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P R E  F A C E

The in teraction  o f  electrom agnetic waves with the 

ion ized  media has attracted  the attention  o f  a large number 

o f  th eoretica l as w ell as experimental in vestigators because 

o f  i t s  applications to many f ie ld s  o f  science and technology. 

Of specia l in terest  to us at I .I .T .  are the phenomena asso-
I

ciated  with the passage o f  high in ten sity  electrom agnetic 

waves, when the complex conductivity tensor o f  the medium 

becomes a function o f  the e le c t r ic  vector  o f  the propagating 

wave; th is dependence causes a number o f  in terestin g  nonlinear 

e f fe c t s , e .g . ,  nonlinear propagation, demodulation, cross­

modulation and harmonic generation.

In th is th esis, the author has investigated:..

Part I - The optimum conditions fo r  maximizing the power o f

the generated harmonics in  gaseous and semiconductor 

plasmas

and

Part II  -  The nonlinear propagation o f  an amplitude modulated 

electrom agnetic wave in  a magnetoplasma.

Part I I t  i s  well known that when an ion ized  medium is  

subjected to a moderately strong e le c tr ic  f ie ld ,  i t s  response 

to the f ie ld  becomes nonlinear. I f  the applied e le c tr ic  f i e ld  

i s  alternating, then the nonlinear e ffe c ts  in  the plasma lead
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to the generation  o f  odd harmonic components i n  the c u rre n t 

d e n sity  (Rosen, 1961) .  B a ird  and Coleman (1961) and Murphy 

( 1 9 6 5 ) 9 on the b a s is  o f  elem entary approach, have p o in te d  

out th a t i n  a d d it io n  to the odd harmonic components i n  the 

c u rre n t d e n sity  even harmonic components i n  the c u rre n t d e n sity  

are a lso  generated when a plasma i s  su b je cte d  to a d .c . e le c t r ic  

f i e l d  and an a lt e r n a t in g  e le c t r ic  f i e l d  s im u lta n e o u sly .

Chiyoda ( 1965) and Sodha and Kaw ( 1966) suggested that even 

harmonic components in  the current density can also be 

generated i f  the alternating e le c tr ic  f i e ld  i s  applied to an 

inhomogeneous plasma having gradients o f  temperature and 

electron  density. An important consequence o f  the generation 

o f  these higher order components in  the current density i s  the 

generation o f  electromagnetic waves at these harmonic frequencies 

when a strong electromagnetic wave propagates in  the plasma.

To assess the p ra ctica l p o s s ib i l ity  o f  the generation o f  har­

monics in  a plasma, Sodha and Kaw ( 1966) have also investigated  

the amplitudes o f  the e le c tr ic  vectors o f  these higher frequency 

components in  the re fle cted  wave from a sem i-in fin ite  plasma- 

free space in terface  when an electrom agnetic wave i s  incident 

normally on the in terfa ce  from the free  space side.

In actual p ra ctice , the confinement o f  plasmas over 

large dimensions i s  a highly complex problem and hence, the 

generation o f  harmonics in  a sem i-in fin ite  plasma becomes very 

d i f f i c u l t  to rea lise  experimentally. I f  one considers a plasma
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slab o f  certain  thickness 2^, then the magnitude o f  the 

harmonics in  the transmitted wave w ill be zero in  both the 

cases when Zq - 0 and 7^-^co because in  the f i r s t  case there 

i s  no nonlinear medium to in teract with while in  the second 

case a l l  the waves w ill be completely absorbed in  the medium. 

This suggests that there i s  an optimum thickness o f  the 

plasma slab fo r  which the magnitude o f  these harmonics in  the 

transmitted wave, w ill be maximum. The optimum magnitude o f  

these harmonics from the plasma slab w ill be enhanced in  the 

presence o f  an external magnetic f i e ld  fo r  the case when the 

wave frequency becomes equal to the electron  gyro frequency; 

th is i s  due to resonance e f fe c ts  at gyro frequency.

The author, in  the f i r s t  three chapters o f  the 

thesis, has in vestigated  the optimum conditions fo r  the 

generation o f  maximum power o f  second and th ird  harmonics in  a 

plasma in  the presence o f  (1) an external d .c . e le c tr ic  f ie ld ,  

(2) the inhomogeneities due to e lectron  density and temperature 

gradients and (3) an external d .c . magnetic f i e ld  respectively .

While the gaseous plasmas o f f e r  a high conversion 

e ffic ie n c y  under sim ilar operating conditions because o f  the 

low er c o l l is io n  frequency,, the semiconductors o f f e r  much more 

ease o f  operation. Moreover, we can reduce the c o l l is io n  

frequency in  semiconductors by reducing the temperature o f  the 

sample to very low values (Sodha and Srivastava, 1967). Making 

use o f  the close  analogy o f  e lectron  conduction in  gaseous
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plasmas and simple model semiconductors, as pointed out by- 

Shockley (1951), Sodha et a l. (1968) and Sodha and Gupta ( 1969) 

extended the treatment o f  Sodha and Kaw (1966) to obtain the 

magnitudes o f  second and th ird  harmonic components in  the 

re fle cted  and transmitted waves from a simple model semi­

conducting slab (v iz . a gemanium slab) o f  arbitrary thickness 

in  the presence o f  d .c . e le c tr ic  f i e ld  and inhomogeneities in  

the medium respectively . In Chapters IV and V o f  the thesis, 

the author has improved the treatment o f  the above workers 

and has obtained the optimum magnitudes o f  the various relevant 

parameters fo r  which the magnitudes o f  the e le c tr ic  vectors 

o f  the second and th ird  harmonic components in  the reflected  

and transmitted waves from a homogeneous (in  the presence o f  

an external d .c , e le c tr ic  f ie ld )  and an inhomogeneous semi­

conducting slab respectively , are maximum.

The assumption o f  parabolic energy bands fo r  simple 

model semiconductors, i s  not v a lid  fo r  III-V  semiconductors 

which are characterized by low band gap, non-parabolic energy 

bands and spherical energy surfaces. III-V  compounds are 

high m obility  semiconductors and hence, o f fe r  the p o s s ib ility  

o f  higher harmonic conversion e f f ic ie n c ie s ;  one o f  the promising 

m aterial under th is  category i s  indium antimonide. In Chapters 

VI and VII, the author has investigated  the optimum magnitude

o f  the e le c tr ic  v ector  o f  the second harmonic component in  the 
re fle cted  and transmitted waves from a homogeneous and inhomo­

geneous indium antimonide respectively .
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The t i t l e s  and the summaries o f  the f i r s t  seven 

chapters o f  the thesis are given below:

CHAPTER I OPTIMUM HARMONIC GENERATION 
IN HOMOGENEOUS PLASMAS

In th is chapter, the author has ca lcu lated  the 

optimum magnitudes o f  the various parameters fo r  which the 

e f f ic ie n c ie s  o f  the second and the th ird  harmonic conversion 

in  the re fle cted  and transmitted waves from a plasma slab, are 

maximum. The expressions fo r  the second and th ird  harmonic 

components o f  the current density in  a plasma subjected to an 

external d .c . e le c t r ic  f i e ld  and an alternating e le c t r ic  f ie ld  

o f  an electromagnetic wave, are taken to be those derived by 

Sodha and Kaw (1 966).  These expressions fo r  the various compo­

nents o f  the current density are substituted in  the general 

wave equation and the solutions o f  the resulting d iffe re n tia l 

equations along with the proper boundary conditions have been 

used to derive expressions fo r  the amplitude o f  the e le c tr ic  

vectors o f  these harmonic components in  the re fle cted  and trans­

m itted waves from a plasma slab, surrounded by free  space on 

both the sides.

Some numerical ca lcu lation s have been carried  out 

to investigate the variation  o f  the amplitude o f  the e le c tr ic  

vectors o f  these higher frequency components, in  the re flected  

and transmitted waves, with the electron  density and the th ick­

ness o f  the plasma slab; these resu lts have been presented in
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the form o f  graphs. I t  i s  concluded that the in ten sity  o f  

harmonics i s  higher in  the transmitted component than in  the 

re fle cted  component from the plasma slab and that, fo r  a 

given magnitude o f  the electron  c o l l is io n  frequency, there 

i s  an optimum value o f  the electron  density fo r  which the 

e ff ic ie n cy  o f  harmonic generation i s  maximum. I t  i s  found, 

from the graphs, that the e ffic ie n cy  o f second harmonic 

conversion i s  maximum when 0 .8 0  C&>|>/CO) <(0 .9 0  ( GOf, i s  the

plasma frequency and Co i s  the frequency o f  the fundamental 

wave) and dimensionless plasma thickness g"e ( =.(x>z*./c > C

i s  the v e lo c ity  o f  l ig h t  in  vacuum) l i e s  in  the range 

3.20 < <  3.50 and that the e ffic ie n cy  o f  the th ird  harmonic

generation i s  maximum when 0 . 8 0 <  ( a)j>/C0) V 1*00 ^  2. 50^ £ e< 3 A 0 . 

The variation  o f  the e f f ic ie n c ie s  in  these lim its  i s  not 

s ign ifica n t.

CHAPTER II OPTIMUM SECOND'HARMONIC GENERATION 
IN INH0M0GENE0US PLASMAS

In th is chapter, using the expression fo r  the second 

harmonic component o f  the current density in  a plasma (due to 

an alternating e le c tr ic  f ie ld  and gradients o f  electron  density 

and temperature) derived by e a r lie r  workers, the author has 

obtained an expression fo r  the second harmonic component in  

the re fle cted  and transmitted waves from an inhomogeneous plasma 

slab when an electromagnetic wave is  incident normally on i t .

This expression fo r  the second harmonic component in  the re fle cted  

and transmitted waves, has been used to ca lcu late  the optimum
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conditions under which the e ff ic ie n c y  o f  second harmonic 

conversion in  the re fle cted  and transmitted waves from an 

inhomogeneous plasma slab, w ill he maximum. I t  i s  found that 

f o r  a given value o f  electron  c o l l is io n  frequency, there i s  

an optimum value o f  the slab thickness and electron  density 

fo r  which the magnitude o f  the second haimonic component in  

the re fle cted  and transmitted waves is  maximum. The optimum 

magnitude o f  the second hamonic component in  the transmitted 

wave i s  always greater than the optimum magnitude o f  the second 

harmonic component in  the re fle cted  wave. The maximum e f .f i -  • 

ciency o f  second hamonic conversion in  the transmitted wave 

occurs when .70 *90 f o r  3.2<C 5 .2  while the

maximum e ffic ie n cy  fo r  the second haimonic conversion in  the 

re fle cted  wave occurs when 1.5<^ (  C0p/uS) 3.0 fo r  3 .0<( £ 0<( *f.0. 

The variation  o f  the second ham onic component with the electron  

c o l l is io n  frequency has also been studied and i t  i s  found that 

the optimum magnitude o f  the second ham onic component in  both 

the re flected  and transmitted waves increases with decreasing 

c o l l is io n  frequency and is  maximum fo r  electron  c o l l is io n  

frequency equal to zero.

CHAPTER I I I  OPTIMUM THIRD HARMONIC GENERATION 
IN MAGNETOPLASMAS

In this chapter, the author has in vestigated  the 

optimum th ird  harmonic generation in  an anisotropic homogeneous 

plasma; the anisotropy in  the medium is  considered due to the 

presence o f  an external magnetic f ie ld .  Incorporating the
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proper form o f  the asymmetrical part o f  the electron  v e lo c ity  

d istr ibu tion  function 4  which i s  a tensor o f  second order, 

an e x p lic it  expression fo r  the th ird  haimonic component o f  

the current density in  a magnetoplasma has been derived. This 

expression fo r  the current density component along with the 

solutions o f  the wave equation and appropriate boundary condi­

tions are used to obtain an expression- fo r  the th ird  harmonic 

component in  the re fle cted  and the transmitted waves from a 

plasma slab o f  f in ite  thickness.

Some numerical ca lcu lation s have been carried  out 

to obtain the optimum conditions under which the e ff ic ie n cy  o f  

th ird  ham onic conversion in  a magnetoplasma i s  maximum; these 

results have been presented in  the form o f  graphs. I t  i s  

concluded that the magnitude o f  third hamonic component in  

the re fle cted  and transmitted waves shows a resonance when 

the wave frequency o f  the fundamental wave becomes equal to 

the e lectron  gyro frequency. The optimum magnitudes o f  the slab 

thickness and the e lectron  density fo r  which the magnitude o f  

the th ird  ham onic component in  the re fle cted  and the transmitted 

waves i s  maximum, are given by = .12 and (U ’ t’ /to )  = !+,o

respectively .

CHAPTER IV OPTIMUM HARMONIC GENERATION IN 
SIMPLE MODEL SEMICONDUCTORS

In th is chapter, the author has in vestigated  the 

optimum thickness o f  a nondegenerate simple model semiconducting
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slab fo r  which the magnitude o f  the second and the th ird  

harmonic components in  the re fle cted  and transmitted waves 

are maximum, when the semiconducting slab i s  subjected to 

the f ie ld  o f  an electrom agnetic wave and an external d .c. 

e le c tr ic  f ie ld .  Using the Boltzmann transfer equation fo r  

the motion o f  free ca rr iers  in  a semiconductor, the author 

has obtained expressions f o r  the second and the th ird  harmonic 

components o f  the current density in  a simple model semicondu­

c to r  at low temperatures; these expressions include some o f  

the terms which have not been incorporated in  the analysis o f  

Sodha and Srivastava (1967) and Sodha et a l. ( 1968) .  Sub­

stitu tin g  these expressions fo r  the various components o f  the 

current density in  the general wave equation and solving the 

resulting d iffe re n t ia l equations, the author has also derived 

the expressions fo r  the e le c tr ic  vectors o f  these harmonic 

components in  the re fle cted  and transmitted waves from a semi­

conducting slab.

Some numerical ca lcu lation s have been carried  out 

to in vestigate  the nature o f  variation  o f  the e le c t r ic  vectors 

o f  the second and the th ird  harmonic components, in  the re fle cted  

and the transmitted waves from a semiconducting slab o f  germanium 

at 77°K, with the impurity concentration and the thickness o f  

the slab; these results are presented in  the form o f  graphs.

I t  i s  found that appreciable second harmonics may be generated 

in  the re fle cted  and transmitted waves when 1.0 <( 1.6 and
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*f.O ^  6 .0  w h ile  the e f f ic ie n c y  o f  th ird , harmonic

co n v e rsio n  i s  maximum when = .80 and 1^.0<^((x)t,/to)2<( 16.0

f o r  the tra n sm itte d  component and when ^  = .8 2  and 

12.0  <( ( C jQ i / cjO )  <( 1^.0 f o r  the r e f le c t e d  component.

CHAPTER V OPTIMUM SECOND HARMONIC GENERATION 
IN INHOMOGENBOUS SEMICONDUCTORS

Sodha and Gupta (1969) have stu d ie d  the g e n e ratio n  

o f  second harmonic waves i n  an inhomogeneous sem iconductor at 

low  tem peratures i n  the presence o f  e le c tro n  d e n sity  and 

tem perature g ra d ie n ts . I n  t h e i r  a n a ly s is ,  they co n sid e re d  

o n ly  the e le c tro n  v e lo c it y  d is t r ib u t io n  fu n c tio n  to be space 

dependent and n e g le c te d  the space dependence o f c a r r i e r  re la x a ­

t io n  time which a t  low  tem peratures (.c=i 7 7 ° K) depends on the 

io n iz e d  im p u rity  c o n ce n tra tio n  and l a t t i c e  tem perature. In  

t h is  ch a p te r, the a u th o r has o b ta in e d  an e x p re ssio n  f o r  the 

e le c t r ic  v e c t o r  o f  second harmonic component i n  the r e f le c t e d  

and tra n sm itte d  waves from an inhomogeneous sem iconducting . 

s la b  a t low tem peratures c o n sid e rin g  c a r r i e r  re la x a t io n  time 

to be space dependent. Optimum c o n d it io n s  under which the 

second haim onic component i n  the r e f le c t e d  and tra n sm itte d  

waves w i l l  be maximum, have a lso  been o b tain ed . I t  i s  found 

th a t f o r  sm all c o n ce n tra tio n s o f io n iz e d  im p u rity  [_(60|>/Co')1— 2 .0 ] 

the optimum sla b  th ic k n e ss  i s  la r g e  L %«, = 7 . 0 9 ]  w h ile  f o r  

h ig h e r co n ce n tra tio n s 13*o] the optimum sla b

th ic k n e ss  i s  found to be q u ite  sm all LHe = .797j.
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CHAPTER VI OPTIMUM SECOND HARMONIC GENERATION 
IN INDIUM ANTIMONIDE

in  th is chapter, the author has in vestigated  the 

generation o f  second ham onic waves in  a degenerate, low hand 

gap and nonparabolic semiconductor at low temperatures when 

the semiconducting sample i s  subjected to an external d .c . 

e le c t r ic  f i e ld  and an alternating e le c tr ic  f ie ld .  Using 

Boltzmann transfer equation in  fcj -space fo r  the motion o f  

free  ca rr iers  in  an indium antimonide sample, the author has 

obtained an expression fo r  the second ham onic component o f  

the current density taking in to  account the ion ized  impurity 

scattering o f  the free ca rr ie rs . The expression fo r  the a lte r ­

nating component o f  the current density, obtained above, i s  

substituted in  the general wave equation and the solutions o f  

the resulting d iffe re n t ia l equations are used to obtain expre­

ssions fo r  the e le c t r ic  v ector  o f  the second hamonic component 

in  the re flected  and transmitted waves from an Insb slab.

Some numerical ca lcu lation s have been ca rried  out, 

to investigate the optimum magnitudes o f  the slab thickness, 

fo r  which the magnitude o f  the e le c tr ic  vector  o f  the second 

harmonic component, in  the re fle c te d  and transmitted waves, i s  

maximum. I t  i s  found that the optimum magnitude o f  the second 

harmonic component in  the transmitted wave i s  always greater 

than that in  the re fle cted  wave and that the e ff ic ie n cy  o f  second 

ham onic generation i s  maximum when 0.75-^ £•<.<( fo r  the



transm itted wave and when 0.78 <C 1.00 fo r  the re fle cte d

wave.

CHAPTER VII OPTIMUM SECOND HARMONIC GENERATION 
IN INHOMOGENEOUS INDIUM ANTIMONIDE

Solving the Boltzmann transfer equation in  k-space 

fo r  e lectron s, the author has obtained an expression fo r  the 

second harmonic component o f  the current density in  an inhomo­

geneous indium antimonide sample, subjected to an alternating 

e le c t r ic  f ie ld .  This expression fo r  the current density i s  

used to solve the wave equation and hence to in vestigate  the 

optimum thickness o f  the inSb sample, fo r  which the conversion 

e f f ic ie n c y  o f  the second harmonic component, in  the re flected  

and transmitted waves, i s  maximum. I t  i s  found that the ampli­

tude o f  the second harmonic component in  the transmitted wave 

i s  always greater than that in  the re fle cted  wave and that the 

e ff ic ie n cy  o f  second harmonic generation i s  maximum when 

.76 <( &  .9^ fo r  transmitted wave and when .8 0  ^  .98

fo r  the re fle cted  wave.

Part II  I t  i s  well known that when an amplitude modulated 

electrom agnetic wave traverses an absorbing region o f  the ion o­

sphere i t s  index o f  modulation gets changed. The phenomenon 

o f  s e lf-d is to r t io n  o r  self-m odulation o f  the wave in  the 

presence o f  an external magnetic f ie ld  i s  much more pronounced 

when the wave frequency becomes equal to the cyclotron  frequency 

o f  the e lectron ; th is has been experimentally confirmed by

(xii)
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Cutolo (1952, 19^3)» Mitra (195*0 and Bachynski and Gibbs 

(196 9 ).  Some attempts have been made to explain th is pheno­

menon th eore tica lly  on the basis o f  s e lf-in te ra c tio n  by 

Hibberd (1957), King (1959) and Ram and Kaw (1967) but none 

o f  the presently ex istin g  theories can explain the experimental 

observations o f  Bachynski and Gibbs (19 6 9 ) according to which, 

the modulation index o f  the extraordinary mode o f  the amplitude 

modulated wave increases during i t s  propagation thiough the 

medium and shows a resonance at gyro frequency. In Chapters 

VIII and IX o f  the thesis, the phenomenon o f  self-m odulation 

o f  ordinaiy and extraordinary mode o f  an amplitude modulated 

wave in  a magnetoplasma has been studied using both the k in etic  

as well as the phenomenological approaches. In the k in etic 

approach the Boltzmann transfer equation f o r  e lection s fo r  

s lig h t ly  ion ized  plasma has been solved fo r  various components 

o f  the d istr ibu tion  function o f  e lection  v e lo c it ie s  in  the 

presence o f  the e le c tr ic  vector  o f  ca rr ie r  and two side bands 

o f  the amplitude modulated wave and the external magnetic f ie ld .  

These components o f  the d istribution  function are used to 

obtain the expressions fo r  the nonlinear components o f  the 

current density fo r  both the extraordinary and ordinary modes 

o f  propagation. This treatment i s  v a lid  only when the modulation 

frequencies are much le s s  than the ca rr ie r  frequency. In the 

phenomenological approach the nonlinear current density fo r  

both the modes o f  propagation i s  obtained by solving the momentum 

tran sfer equation and the energy balance equation simultaneously
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taking time dependence o f  the e lectron  temperature and hence, 

o f  the c o l l is io n  frequency in to account. This treatment does 

not impose any re s tr ic tion  on the modulation frequency. Sub­

stitu tin g  the nonlinear current density thus obtained (by both 

k in etic  and phenomenological approaches) in  the wave equation, 

the resulting nonlinear second order d iffe re n t ia l equations 

are solved by the method o f  successive approximations. The 

solutions o f  these equations using the appropriate boundary 

conditions have been used to derive the expressions fo r  the 

e le c tr ic  vector o f  the ca rr ie r  and the 'two side bands o f  the 

wave propagating in  the magnetoplasma. These expressions are 

then used to obtain the new index o f  modulation o f  the amplitude 

modulated wave fo r  both the modes o f  propagation separately.

The t i t l e s  and the summaries o f  the la s t  two chapters 

o f  the thesis are given below:

CHAPTER VIII SELF-MODULATION OF AN AMPLITUDE MODULATED 
WAVE IN MAGNETOPLASMAS: ELEMENTARY THEORY

A phenomenological theory has been developed fo r  

nonlinear self-m odulation o f  an amplitude modulated e le c tro ­

magnetic wave, propagating in  a magnetoplasma along the d irection  

o f  the external d .c . magnetic f ie ld ,  taking both the s e l f ­

in teraction  and mutual in teraction  o f  the two modes in to account; 

unlike presently available theories th is  theory i s  not restr icted  

to small values o f  modulation frequency. I t  i s  shown that the 

ordinary mode o f  propagation becomes demodulated and extraordinary
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mode o f  propagation becomes over modulated during i t s  propa­

gation through the medium. Further, the change in  modulation 

depth with the frequency o f  the wave is  gradual f o r  the 

ordinary mode and resonant fo r  the extraordinary mode (around 

the gyrofrequency).

CHAPTER IX SELF-MO PUL AH ON OF AN AMPLITUDE MODULATED 
WAVE IN MAGNETOPLASMAS: KINETIC THEORY

In th is chapter, using a rigorous theory, the author 

has in vestigated  the phenomenon o f  self-m odulation o f  an ampli­

tude modulated wave propagating in  a magnetoplasma along the 

d irection  o f  the magnetic f ie ld ;  the e f fe c t  o f  s e l f  in teraction  

and mutual in teraction  o f  both the ordinary mode and extra­

ordinary mode on each other has been considered simultaneously. 

The variations o f  the new index o f  modulation with various 

relevant parameters has been studied and are in  good agreement 

with the experimental observations o f  Bachynski and Gibbs ( 1969) 

and the th eoretica l pred ictions o f  the previous chapter.

The entire work has resulted in  the follow ing 

pu blication s:

1. optimum harmonic generation in  plasmas. M.S. Sodha, 
B.K. Sawhney and R.L. Sawhney (1970) B rit. J . Appl. 
Phys. (In  p ress),

2. Optimum second harmonic generation in  inhomogeneous 
plasmas. M.S. Sodha and R.L. Sawhney (1970) Plasma 
Phys. (In p ress).

3. Self-modulation o f  an amplitude modulated wave in  
magnetoplasmas. M.S. Sodha and R.L. Sawhney (1970) 
B rit. J . Appl. Phys. (In press).
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!f. self-m odulation o f  an amplitude modulated wave
in  magnetoplasmas: K inetic approach. M.S. Sodha 
and R.L, Sawhney (1970) Radio Science (Accepted 
fo r  pu blica tion ).

5. Optimum th ird  hamonic generation in  magnetoplasmas. 
M.S. Sodha, A. Singh and R.L. Sawhney (1970). 
Communicated.
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