 and 0 are 30, 32 and 16, 

and MH is the mass of a hydrogen atom. 

22.3. Ion-ion and electron - electron collisions: 

Such collisions play ([3], Section 2.5.2) a negligible role in the ionospheric phenomena. 

22.4. Ion - neutral species collisions : 

The collision frequency, corresponding to ion - neutral species can be evaluated by using 

the data, given by Gurevich ([3], Section 2.5.2). In the relevant expressions for the collision 

frequency, the change in the ion temperature by the wave can in general be ignored. 

2.3 Electron density: 

For heights below 200 km in the ionosphere, the dominant mechanism of electron 

dissipation is the recombination with ions (not transport). Considering the essentials of 

chemical, ionization and recombination kinetics, the steady state electron density 

( ' >10 3 S) , as a function of electron temperature is given by ([3], eq. 2.248). 
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3. Steady state energy balance in ionosphere : relationship between electron 
temperature and wave irradiance 

Using eq. (1b), the steady energy balance for the electrons in the ionosphere, in the 
presence a high irradiance electromagnetic wave (both modes present), may following 
Gurevich ([3], eq. 2.245), be expressed as 

8m \^ + (a-(oe) v2+(w + (oc) 

« W . £ v ^ ^ ( | * r # - | / ^ (6a) 

where Q is the net power gained by the electrons from the solar radiation on account of 
the excess energy of electrons, produced by photoionization, above the thermal energy of 
electrons (in the undisturbed ionosphere i.e. without the electromagnetic wave), J is the 
current density, 
IJE is the time averaged Ohmic loss to electrons per unit volume (eq. (1b)), 
k is Boltzmann's constant, 
other symbols have been defined earlier. 
The Ohmic heating terms in the above equation has been modified to take account of the 
magnetic field and the dependence of ve and <5eon r,f (different for different species). 

On account of slow reaction rates, for periods much less than tN, the electron density 

remains practically unaltered [3] (N9 « N90) by the application of the field of the wave and 

consequent increase in the temperature of electrons. However for period exceeding rN, the 
electron density acquires a steady state value [3] (given by Eq. (5)), which is higher than 
that in the absence of the wave. 

In Eq.(6a), the right hand side represents the power lost by electrons in collisions per 
unit volume, while the left hand side, corresponds to power gained from the sun and the 
field of the wave (Ohmic heating). 

Similarly, the energy balance for the ions requires ([3], eq. 2.245) 

A f . v ^ ( | i r r # - f « ; ) « Nj^^kT, - | * r ) 

T.-Tf_Tf-T T.-T _ 
0 r v ^ * » v A , v ^ + v * * / ( 6b ) 

Substituting for (r#-7J) from eq. (6b) in eq. (6a), and dividing by an arbitrary normalizing 

parameter (3/2)*r0 (where r0can be conveniently chosen as 500K) one obtains 
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2Q | e2Ne UA.AI+AXJ^A.AI + AX)] 
3kT0

 + 12mkT0
 V'\vl+{w-(ocf

+ v2
e+{w + u>cf j 

For undisturbed ionosphere, EE* = 0 a r |d 7; = re0. 

"r73- - I*e{'e0)' ^ i 7 . vemO°emO + ' '•' 

where the suffix 0 refers to the case Te = re0. 

For a chosen height, the values of all parameters (as functions of the electron tempera

ture) on the R.H.S. of eq.(7b) are available in literature (see Section 2); this enables the 

evaluation of O. As a typical example, Q = 4xio~8ergs/cm3.s at a height of 110 km in day 

time ionosphere. The dependence of Ne(T9)/Ne(Te0)and all v's and 5's on electron tempera

ture is available in literature (see Section 2); this makes the evaluation of Te/Te0 as a 

function of irradiance very difficult. However the nonlinear parameter 

A = (2000e2 / 12mft>§*7 )(A_A_ + * X ) (8) 

can be evaluated for various values of T& with a knowledge of 2Q/3kT0 from Eq.(7b) by 
using the data base of Gurevich [3]. The factor 2000 (~M/m) has been introduced for 
numerical convenience. 

4. Numerical results and discussion 

The dependence of the propagation parameters n, and kT on the dimensionless irradiance 
has been numerically studied for ionospheric heights, between 80 km and 200 km for the 
cases when the electron density is influenced {t > rN)and uninfluenced (t < rN) by the wave. 
Calculations have been made, corresponding to the day as well as night time ionospheric 
structure (Table 1 of Gurevich [3]) and the values for the various parameters, given by 
Gurevich [3]. However in this paper, the results have been presented only for the daytime. 
It may be noted that the analytical expression for the electron density Ne in terms of 
electron temperature Teviz. Eq.(5) is valid only for heights below 200 km, where the elec
tron dissipation is mainly governed by generation - recombination mechanisms. At larger 
heights, the electron density is mainly governed by the transport processes and no closed 
form expression for Ne in terms of Teis available. 

For chosen heights (between 80km and 200km), the parameters 
vem^tvwtS^tv^1SkntvB%N0(T0)fn^t kT and A have been evaluated for different values of 

V ^ using the relations given before; both the cases A/e/A/0O*i (/<*>,) and A/e/A/^, 

given by eq.(5) {t>rN)have been taken into account. From this data basev r^, **at any 

height can be determined as a function of dimensionless irradiance A . 

313 

(7a) 

(7b) 
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n ,n^ 

Figure 1. Day time dependence of refractive index n+ and n_ of the extraordinary and ordinary modes 
on dimensionless Irradiance A at a height of 80 km (day time) for w = 5 x 107s"1 and steady state (f > r^). 
On account of the low value of (op/<o, the difference in the values of /?+ and n„ is too small, to reflect 
in the figure. 

40 - , 

Figure 2. Day time dependence of absorption coefficient fc+and *- . of the extraordinary and ordinary 
modes on dimensionless irradiance/V at a height of 80 km (day time) for o) » 5 x 107s~1 and steady state 
{t>tN). The values of kt and k_ at low values of irradiance are very close on account of a low value 

Of (0D/(0. 

0.6-"! 

0 * -

0 .4-

V 3 -
m 

0 . 2 -

0.1-1 

A A—J 
• | * 

» 1000 
1 

2000 
1 

3000 
1 * 

4000 
<ox/c 

Figure 3, Day time dependence of \ne* on o)x tc for horizontal propagation of the extraordinary mode 
[Ex + iEr) of frequency w * 5 x 1 0 V 1 along the magnetic field at a height of 80 km, the departure from 
the straight line indicates self action. 
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It is seen that at all heights, n?, k^ can be expressed as a third order polynomial in 
the dimensionless irradiance A ; thus 

n. = n_o(z) + n^(z)A + n_2(z)A2 + n_3(z)/V8, (9a) 

"+ = n+o(z) + n^(z)A + n+2(z)A2 + n+3(z)A#, (9b) 

fc. = M * ) + k_,(z)/l + M * M * + M * ) ^ • (9c) 

and k+ = fc^(z) + Mz )y |+ M * M 2 + M * ) 4 • (M) 
Tables 1 to 8 display the z dependence of the coefficients, occurring in eqs. (9a) to (9d); 

sample expressions for the dependence of the coefficients on z have not been found. The 
coefficients in a few cases (where the polynomial fii is not good) have not been given in 
the tables. 

Table 1. Coefficients of polynomial expansion of n. in A (steady state t>rN). 

z , k m \ 

80 
90 
100 
110 
120 
130 
150 
200 

•1 

n-o 

1.00 
1.00 
1.00 
1.00 
1.00 

0.998 
0.975 
0.996 

108 

n t . l t f 

-4.70 
-95.7 
-1040 
-1530 
-1090 
-484.1 
0.000 

• -15.3 

n^.105 

-1.65 
-5.19 
-16.2 
7.65 
6.40 
-1.3 

0.000 
0.002 

n,.106 

-3 

3.40 
9.82 
29.1 
-1.94 
-2.26 
0.974 
0.000 
0.000 

n* 

1.00 
1.00 

0.990 
0.993 
0.981 
0.976 
0.927 

0.896 

5.107 

n r104 

-1.20 
-23 
-254 
-422 

-275.1 
-242 
-215 
-4.12 

n2.104 

-3.87 
-12.9 
47.7 
23.5 
-14,4 
10.4 
3.60 
0.006 

n3.105 

7.92 
24.4 
77.0 
-10.1 
-5.26 
-3.084 
-0.217 
0.000 

n-o 

1.00 
0.996 
0.953 
0.968 
0.915 
0.941 
0.512 
0.464 

10 

n r10* 

-5.73 
-90.0 
0638 

-1141.2 
-653.6 
-1421.9 
-581.5 
-40.3 

)7 

n .104 

-2 

-14 
-52.6 
-481 

-503.1 
-239.1 
15.6 
15 

0.08 

n ,.104 

•3 

2.92 
9.91 
37.1 
67.3 
21.5 
2.78 

-0.102 

0.000 

It is useful to once again dwell on the application of these results [eqs. (9a) to (9d) and 
Tables 1 to 8] to the nonlinear propagation of electromagnetic waves in the ionosphere. An 
interesting observation is the fact that nT and kT depend on the sum of irradiance 
corresponding to both the ordinary and extraordinary modes; thus the two modes are 
nonlinearly coupled leading to mutual interaction and nonlinear Faraday effect, in addition 
to the self action effects. 

Table 2. Coefficients of polynomial expansion of n+ in A (steady state t >rN). 

Nfl),8'1 

z.kmN^ 

80 
90 
100 
110 
120 
130 
150 
200 

" • 0 

1 
1 
1 
1 
1 

0.997 
0.974 
0.99S 

"•,•1°* 

-0.497 
-9.66 
-10.6 
-156 
-111 
-49.2 
0.000 
-1.55 

104 

n.,.10* 

-1.65 
-5.29 
-16.5 
7.77 
6.50 
-1.32 
0.000 
0.002 

la-™* 

0.338 
0.998 
2.95 

-0.197 
-0229 
0.098 
0.000 
0.000 

" . 0 

0.999 
0.998 
0.989 
0.992 
0.979 
0.974 
0.921 
0.887 

5.10" 

n.,.104 

-1.29 
-25 

-274.7 
-458 

-299.0 
-263.0 
-238.8 
-4.52 

", .10* 
+2 

-4.19 
-14 

-52.4 
25.0 
15.4 
11.1 
3.95 
0.076 

n .105 

• 3 

8.59 
0.264 
83.8 
-10.9 
-5.67 
-3.34 

-0.244 
-0.000 

" • 0 

1 
0.995 
0.926 
0.963 
0.947 
0.950 
0.434 

0.296 

107 

n .104 

• 1 

-6.81 
-105.4 
628.6 
-819 

1790.4 
-0.2375 

-509 
-28.6 

n v 10 4 

-16.3 
-62.2 

-
50 

-28.5 
161.4 
13.2 

0.058 

n,.104 

• 3 

3.41 
12 

261.9 
-37.5 
11.7 

-3.32 
-0.090 
0.000 
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Table 3. Coefficients of polynomial expansion of k„ in A (steady state f > rN) 

z , k n \ 

80 
90 

100 

110 
120 
130 
150 
200 

Table 4. 

\ < w , s 

z , k r n \ 

80 

90 

100 

110 

120 

130 

150 

200 

Table 5. 

t>TN). 

N. (0,$ 

z , k m \ 

80 

90 

100 

110 

120 

130 

150 

200 

,-i 

* 0 

4.06 
3.85 

16.8 

-4.66 
4.97 
24.4 
324 
4.48 

/ f r 10 8 

-12.2 
-0.306 

11.9 

9.35 
4.12 
1.09 

0.000 

0.004 

108 

/c2.109 

319.2 
200.0 

313 

27.5 
4.11 
1.34 

0.000 

0.000 

M0'0 

-466.0 
-230.4 

-307 

-17.8 
-1.96 

-0.474 
0.000 

0.000 

fcJO7 

4.85 
4.24 

22.2 

-26.0 
4.59 
4.51 

4.634 

5.55 

Coefficients of polynomial expansion 

,-i 

* o 1 ° 9 

4.68 

4.28 

17.3 

-4.92 

4.49 

25.2 

335 

3.30 

* r 1 ° a 

-12.7 

-0.368 

12.3 

9.67 

4.30 

1.124 

0.000 

0.004 

108 

/c+2.10< 

33 

20.6 

32.3 

2.84 

0.414 

0.139 

0.000 

0.000 

' * + 3 ' 1 ° 9 

-48.2 

-23.8 

-31.6 

-1.84 

-0.196 

-0.049 

0.000 

0.000 

* o 1 ° 7 

5.88 

4.82 

25.8 

-29.3 

5.02 

5.28 

1.762 

6.58 

5.107 

/c,.107 

-140.5 
-262.5 

109 

124.7 
50.2 
19.9 
12.6 

486 

/c2.107 

374 
237 

415 

35.9 
6.45 
1.30 

-0.128 

0.000 

k .10* 
•3 

-5.49 
-2.68 

-3.59 

-0.152 
-0.224 
-0.002 
0.000 

0.000 

107 

kAO5 k .105 

-0 -1 

0.287 -9.35 
0.316 -5.55 

-1790 10700 

873.3 -19667 
4069 -8064 
4535 -9444 
-1499 9446 

-395 210 

of k+ in A (steady state t>rN). 

5.107 

fr.106 

-16.9 

-0.032 

12.9 

14.3 

5.98 

2.34 

1.67 

0.005 

Coefficients of polynomial expansion of n + 

i 

% 
1 

1 

1 

1 

1 

1 

0.998 

0.996 

10* 

".1 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

»2 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

"-3 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

-0 

0.999 

0.998 

0.986 

0.979 

0.978 

0.974 

0.949 

0.913 

k .106 

+2 

44.3 

27.5 

48.8 

4.41 

0.747 

0.158 

-0.022 

0.000 

k .10° 
+3 

-6.57 

-3.08 

-4.09 

-0.183 

-0.023 

-0.002 

0.000 

0.000 

*2 .104 

2.71 
1.86 

-864 

798 
214.4 

245 
19.3 

-0.029 

107 

k .107 k .104 

+0 +1 

3.99 -1.29 

44.6 -0.085 

97300 -78.9 

-46.2 5.346 

512200 -137 

74600 -615 

914400 1035.8 

0.062 0.004 

k .104 

+2 

3.74 

2.58 

-205 

865 

485.2 

258.7 

-21.8 

-0.067 

A,10> 

-4.08 
-2.07 

168 

-547 
-0.698 
-0.985 
1.20 

0.000 

k .105 

•3 

-5.67 

-2.84 

1052 

-65400 

-272 

-119 

1.39 

0.000 

in A (electron density, unchanged by the wave, 

5.107 

1 i 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

nz 
0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

n-3 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

107 

n« n. 

0.999 0.000 

0.994 0.000 

0.943 0.000 

0.913 0.000 

0.905 0.000 

0.784 0.000 

0.765 0.000 

0.555 0.000 

n* 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.00 

"-3 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 
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Table 6. Coefficients of polynomial expansion of n+ 

t<rN)-

in A (»lectron density, unchanged by the wave, 

10" 5.10' 107 

80 

90 

100 

110 

120 
130 

150 
200 

0.998 
0.996 

0.000 

0.000 
0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.000 

0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.000 

0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.999 

0.998 
0.987 

0.981 

0.979 
0.976 

0.953 
0.920 

0.000 

0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.000^ 

o.ootf 
0.000? 
0.000 

0.000 
0.000 

0.000 
0.000 

0.000 

0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.999 

0.994 

0.943 

0.913 

0.905 
0.784 

0.765 
0.555 

0.000 

0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.000 
0.00 

0.000 

0.000 

0.000 
0.000 

0.000 
0.000 

0.000 
0.000 

Table 7. 

1<TN). 

Coefficients of polynomial expansion of Ac.in ^(Electron density, unchanged by the wave 

108 5.107 107 

/cJO8 /fr10B fr2.108 /c3.109 /c0106 /cr106 /c2.106 /c3.107 /r.105 
-0 

k .10s 

V° *3-107 

80 
90 

100 
110 

120 

130 
150 

200 

1.22 

1.45 

4.52 
1.12 

1 

0.531 
0.603 

0.317 

1.49 
2.93 

9.34 

3.18 

1.1 
0.4 

0.092 

0 

1.75 
0.631 

-0.830 
-0.337 

-0.083 

-4.0 
-1.64 

-0.852 
0.172 

0.031 

-0.024 0.0071 

-0.001 

0 

0.000 

0 

1.46 
1.7 

5.2 
1.75 

1.23 

0.7 
0.82 

0.414 

1.75 

3.48 

10.8 
3.54 

1,36 

0.47 
0.104 

0.001 

2.043 
0.736 

-0.101 
-0.34 

-0.11 

-0.028 
-0.002 

0 

-4.77 
-1.94 

-0.989 
0.162 

0.041 

0.008 
0.000 

0 

1.076 
1.27 

4 
1.37 

0.972 

0.558 
0.721 

0.44 

1.45 
2.6 

8.4 
2.84 

1.095 

0.38 
0.093 

0.001 

138 
58.4 

-5.1 
-28.6 

-8.78 

-2.35 
-0.181 

0 

-33.1 
-15.5 

-8.33 
1.43 

0.343 

0.069 
0.001 

0 

Table 8. Coefficients of polynomial expansion of /c+ 

V^" 1 108 

z ,km\ 

frjo'vo* ycy^jo**, 

in A (Electron density, unchanged by the 

5.107 

.106 k.107 fr .107 

• 2 +3 

10' 

* .105 k .10* k, 
+0 *1 +2 

wave t <rN). 

106 /c .107 

-3 
80 

90 

100 
110 

120 

130 

150 

200 

1.3 

1.53 

4.53 
1.14 

1.02 

0.672 

0.557 

0242 

1.45 

2.99 

9.35 
3.28 

1.2 

0.365 

0.099 

0.003 

1.85 -4.3 

0.671 -1.72 

-0.083 -0.853 
-0.346 0.176 

-0.099 0.0392 

-0.021 0.005 

-0.019 0 

0 0 

1.71 

1.99 

6.11 
2.06 

1.44 

0.822 

0.967 

0.49 

2.054 

4.09 

12.7 

4.16 

1.6 

0.55 

0.123 

0.001 

24 

8.64 

-1.19 
-4.01 

-1.27 

-33.6 

-0.023 

0 

-5.6 

-2.27 

-1.17 
0.19 

0.05 

0.009 

0 

0 

1.48 

1.75 

5.58 
1.92 

1.36 

0.784 

1.045 

0.7 

1.97 

3.6 

11.7 
3.95 

1.53 

0.533 

0.135 

0.002 

19.2 

8 

-0.623 
-3.92 

-1.23 

-0.33 
-0.0263 

0 

-4.65 

-2.15 

-1.18 
0.192 

0.048 

0.009 

0 

0 
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In what follows, the nonlinear wave equation, corresponding to near horizontal propagation 
of a single mode has been solved in the geometrical optics approximation. The propagation 
phenomena are governed by the wave equation 

« 
V ^ + ^ t e - f c ^ - O , (10) 

where A* denotes the amplitude of the wave Ex±iEy and n+ and k* are functions of zand 
A . The solution of the above equation, with the dependence [eqs.(9a) to (9d) and Tables 
1 to 8] of n* and k? on z and A describes the self action of the wave. 

For near horizontal propagation of either mode, the z dependence of n* and ** can be 
ignored; the wave equation then reduces to the following in the geometrical optics approxi
mation : 

|*+f*bfote=o, 

where e0=<y[A\s the dimensionless amplitude and k0 = k± is the corresponding value of the 

absorption coefficients. Since k0 can be expressed as a third order polynomial in A = el i.e. 

one gets 

del 

i £o(a0 + ai*o + a2fS ^^o) 

where e0 ^e^ at x = o. 

Substituting the values of ^,a1va2 and a3for k+, corresponding to the mode 

Ex •f/Eyf(f >rN) and W = 108S"1 at a height z=80km (day time), the integral has been 

evaluated numerically. The initial condition is ^=3 .5 at x=0. Figure 3 illustrates the 

dependence of In e0 on cox/dor the steady state {t > rN)\ the departure of the curve from 
a straight line is a manifestation of the nonlinearity. 

5. Conclusion 

From a knowledge of the ionization, recombination and collision kinetics and energy 
balance in the ionosphere, the refractive index and absorption coefficient corresponding to 
both modes of the electromagnetic wave, propagating in the ionosphere along the magnetic 
field have been evaluated as a function of the irradiance of the wave. It is seen that these 
propagation parameters at a given height can be expressed as third order polynomials in 
dimensionless irradiance. The cases when the electron density is unaffected by the wave 
(f <rN)and is affected (t >rN) have been distinguished. 

As an illustration of the importance of these results, the nonlinear wave equation for the 
near horizontal propagation of an electromagnetic wave along the magnetic field has been 

2^*r = - 2 ^ x 
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solved and numerical results, presented for a specific case; the results indicate significant 
self action. 

For the prediction and interpretation of nonlinear processes, experiments in specific 
regions, data specific to the region of interaction time of the day has to be obtained, which 
can be done by using the protocol, developed he (bin. However, the present data can 
certainly be used for an understanding of the nonlinfear interaction phenomena. 
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