AD=AL03 538 PENNSYLVANIA STATE UNIV UNIVERSITY PARK IONOSPHERE R-=ETC F/6 20/1%
NONLINEAR PHENOMENA ARISING FROM RADIO WAVE HEATING OF THE LOWE=-=ETC(U)
AUG 81 A A TOMKO NOON."-OI-K-I’!"O

uNeH A;glﬂrn vsv-m.-scz-uo




e oy

_ . _ R A% JUBIMO OWRUAP I JO UCTIPINPOW AITATINPUND PIMNPUT BUTIREY
WAIEAS JUIML OWRUAP Yl JO UOTIPINPOU AITATINPUCO PIONPul buTIBY wa3s.
; s. . 4R 03 ap oq 01 PAMIFIIG ATE SPULIE LI FEIL  C@AVA JH PIIRINPOW hjeecd
dH 03 MNP wd 01 PAAITIT AIC SIRUDTE 1A OSIYL  CAAEA 4§ PIIVINPOW Mzlamod —
— ® AQ PUIVIPRIIT SWA DLIGINOUOT JYF UIYM UOTIFTPRI LIA DUGSIE pPIIRISUID Juautiad — ux”n:mwwm‘ma“. munvuﬂdume.u!‘ u.w»!:vi:)!..”“u“ﬂlouun«””“urv”“mu”oowwnu:&
SXw IOTICTNPOWIR IPDUTLUCH AYL  -XIYAEOUOT Y3 FO GUTIRGY JH (NE MW 09) ismod o Inpasap e H o ﬁcwau n»!. ur u-!u,: (@P 6) Sbawl v mous Ariesys
YbTY ® O3 IND THN P°7 I LCTIGIOSQE IAPA UT ISEAIUT {GP 6) SOINY ¥ AOyw A1ies1d _ 6:“9” Ou:o!Muu-_! -u« u.:ou «-u Aq»_._l:'&u S«u-?qxlcﬂ romorlumt o pur aumy
JuamTiadya UOTIALOSTE Y3 WOX) *INQ  CIUSETINXS UOTINTOPOESP INBUT[UOU ¥ pUe LT H JUSWTL a a.”u oBqQe U3 3 u:lﬂ eoratan b ievoTeeST) et oo poe 4oty
-1adxa uotidiosqe asd VUIPTOUT [EDTIIAA ¢ ISUDTINDT] TPOM AJFATIONPUCD PUN UOTY —1adx® uOT3 amuq a5Tnd ouspIoNy T c< o ona et !‘3‘3:’:}2« ping
~diosqe p235Tpazd ayl 10] IS 03 1IPI0 UY DPEIINPUCO WIaA miusmyIiEs OAL -dzosqe paidTpaxd I I0) IS O 1P ] Pa3anpu e TP e uT UoTa
WNTPeS Sq3 uy uoTd _ —
— ~d1oaqe aaem puv A3TATIONPUOD WWSE(d Y UT SAHUNP JUROTITUDBTS SENED SUCTIED 1 TPOW .8“_.”0-.1 ”“Pvﬁswuﬂo"”vchﬂ“luw“””-:wna“ﬂuﬁhlw.ﬂhww”ms““uenlus””aulu:«ﬁh
N uro Cl w013 Teodeoo 13 130du0; wodmoo
:o.:.%hﬂlqvnuwzcuﬁi“uanﬂuku&v”n!uuucﬂu-o"”-?.«u.“ncg— M“uﬂw..o_u u“uu.! oﬁdqw ‘SPUCIIB MI] ¥ HUTPSIIXI SaWT) IO peuTwIUTYW 8T Sujieay vase(d STYI JI ‘MM 001 30
LRUT SVY T uw -Wu-ﬁo Y3 30 1smod PAINTPEA JATIDEIP UT \ATA 123ITESURII JH PISYEPUNCI6 [njisncd EjusaINsRag puw JIPX0 BYI 3O 13m0d PIINTPRI AATIDIIIE UR YITA IBIITEILNII JH pesRQPUNAIb [njiamad —
-I.u.:ﬁ“-. vn-.nuvl..!ﬂ.-u 1°2°¢ v Aq vﬂu:v:: 27 susw(d gl UIya paouvyus ATITsad aq o smmwld OrIsydsouct R sanbyuuday pase@-punors  [°Z°g ¢ AQ PaIPTPRIIT ST ewswe1d Syl Usysm paouwyue AT3ealb aq uw> wmse(d Stisydsouot s
ebedar N aduy’ aaepn jo Azoaul 1t 30 amiviaduadl UOIIDITS A IPYI AOUS 3y PAIUSESId SUCTITTNOTED [POTIRIOBNI YL
ey Toomots 761 aumaisouor sanot ws ain senen o1ps Souembers T -ord T4 20 woraotisey _ Rcurey TOomels 261 ssowdsouoy oot o Gata SaAeA TPE Ausmbass WTY -lencd AT 30 sOTISEINIUT |
— uwotbm-g 1°5°Y 3yl jo Apnis [riusetiadea pur [EITIAIOBYI ¥ SIQIIISEP JUMNMOOP STYL uotbdM-a 1°$°T 3 3O Apnas [PIUAMTIXIXD Pur TEITIMOSWT ¢ SAQTIISEP JUSMIOP STHL
: . . "
TBIIGENN UOTIED T TESELD "1861 "Z0B9! Vd ‘xamd A3vsiaartun .v:«u!a!.u TwO 1330813 _ ISIBQENN UGTIEDTITSHRTD 1o au -.aummmg TZ0891 W4 ‘yIwd AIvexasyun v”sw:-v.ﬁ 4luuuwu 12
30 uawnizedaq ‘4 ayL Zem07 31 d om0y o
— X P-105-TH1-NSd Pyl jo buzieay awen opwmy ghk BUTSTIY PUNNOUSUd IPBUITUON ‘ ‘ABIPUY IXIQIY ‘Oxeal — OLP-1DS-Td1-NSd Y3 JO LUTIRIH WMTM OPWY lﬂuh HUTETIV PUINOUSUS TPSUTTUON ‘ “ARIpUY IXaqTV —ay
—' —_—— e — |+ |I_ ,_
_ ‘WPISAS IUIZIMO CwWRUAP AY1 JO UCTIETNPOW AITATIINPUCH PAINPUTL butavay
“MANSAS IUSIMO MWD I JO UCTIPTNPON AITATIINPUCO PIMPUT butIeRy g
1 4H 03 a0p 3G 01 Pasat(aq AIT S[PUDIE A ASAUL @A JH PIIBINPOW [N 2IA0d
44 O3 NP 5q 01 PAAIT[IG AAv S[PUDTS LA ISIUL -MPA JH PIICTNPOW TN3aamod _ 3
_ ® Aq PIICTPRIIT SPA 2IJudSOUCT Y3 USYM UOTIPIPRI 1A BUQIIS PIILIBUE JuawiIiad M,Mncww.“”mm”h..*nmnumuwﬂmc““. umu!“”uv.h“u“mu.oﬁwwawu“u“:. w“wu”vowmln:!
~Xd uoTIeTNpoWIp Iesuriuou 3yl -azaudsouor Yyl 3o buyiwey JH (M3 MR 09) Jemad YBTY © 03 anp ZEW ¥z I UOTIAIORGR IAPA UT o-dlw.: (GP 6} @6IWY ® moys Arawer:
4Ty w O3 NP THW P°7 10 uOTIAIOEQE IAPA UT SEPRIDUT (HP 6} IBIET ¢ MOyE ATIVATO _
- vot avautyuou e Jusey
— JuMMyIadXs UOTIAIONQE A3 WO ¥IRG  CJUSETISdXd UOTIETNPONAP IWIUTIUOU ¢ PUY Juamy u_.hH_H”m“w,_“Hw“waHhuu hm“.“””a:uﬂ““-w&w.snuu”wﬂﬂ E.iwuécnnnu.l uona _
-zied» voridiosqe #sTNd OUIPTOUT FEITIIM ¥ SUCTINDY] FPOE AITATIONPUGO PUR UOTY o ,m : A Pl anhod s ooy
-diosqe pa32Tpaad Yyl 30) 1583 O3 ISPIO UT PAIINPUCO aIam sIusmtiadxa oMy _ -dXosqe paidtpaad aul 203 35N P P e o U1 wors
N TpEa I Uy uoYy Y '
-diosqe awem pue A1TATIoNPUCY wseTd Yl UT SABUPD JuEI3ITUBIE AENED SUOTIED T oW
-d1osqe aaea pue A37ATINpUOD weseTd Y3 UT sebuT JuesT3TubTR aENED SUOTIVI Y] TPOW
SO0 - 4 sodmod uoTITSOdwoD PUR amieiaduadl ISAYL  PRIIITP aq OFIT UED wEEv(d I O UOTITOANOD M3
S eoosae w3 v burpaeons veers 151 povrroTee o1 buvaved vereid sver 73 ot oot 30 | “sPuoo98 A% © bUTpaacNS SaST3 703 PSUTTIUTYL S EuTieed msTd BTUI 51 001 30
- Py ue lh o @ g o n!lvx_ e !:au”:c v 3TA 1933TUSURIA JH DISRGPUNOIB m3aemod SjudmaINgPq puP 12ap30 Y3 jo zamod PIILTPPI BATIIEIFP UP YITA I9I1ITWSURII JH POSPGPUNOIb TNjIamod
) 3 e oo J..!M.- --Mu n.u.w u-ﬁ s wluuﬂw a3 usym u-o:-s.-..:u-uu aq tes ewseyd Srisydsouor an ssnbruyday paseg-punoln  [°z°f e Aq pailerpeiit st ewseld SYI UIUA paduryua ATaealb aq uvd> euewid Jtieydsouot Syl _
.-I_leonﬁ.uutﬁ Viniant o!_u. re P AT wot 3 uorjebedoag aavM jo Sioayl 1 30 am3eiadusl UOIIOA[A Y IPYI AOYS 319y PIIUSESId SUCTIPTNOTES [EITIRIOND 4L
wone vy foon o T ettt bt 3” vow:ﬂon!h -=3wﬁuﬂn e uﬁmuﬂnﬂﬁ Amouozey [Patmaud 6"l -212ydSOUCT X2MOT 3yl YItM SaAem OTPYI Adumnbaij ubly ‘18mod ybIY JO UOTIOPIEIUT
Amovozey [eOTSYD 2761 "213ydSOUCT 1aMOT YA YITA SAAPA OTPRI Aousnberj ybyy ‘1 Ty 3o uot ut
_ uothey-g (°$°T 8yl jo Apnis [eivamtiadxa pue (P27 sTYL — uorba-q 1°5°1 Y3 30 ApNiIS TPIUamTIAAX3 pue [FOTIAIONYI P SSQIIISIP IUMNOOP STY
_ 3IIQENN UOTIEITJTISSYLD “1861 ‘Z0B9T V4 ‘¥aed A3tsimarun .u:iuo:.,.m“w TeoTX3ID0TY IBIIMMN UOTIRITITSSRTD s u:l.uu!_“uzmw "10891 <mﬁuwmu“:=!.:s ouﬂuecavcu _qu”uwﬁ
30 wamiawdag ‘AI0jvioqe] Yoireasay azaydsouo] syl ‘exaudsouc] Iamory X o
0L¥-10S-TI-NSd U3 JO BUTIPIK INPM OTPWY WOIJ BUTSTIY VUIWOUBYJ IVQUTIUON * ‘ASIPUY 3ISqIV ‘OWwOL _ OL¥y-105-TeI-NSd Y3 JO HUTIRGH AAETM UTPPY WOXJ BUTETIV PUMIOUSYJ IFIUTIUON ' “ASIPUY 1ISQIV 'OWGL
L - - - —- P — - L ___
.
i
M -~ ~ L] \d - [}
F e > e L s e Lo — T3 -
—— o ; AT Ly n Y Bacamt | ecEceE it o - a .
AT RS S ..sTlfxtl.-th = —ef LT AT T g i i ki N . o .



SECURITY CLASSIFICATION OF THIS PAGE (When Dai. Entered)

S CTIONS
REPORT DOCUMENTATION PAGE pEFEAD INSTRUCTIONS
J 1. REPORT NUMBER o 2. GOVY ACCESSION NGO} 3. REC\FQEQT’S CATALOG NUMBER

PSU-IRL-SCI-470 | j /O i 535
4. TITLE (and Subtiiie) "

Nonlinear Phenomena Arising From Radio Wave
/ Heating of the Lower Ionosphere :

// 8. TYPE OF REPORT & PERIOD COVERED
— ) —
/{V Technical Report -

S PERFORMING GRG. REFORT NUMBER
PSU-IRL-SCI-470
- 8. CONTRACT OR GRANT NUMBER(s)

Albert Andrew/'romko P '
t 2’| N00014-81-K-0276

Tl P T I DR B a4
o - PROGRAM-BLEMENT. PROJECT, TASK
AREA & WORK UNIT NUM.E'RS

7. AUTHOR(a).

9. PERFORMING ORGANIZATION NAME AND ADDRESS

Y

The Pennsylvania State University .

318 Electrical Engineering East NR SRO-108 . ,,‘{/ /

University Park, Pennsylvania 16802 Sl e
11, CONTROLLING OFFICE NAME AND ADORESS “ 12. REPORT QATE

Office of Naval Research National Science: / ’/ Augus#, 1981

Code 464 Foundation T MiswoweERoOTRAOES

Arlington, VA 22217 Washington, D.C. 20550} 175

14, MONITORING AGENCY NAME 8 ADDRESS(If difterent from Controlling Ollice) 15. SECURITY CLASS. (of this réport)

Unclassified

1Sa. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Distribution Unlimited

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

18, KEY WORDS (Continue on reverse side if necesaary and ldentily by block number)
D-Region ' ;
Chemical Aeronomy i
Theory of Wave Propagation !
Ground-Based Techniques and Measurements

20. ,BSTRACT (Continue on reverse side il necessary end Identify by block number) i
-— ,~ This document describes a theoretical and experimental study of the
interaction of high power, high frequency radio waves with the lower ion-
osphere. The theoretical calculations presented here show that the electron
temperature of the ionospheric plasma can be greatly enhanced when the plasma
is irradiated by a powerful groundbased HF transmitter with an effective
radiated power of the order of 100 MW. If this plasma heating is maintained
for times exceeding a few seconds, the composition of the plasma can also be
altered. These temperature and composition modifications cause significant

DD , 55" 1473  eoimion oF 1 Nov 6813 OmsoLETE N

LA $/M 0102-014+ 6601 | e e »
1“7 “ SECURITY CLASSIFICATION OF THIS PAGE (When Dets Bntered) /
L4 h
S U : 3

*’J

F—




SLLURITY CLASSIFICATION OF THIS PAGE(When Detn Hntered)

3 changes in the plasma conductivity and wave absorption in the medium.

Two experiments were conducted in order to test for the predicted
absorption and conductivity modifications: a vertical incidence plus
absorption experiment and a nonlinear demodulation experiment. Data from
the absorption experiment clearly show a large (9 dB) increase in wave
absorption at 2.4 MHz due to a high power (60 MW ERP) HF heating of the
ionosphere. The nonlinear demodulation experiment generated strong VLF
radiation when the ionosphere was irradiated by a powerful modulated HF
wave. These VLF signals are believed to be due to HF heating induced
conductivity modulation of the dynamo current system.

NONE
SECURITY CLASSIFICATION OF THIS ®AGE(When Deta Entered)

B8 | malmas oo-




PSU-IRL-SCI-470
Classification Numbers: 1.5.1, 1.9.2, 3.1, 3.2.1

Scientific Report 470

Nonlinear Phenomena Arising From Radio Wave
Heating of the Lower Ionosphere

by

Albert Andrew Tomko

August, 1981

N The research reported in this document has been supported by the Office
of Naval Research under Contract No. N0O001l4-81-K~-0276 and by the National
Science Foundation under Grant No. ATM 78-19964.

Submitted by: ). Tl
A. J. Ferraro
Professor of Electrical Engineering

v

Approved by:

. Nisbet
r, Ionosphere Research Laboratory

» Se=ion For
-~ NTTC o GRA&I
Ionosphere Research Laboratory 1717 TAR
.l Department of Electrical Engineering Uihénﬂunﬁcd

The Pennsylvania State University
University Park, Pennsylvania 16802

e R
b
‘ Distribution/ J

Availabhility Ccdes

Ji-tification . -

-
Ave il and/er
Dist Lpecicl

|
|
!




ii
ACKNOWLEDGEMENTS

The author wishes to thank Professors A. J. Ferraro and H. S.
Lee for their invaluable assistance during this study, Professor
J. L. Brown, Jr. and Drs. L. A. Carpenter and J. J. Olivero for
serving on his doctoral committee, Dr. A. P. Mitra of the National
Physical Laboratory, New Delhi, India, for many helpful discussions,

and the staff of Arecibo Observatory for their assistance in the

experimental phase of this research. ;
This study was supported in part by the National Science Foun-
dation under Grant No. ATM 78-19964 and the Office of Naval Research
under Contract No. N0O0014-81-K-0276.
Arecibo Observatory is operated by Cornell University under a

contract with the National Science Foundation.




iii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ¢« ¢ « ¢ o o 2 o o o o s o o o o o o o o o o o ii

LIST OF TABLES . . &+ « « ¢ o ¢ o o o o o o o o o o o o o o o o o v

LIST OF FIGURES. « + ¢« « o o 1+ o o o s o s o o o o s o o o o o« o vi
LISTOF SYMBOLS. « « « ¢« « o o o o o o o o s o = o o o o o o » o ix

ABSTRACT + « « o o o o o o o o o o o o o o o o ¢ ¢ o o o s oo+ x

Chapter
I. INTRODUCTION . . . « +v o o « o o o o o o o o o o o o o o 1
1.1 The Ionospheric Plasma. . . « o« « « « o 2 « o o o = 1
1.2 Ionospheric Modification. . . . . . « « ¢« + ¢« « « . 5
1.3 Objectives. . ¢« ¢« o &4 o ¢ o o o o = a s o o o « « « 11

II. IONOSPHERIC ELECTRODYNAMICS. . . ¢ « ¢ « o o « ¢ « o « - 14

2.1 Maxwell's Equations . . .« ¢« « &+ s &« o o o o « & « . 14
2.2 The Kinetic TheOXY. . « « ¢ ¢ + o o« o o« « o« » = « « 19
2.3 Solutions of the Boltzmann Equation . . . . . . . . 22
2.4 The Electron Distribution Function. . . . . . . . . 25
2.5 Energy Transfer . « o« o« « o o s o o o « s = o o « o 32
2.6 The Dispersion Equation . . . « « + « « « « « « » - 40
IIT. IONOSPHERIC HEATING. . &+ &« ¢ o o o « o o« o » o o« o « « «» 49
3.1 The Energy Balance Equation . . . . . . . . « . . . 49
3.2 The Heating Wave Fields . . . « « ¢« ¢ « « o « o« « « 53
3.3 Electron Heating in a Weak Field: Analytic Theory. 57

3.4 Electron Heating in A Strong Field: Computational
Method., . « & 4 « ¢ &« 4 o o o « o s o s o =« s « +» « 58

3.5 Electron Heating in a Strong Field: Results. . . . 59




IV. ION

4.5

iv

CHEMISTRY MODIFICATIONS. . . « « « o« o+ &
Continuity Equations. . . . . « « « « &
The Mitra-Rowe Ion Chemistry Model. . .
Steady State Results. . . . . . « . . &«
Time Dependent Solutions. . . . . . . .

Analysis. « ¢« ¢« « + o o o o o & o o o

V. HF HEATING INDUCED ATTENUATION OF DIAGNOSTIC

5.1

5.2

5.5

Vertical Incidence Pulse Absorption . .
Collision Frequency Effects . . . . . .
Electron Density Effects. . . . . . . .
Al Absorption Experiment. . . . . . . .

DiSCusSSion. . « « ¢ « o o o o o o o o+ o

VI. NONLINEAR DEMODULATION . « « « « o s o « o «

6.1

6.5

Basic Theory and Experimental Review. .
HF Modulation of Plasma Conductivities.
The Wireless Antenna. . « « « « « « « =
The Arecibo HF Demodulation Experiment.

DiscussSion. . ¢« ¢ « ¢ « « o o « s o « «

VII. CLOSURE. o ¢ « « o ¢ o o o o o s o s o o o «

7.1

7.2

REFERENCES .

APPENDIX A:

APPENDIX B:

SUMMALY « « « o « o o s o o s o = o o =
Suggestions for Future Work . . . . . .
THE ELECTRON ATTACHMENT COEFFICIENT . .

ELECTRON DENSITY MODELS . + + « « « & -«

76

88

94

101

108

108

110

1lle

122

130

132

132

136

138

141

149

151

151

154

156

163

164




LIST OF TABLES

Reactions included in the six ion scheme. . . . « . . .+ . . 78
4.2 Typical valuesof key chemistry parameters . . . « « . » . . 85
5.1 Summary of absorption measurements. . . . . . . o . o . . . 127

B.l Electron density models . . . . ¢ ¢ ¢ ¢ « « o« ¢ o o &« » « - 165

i

Sl
—— r—— a—

. —

£
1
;
1

T e ek MR




Figure
2.1

2.2

3.1

3.2

3.4

3.5
3.6

3.7

3.8

3.9

vi

LIST OF FIGURES

Geometry of momentum transfer collisions. . . . . . .

Electron-neutral collision frequency as a function
of electron €nEXrgy. «. « o v« « o ¢ o o o o o o o o = @

Geometry for the dispersion equation. . . . . . . . .
Normalized electron cooling rates for various
processes in air as a function of the fractional
change in electron temperature. . « « « o « « « o o &
Normalized electron cooling rates for collisions with
atomic oxygen as a function of the fractional change

in electron temperature . . . . + + ¢« « + o o o+ o o

Electron temperature variation at 70 km due to a
250 s heating pulse. . . & ¢ v & « o « = = o o o o =

Power density and electron temperature variation at
90 km due to a 3.5 ms heatingpulse . . . . . . . . .

Steady state electron temperature profiles for
various heating powersS. . . o o« ¢« o o o+ o s o o « o

Power density as a function of effective radiated
power for 5 MHz X-mode heating. . . « ¢« « « « « « . .

Power density as a function of heating frequency. . .

Electron temperature profiles for various heating
frequencies . . . . . . L . 4 4 e s e e s e e s e e

Effect of electron density and total loss rate on the
electron temperature distribution . . . . . . . . . .

The Mitra-Rose six ion model (all ion-ion lines
not shown). . . & ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o o =

Ion production rates as a function of height. . . . .

Effect of Y; on the electron density and the negative
ion to electron ratio, A. . . v + ¢ 4 4 e . e 4 o . .

Electron attachment coefficient as a function of
electron temperature. . . . ¢ . + s+ ¢ s s s e s e o .

47

51

52

6l

62

63

65

66

67

69

77

8l

84

86

N ¢ o Y



4.11

4.12

4.13

5.6

vii

Neutral atmospheric model. . . . ¢« ¢ v &« ¢ ¢ ¢ ¢ ¢ o o &

Altitude variation of the reaction rates employed
in the Mitra~Rowe model. « « « & & « o « o o o « o o o &«

Steady state ion and electron density distributions
for unheated conditions. . .« + ¢ ¢« ¢ ¢ 4+ ¢ ¢ & ¢ 0 o o .

Steady state electron density as a function of electron
temperature (normalized to ambient). . . . . . . . . . .

Electron temperature variation during and following a
period of CW heating . . . .« . « & +« ¢ ¢ ¢ ¢ ¢ 4 4 o o .

Negative ion density variation during and following a
period of CW heating . . . . +« ¢ ¢ o ¢« ¢ ¢ o = o o o o«

Electron density variation during and following a
period of CW heating . . . . . + . ¢« ¢ ¢ ¢ v ¢ ¢ ¢« o & W

Total positive ion density variation during and
following a period of CW heating . . . . . . . . . . . .

Variation of the negative ion to electron ratio during
and following a period of CW heating . . . . . . . . . .

D-region time constants as a function of height. . . . .

Heating induced attenuation at 2.4 MHz as a function
of heating frequency . . « ¢ ¢ ¢« ¢ ¢ ¢ ¢ o o o o o o o

Plasma frequency and collision frequency models. . . . .

Heating induced attenuation at 2.4 MHz as a function
of height. . « ¢« ¢ ¢ v 4o ¢ & ¢ ¢ ¢ o ¢ o o o o o o o o =

Heating induced attenuation at 2.4 MHz as a function
of heating frequency with the rotational cooling rate

increased by a factor of 2 . . &+ ¢ ¢ « ¢ 4 e e e e o e

Heating induced attenuation at 2.4 MHz as a function
of time during and following a period of CW heating. . .

Electron temperature profiles for two solar zenith
angles at two levels of heating... . . . . + « « + « . .

2.4 MHz ionospheric sounding system. . . . . . . . .« . .

Voltage transfer characteristic of 2.4 MHz receiver. . .

90

92

93

95

96

97

98

99

103

111

113

114

117

119

121

124

126




viii

5.9 2.4 MHz absorption at sunset during a period of
CWheating . . & ¢« v & & v 4 v & v 4 4 o o o o o o« « o . 128

5.10 2.4 MHz absorption during a period of 1 minute
heater on/off cycles . . v v & ¢ ¢« o« o o o « ¢« o o« « - o 129

6.1 Geometry of the nonlinear demodulation experiment. . . . 133
6.2 ELF/VLF generation by HF heating . . . « « « « . . . . . 134
6.3 D-region conductivity profiles . . . . . . . . . . . . . 139 '
6.4 ELF/VLF receiving System . « « v v o o o o « o o « o« » - 142

6.5 Amplitude and phase of detected VLF radiation as a

) function of time . . . . . . . . ¢ L e e e e s o4 . . . . l44

6.6 Amplitude and phase of detected VLF radiation as a
function of time . . . . . . . . . . 4 4t ¢ e 0+ . . . 145

6.7 Amplitude and phase of detected VLF radiation as a
function of time . . . . . . . . . . .0 0o . ... . . 146

6.8 Amplitude and phase of detected VLF radiation as a
function of time . . . . . . . . . . .. o 0.0 .. . . 147

s 6.9 Amplitude and phase of detected VLF radiation as a
J : function of time . . . . . &« . 4 ¢ ¢ 4 4 4 s o . o . . . 148

K

- canr a8 ¥ Reia s

P ——




iy

Yy my
=
%w} &# oy Oy

<N <N

v

F
E—l

F = 9F/9t
F

Ft

Re {F}
(%)

- ->
F*G
F~G
[A] = ny
m!

j

&t
e

ix

LIST OF SYMBOLS

a vector quantity

a unit vector

vector cross product

scalar or dot product of two vectors
differential volume in position space
differential volume in velocity space
del operator in position space

del operator in velocity space

a matrix or tensor quantity

inverse of matrix F

partial time derivative of F

value of F following a collision
complex conjugate of F

real part of the complex quantity F
average value of F over all velocity space
time average of Re {F}* Re (&}

F of the order of G

number density of constituent A

m factorial




ABSTRACT

This document describes a theoretical and experimental study of
the interaction of high power, high frequency radio waves with the
lower ionosphere. The theoretical calculations presented here show
that the electron temperature of the ionospheric plasma can be greatly
enhanced when the plasma is irradiated by a powerful groundbased HF
transmitter with an effective radiated power of the order of 100 MW.

If this plasma heating is maintained for times exceeding a few seconds;
the composition of the plasma can also be altered. These temperature
and composition modifications cause significant changes in the plasma
conductivity and wave absorption in the medium.

Two experiments were conducted in order to test for the predicted
absorption and conductivity modifications: a vertical incidence pulse
absorption experiment and a nonlinear demodulation experiment. Data
from the absorption experiment clearly show a large (9 dB) increase in
wave absorption at 2.4 MHz due to a high power (60 MW ERP) HF heating of
the ionosphere. The nonlinear demodulation experiment generated strong
VLF radiation when the ionosphere was irradiated by a powerful modulated
HF wave. These VLF signals are believed to be due to HF heating induced

conductivity modulation of the dynamo current system.




CHAPTER I

INTRODUCTION

1.1 The Ionospheric Plasma

The ionospheric plasma is a partially ionized region in the
earth's upper atmosphere extending from 50 km to over 1000 km. It
consists of a mixture of free electrons, positive and negative ions

! and neutral particles, and is a transition layer between the non-
ionized lower atmosphere and the fully ionized plasma of the magneto-
sphere. The ionosphere is formed and maintained by the ionization of

the neutral atmosphere by solar radiations and energetic particles

such as cosmic rays. In the uppermost regions of the atmosphere the

neutral particle density is very small; hence there are few particles

to ionize. As one moves to lower heights the neutral density increases
exponentially, and as a result there is a corresponding increase in
the ionization density. However, the increase in neutral density also
leads to increased attenuation of the ionizing radiation; consequently,
the ionization density eventually reaches a peak, and then decreases
as the ionizing radiation is further attenuated with decreasing height.
The ionosphere is usually divided into three regions based on
the magnitude and structure of the electron density distribution.
These regions are designated in order of increasing height by the let-
ters D (50 to 90 km), E (90 to 130 km) and F (> 130 km), respectively.
The normal daytime electron density distribution has a maximum in the
F-region near 300 km of about 106 cm=3 and a secondary maximum in the

E-region of about 10° em=3. 1In the D-region the electron density




decreases by more than three orders of magnitude from 104 em~3 at N
90 km to less than 101 cm3 at 50 km. The ionospheric electron density
distribution can vary considerably from day to night and during periods
of enhanced solar activity.
In addition to the ionizing radiations, the physical properties
of the ionospheric plasma such as its temperature, composition,
permeability, and conductivity depend upon the motion of its constit-
uent particles, which, in turn, depend upon the force fields acting
on the plasma. In the ionosphere these force fields include gravity,

the earth's magnetic field, the Coulomb fields of the charged plasma

particles, short range force fields associated with particle inter-
actions and the electromagnetic fields of radio waves which propagate

through the ionosphere.

The focus of this study will be on the interaction between radio
wave fields and the ionospheric plasma. However, in the development
of this topic, it will be necessary to consider the effects of many of
the other fields listed above.

The ionosphere is an extremely interesting medium for the pur-

pose of studying electromagnetic wave propagation. The ionosphere, as

illustrated by its electron content, is a nonhomogeneous medium; hence ~
its electromagnetic properties have a spatial dependence. Due to the
bPresence of the earth's magnetic field, the plasma exhibits prefered
! directions for wave propagation and is thus an anisotropic medium.
The ionosphere is also both temporally and spatially dispersive.
Finally, and of foremost interest, nonlinear electromagnetic effects

manifest themselves quite readily in the ionosphere. An outstanding
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example of this is the well-known Luxembourg or cross modulation
effect (e.g. Fejer, 1955).

When an electromagnetic wave propagates through a plasma, the
Lorentz force due to the wave fields alters the motion of the elec-
tron component of the plasma and, to a lesser extent, the ion compon-
ent. If the plasma is nonrelativistic (i.e. one in which the particle
velocities are much less than the speed of light), the component of
the Lorentz force due to the magnetic field of the wave is much
smaller than that due to the electric field. Hence, charged particle
motion in the plasma is perturbed primarily by the wave's electric
field (Holt and Haskell, 1965). Now the electromagnetic properties
of a plasma, such as its permeability, conductivity, refractive index

and absorption coefficient are determined by plasma particle motion

and therefore can be altered by the wave field.

There are several mechanisms by which the electric field of a
radio wave can alter the electromagnetic properties of the ionosphere.
Two of the most important of these mechanisms are collisional heating
of the plasma electrons (thermal effect), and compression of the plasma
(striction effect).

The thermal effect is of principal importance in those regions of ~
the ionosphere where particle collisions are frequent (i.e. the lower
ionosphere). If the electron mean free path (i.e. average distance
between collisions) is not too small, the plasma electrons can acquire

\ a significant amount of kinetic energy from the wave between collisions

as they are accelerated by the electric field. When collisions between




electrons and ions or neutral particles occur, the average energy
transferred to these heavier particles is small. The main effect of
collisions is to randomize the directed electron motion imparted by
the wave field. As a result, the average thermal energy of the
electrons (i.e. electron temperature) is increased and the plasma

is said to be "heated." The electromagnetic properties of the plasma
are directly dependent on the electron energy and thus can be modi-
fied by radio wave heating.

In those regions of the ionosphere where particle collisions
are less frequent (i.e. the F-region), plasma modifications due to
the striction effect become important. 1In the striction effect, the
electric field of a wave exerts pressure on the plasma electrons
and thereby compresses the plasma. This results in a local variation
in the electron density and, since the electromagnetic properties of
the plasma depend on itg electron content, there is a corresponding
variation in these properties (Gurevich, 1978).

In the study of radio wave propagation in the ionosphere, one
often assumes that the electric field of the wave is relatively weak,
so that the properties of the plasma are not noticably affected by
the passage of the wave. However, as the magnitude of the wave field
increases, the electron temperature and density of the plasma can be
significantly modified by thermal and striction effects, and conse-
quently, the electromagnetic properties of the medium become dependent
on the magnitude of the wave field. The propagation of radio waves in
the ionosphere is, of course, directly dependent upon the electromag-

netic properties of the plasma and hence a strong wave can alter the
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propagation of all other waves whose paths intersect it. The iono-
sphere thus supports the interaction of radio waves and it is this
interaction which is responsible for the nonlinear phenomena which
occur in the ionosphere. In particular, wave interaction invalidates
the use of the superposition principle which characterizes linear
media and leads to a nonlinear relationship between the electric

field and the electric displacement and current densities in the plasma.

1.2 Ionospheric Modification

Ionospheric modification, in the broadest sense, is an attempt
to modify the physical properties of the ionospheric plasma in a
controlled manner. This may be accomplished by the in situ release of
chemically reactive gases or plasma clouds, by bombarding the iono-
sphere with particle beams from accelerators aboard spacecraft, by
VLF stimulation of plasma instabilities, or by irradiating the iono-
sphere with high power radio waves (usually HF or higher frequency)
from ground based transmitters (Walker, 1979). This study is concerned
with the last of these techniques, radio wave modification, and shall
focus on nonlinear electromagnetic effects arising in the lower
ionosphere due to plasma heating (i.e. the thermal effect).

Plasma modification experiments employing high power radio waves
have been ongoing since the late sixties at Platteville, Colorado
(Utlaut, 1970), at Arecibo, Puerto Rico (Gordon et al., 1971) and at
several locations in the U.S.S.R. (Gurevich and Shlyuger, 1975). The
motivation for these experiments was provided by theoretical studies

(Ginzburg and Gurevich, 1960; Farley, 1963; Meltz and LeLevier, 1970)




which showed that the deviative absorption of energy from HF waves
propagating through the F-region could substantially modify the
local electron temperature and density. The results of F-region
heating experiments conducted during the seventies support this
theory and have revealed many unanticipated physical phenomena
including artificial spread F, field aligned scattering and plasma
line enhancements. The heated region also acts as a significant
radio scatterer at frequencies as high as the UHF band and is thus
potentially useful for telecommunications purposes (Utlaut, 1975).
Before any of the energy radiated by a ground based transmitter
can be deposited in the F-region, it must first traverse the lower
regions of the ionosphere where the large neutral densities and
hence high electron-neutral collision frequency can result in signif-

icant nondeviative absorption. If the transmitted wave field is large,

the absorbed wave energy can significantly heat the plasma. Theoret-
ical studies by Holway and Meltz (1973) and Meltz et al. (1974) based
upon current estimates of electron energy loss due to collisions pre-
dict large electron temperature enhancements in the D and E regions
when the plasma is irradiated by high power radio waves at frequencies
near or above the local electron gyrofrequency (-~ 1 MHz). For an
effective radiated power (ERP) of 100 MW, a factor of five or more

increase in electron temperature is anticipated. A temperature change

of this magnitude can significantly alter the electromagnetic properties

of the plasma, resulting in a number of interesting nonlinear phenomena. ¢




One of the principal results of plasma heating by a high power
radio wave, often called a "heating" wave, is the modification of

wave absorption. Wave absorption in a plasma is directly related to

the frequency of electron collisions with other plasma particles, i
and the frequency of these collisions increases as the plasma is

heated. A heating wave can therefore vary the amplitude of all other

waves that intersect its path by altering the absorption of these waves.

In particular, if the heating wave is amplitude modulated, its modu-

lation can be transferred to another wave via the ionosphere (cross

modulation). Moreover, if the heating wave is of sufficient duration,

it can modify the absorption of itself (self absorption, e.g. Gurevich,
1978).

Another important class of nonlinear phenomena arises from heating

induced conductivity modifications. Nonlinear wave interactions via

the plasma conductivity can lead to the creation of new waves at fre-
quencies which are a linear combination of those of the interacting
waves (nonlinear mixing) or, if the heating wave is amplitude modulated
at some frequency, Qp, the plasma conductivity may be varied at this
frequency and lead to the generation of a wave of frequency Qp (non-
linear demodulation, e.g. Ginzburg, 1970).

If the electron temperature in the ionospheric plasma is main-

tained at an enhanced level by continuous wave (CW) heating, the
composition of the plasma may be modified due to the electron tempera-
ture dependence of chemical processes involving electrons, such as

ion~electron recombination and electron attachment to neutral particles.




An increase in electron temperature is expected to decrease the rate
of ion-electron recombination, leading to enhancements of both the
electron and positive ion densities in the E and upper D regions
(Holway and Meltz, 1973; Meltz et al., 1974), while heating the lower
D~region may increase the rate of electron attachment to neutral
particles resulting in a decrease in electron density and an enhance-
ment of the negative ion population (Tomko et al., 1980). In a very
strong wave field, collisional ionization of neutral particles by the
field accelerated electrons may also modify the plasma composition
(Gurevich et al., 1977b). The electromagnetic properties of the
ionospheric plasma depend directly on the electron content and thus
can be modified by the above mechanisms. In particular, heating
induced electron density variations could modulate the ionospheric
dynamo current by changing the plasma conductivity (Willis and Davis,
1973) . '
Experimental evidence of heating induced plasma modifications in
the lower ionosphere is at present rather limited, due largely to a
lack of facilities with adequate heating power. The Platteville facil-
ity has the capability of radiating 100 MW ERP (pulsed or CW) over 3
to 10 MHz and is ideally suited for ionospheric modification studies.
However, only a small amount of preliminary D-region observations were
made at this facility during the early seventies (Utlaut, 1975) and
the facility was not operational during much of the later seventies.

At Arecibo, Showen (1972) has used the 430 MHz incoherent backscatter

radar as a diagnostic in order to observe E-region heating at 40 MHz.
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His measurements of backscatter power indicate a factor of two
enhancement of the electron temperature at 90 km. More recently,
Coco (1979) has used the 430 MHz radar as both a heater and a

diagnostic in order to observe temperature modifications near 100 km.

D~region HF heating experiments at Arecibo have been attempted using
a log periodic antenna mounted at the focus of the Arecibo Observa-
tory's 305 m spherical dish and fed by a 100 kw transmitter (e.g.

Sulzer et al., 1976). However, the ERP for this arrangement (about

15 MW at 5 MHz) is inadequate for producing large electron temperature

modifications. New facilities for ionospheric modification studies
have recently been completed at Arecibo and at Tromsg, Norway (e.g.
Kopka et al., 1976), and each has the capability of radiating in
excess of 100 MW ERP (pulsed or CW) over the 3 to 12 MHz range. These
new facilities together with the reactivated Platteville facility
should soon supply a wealth of data on radio wave modification of the

lower ionosphere.

- Experimental results from previous operations at Platteville have
been summarized by Utlaut and Violette (1974). D-region data were
obtained from observations of wvertical incidence pulse (Al) absorption

q and cross modulation. The Al absorption measurements were made on a

-
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2.667 MHz diagnostic wave and showed about a 6 dB increase in attenua-

tion due to heating at 100 MW ERP and 3 to 6 MHz. Attenuation of the
diagnostic increased promptly (< 40 ms) after turn on of the heating
transmitter, but recovered to its unheated level very slowly (~ 10 min.)

following a long period of CW heating (10 min.). The prompt increase

in attenutation can be attributed to a change in collision frequency
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as the electron temperature increases, while the long term recovery .
is most likely due to an electron density modification. Observations

of amplitude modulation impressed on signals passing through the

region heated by the HF transmitter (Jones et al., 1972; Jones,

1973) show modulation exceeding 8% at 2.5 MHz, 12% at 60 kHz and

a few percent at 20 kHz for heating at 5.1 MHz and 50 MW. Jones

(1973) has estimated that a 40% increase in electron temperature

between 70 and 80 km is necessary to reproduce the observed modula~
tion. Jones (1973) also observed nonlinear mixing effects at

Platteville.

Utlaut (1975) has reported that during a solar flare sudden
phase anomolies (SPA's) were observed in the normal manner on VLF and
LF signals propagating through an unheated D-region, but the SPA was
absent on a 60 xHz signal passing through a heated D-region. Mitra
(1975a) has suggested that the absence of the SPA at 60 kHz may be due
to a change in electron attachment induced by heating, with the
increase in electron density in the lower D-region due to the solar
flare being cancelled by the decrease in electron density due to

increased attachment. Full VLF calculations by Tomko (1978) support

this theory.

Much of the theoretical and experimental work on radio wave modi-
fication of the lower ionosphere has been pioneered by Soviet scien-
tists. High power self interaction and cross modulation effects have
been studied by Gurevich and Shlyuger (1975), Krotova et al. (1977),
and Gurevich et al. (1977a), while observations of nonlinear demodula-

tion effects have been reported by Getmantsev et al. (1974}, Budilin
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et al. (1977) and Kapustin et al. (1977). Radio wave heating theory

has been extensively reviewed and developed in works by Gurevich (1970)
and Ginzburg (1978).

Very recently, Turunen et al. (1980) and Stubbe (1980) have

observed nonlinear demodulation effects in Northern Scandinavia.

1.3 Objectives

The objectives of this study are to develop a theoretical model
which describes the interaction of a high power radio wave with the
complex, chemically dominated plasma of the lower ionosphere, and to
ascertain the validity of this model by experimental observation of
nonlinear electromagnetic effects which result from wave-plasma inter-
actions.

The theoretical foundation for this study is given in Chapter 1I,
where Maxwell's equations are combined with plasma kinetic theory in

' order to obtain a self consistent set of equations which describe
wave-plasma interactions in the ionosphere. In Chapter III, a numer-

cal procedure for the simultaneous solution of the electron energy

equation and the heating wave energy flux equation is described and
implemented in order to study electron temperature modifications
arising from the thermal effect, and self-absorption effects due to the

action of the modified plasma on the heating wave. In these initial

‘ calculations, it is assumed that the composition of the ionospheric
)

f plasma, and, in particular, the electron density, are not altered by
p

' the heating wave. The validity of this assumption is examined in

Chapter IV, and detailed calculations of ion chemistry modifications

’ .~ oA 4 S s T a2 o
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arising from radio wave heating are presented.

In Chapter V the electron temperature and density models devel-
oped in the previous chapters are used to calculate the change in Al
absorption on a diagnostic wave due to plasma modifications induced
by a heating wave. The magnitude and time variation of Al absorption
predicted by the model is compared with the experimental results of
Al absorption measurements made at the HF heating facility of the
Arecibo Observatory by the author and his coworkers (Tomko et al.,
1981), as well as with the Platteville results which were described
earlier.

Chapter VI presents the basic theory of the generation of very
low frequency radiation by nonlinear demodulation of high power HF
waves in the ionosphere. The electron temperature model developed in
Chapter III is used to calculate the change in plasma conductivity
due to an amplitude modulated HF wave which, in turn, is used to ;
estimate the strength of ELF and VLF fields radiated by the ionosphere
due to the modulation of ionospheric currents. The predicted charac-
teristics of the ELF/VLF radiation are compared with the results of
nonlinear demodulation experiments conducted at polar latitudes (e.g.
Stubbe, 1980) and with data from a recent experiment at the Arecibo

HF facility.

o i et R,

The conclusions of this study are summarized in Chapter VII.
The research study outlined above should prove to be useful in a i
number of applications. With the increased availability of HF heating

facilities, a rapid increase in active experimentation with the iono-

spheric plasma can be anticipated. The ionospheric model developed in
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this study should prove to be a valuable tool in the design and
evaluation of these future HF heating experiments. In turn, future
observational results will undoubtably lead to improvement of the
model and a better understanding of ionospheric processes. For
example, the intensity of ionospheric radiation generated by non-
linear demodulation of HF waves is directly dependent upon the magni-
tude of ionospheric currents and their associated electric fields.
These radiatiopns could thus act as a highly sensitive indicator of
natural changes in the global current system. VLF and ELF radiation
generated by nonlinear democdulation may also have potential applica=-
tions to submarine communications.

The results of this research study will also be useful in asses-
sing the impact of solar power satellites (SPS) on the lower ionosphere,
and on radio wave propagation in this medium. Proposed SPS systems
(Glaser, 1977) would convert solar radiations into microwave energy
which would be transmitted to earth and converted into electrical
power. The SPS microwave beam would have a power density as large as
200 W/m2 and could thus cause significant electron heating in spite of
the relatively low ionospheric absorption at microwave frequencies.
The present work extends the results of previous SPS impact studies
(e.g. Perkins and Roble, 1978; Duncan and Zinn, 1978; Holway et al.,

1978) by taking into account the complex chemistry of the lower iono-

sphere and its dependence on electron temperature.
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CHAPTER II
IONOSPHERIC ELECTRODYNAMICS

2.1 Maxwell's Equations

~The objective of this chapter is to develop a self-consistent set
of equations to describe the interaction of a strong electromagnetic
wave with the ionospheric plasma. The starting point in the descrip-
tion of electromagnetic phenomena in the ionosphere, as in all media,
is Maxwell's equations. In the international (MKS) system of units,

these equations are of the form (e.g. Yeh and Liu, 1972)

> > > -;—» >, >
V x H(r, t) = D(r, t) + J°(x, t) (2.1)
VXE(, t) = - B(r, t) (2.2)
> > .
VD, t) =0(r, v (2.3)
- > >
VeB(x, t) =0 (2.4)

1 where
> .
E - electric field strength
-
H - magnetic field strength,
> : .
D -~ displacement density,
> . .
B - magnetic flux density,
>, .
J° = current density, and

-

| p° - charge density.
; The dot above a given quantity dénotes partial differentiation
with respect to time (i.e. 3/9t).

Strictly speaking, the f%eld quantities which appear in Maxwell's

equations are average values taken in the statistical sense (i.e.
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averaged over an ensemble of equivalent systems). However, in plasma
applications, one is concerned with fields whose wavelength is large
compared with the mean distance between plasma particles. Statistical
averaging is thus egquivalent to averaging over a physically infinit-
esimal volume, d; = dxdydz, of dimensions which are much larger than
the mean distance between plasma particles (i.e. a volume containing
a large number of particles). Hence E(;, t) is to be interpreted as
the average value of the electric microfields in the volume element
d; centered at position ; at time t. The other field guantities are
similarly defined (Ginzburg, 1970).

The current density, 3', includes externally applied currents,

>
J

ExT’ such as those associated with transmitting antennae which may be

<>
immersed in the plasma, and plasma currents, J, arising from the net
motion of charged plasma particles. Likewise, the charge density,

p”, consists of an externally applied part, p , and the plasma charge

EXT

density, 0. Hence one writes

0’ (Z, t) (Z, &) + 0(Z, ©) (2.5)

PexT

(r, t) + 3(z, ©) 2.6)
EXT r, t r, t (2.

n
Gy

>, >
J(r, t)
The external charge and current densities may generally be regarded as
. . R . R > > > >
given quantities, independent of the field vectors E, H, D and B. The
charge and current densities are related by the charge continuity
equation

>, > o, >
Ved? (@, t) =-p"(r, t) (2.7)

Maxwell's equations combined with the charge continuity equation

B DGO i - 5 v s w0 s A
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amount to two vector relations (2.1-2) between the five vector unknowns
E, E, B, E and 3, along with three boundary conditions (2.3-4 and 2.7).
To complete this system of equations, one requires a set of three vector
equations relating the displacement, magnetic flux and current densities
in the medium to the electric and magnetic field strengths. The
required set of relations are called material or constitutive relations.
At an elementary level all matter may be considered to consist of
charged particles; some free (ions, electrons) and others bound (neutral
atoms or molecules). The formulation of the constitutive relations for
‘ a given material thus amounts to a description of the effects of the
motion of these charged particles on the electromagnetic field vectors.
The description of these effects may be approached from two different
viewpoints; one macroscopic and the other microscopic.
At the macroscopic level the effects on the fields due to charge
motion are taken into account by means of a set of constitutive para-
“1 meters. The motion of free charges is described by means of the con-
ductivity, 0, the translational motion of bound charges is described by
means of the permittivity, €, and the rotational motion of charges is

described by means of the magnetic permeability, U The relationship

M

between the field vectors in the medium are specified by the equations

> > > >
D(r, t) = € E(r, t) (2.8)

> > -> >

B(r, t) = Uy H(r, t) (2.9)

> > > >

J(r, t) = 0 E(x, t) (2.10) )

These simple relations are used extensively in the study of linear
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electrodynamics (e.g. Jordan and Balmain, 1968) and apply to homo-

geneous, isotropic media. However, equations (2.8-10) are not, in %

general, applicable in ionospheric studies since the plasma can

exhibit nonlinear, nonhomogeneous and anisotropic characteristics.
At the microscopic level, the electromagnetic properties of a

medium are described in terms of the dynamical behavior of the elemen-

S

tary charges which comprise the medium. In this viewpoint one dis-

penses with the concept of a material medium per se, and instead

considers the ensemble of plasma particles situated in free space. . ‘
In any infinitesimal volume d;, it is assumed that the number of
positive and negative charges are equal so that there is no net charge
in dr (i.e. o(;, t) = 0). The physical reasoning behind this assump-
tion is that if each d; had a net charge, there would be a potential
difference between volume elements due to Coulomb forces and the
plasma particles would quickly move between volume elements in such a
way as to reduce the potential difference and restore neutrality

(Yeh and Liu, 1972). In the presence of an electromagnetic field, the
charges in the plasma (free or bound) are displaced by the Lorentz

force due to the field

- -> -~ -
F =q (E+V XB) (2.11)
s S S

>

where qs is the charge of the s-th type of plasma particle and vs(r, t)
-5

is the velocity of some s-type particle in dr. This action gives rise

to an average convection current

I=7 a n, <§;S> (2.12)
S
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where ns(;, t) is the number density of s-type particles in d; and
;s(;' t) 1is the average velocity of the s-type particles in this
volume. The plasma particles are situated in free space; hence, the
permittivity and magnetic permeability are those of a vacuum: € = € ,

o

| uM = uo. One therefore has H

> >
D=¢ E (2.13)
and

>
B

1]
=
o]

(2.14)

Equations (2.12-14) are the constitutive relations in the microscopic
viewpoint.
Using the microscopic constitutive relations one can rewrite

Maxwell's equations in the form

> . > -
v x H = jwe E + é q  ng Vs> (2.15)
. X E ~ -jup A (2.16)
= Veb=o (2.17)
Veh=o0 (2.18)

- -
where it has been assumed that the field vectors E and H vary sinus-

;* oidally as ejwt with angular frequency w (i.e. monochromatic fields),
J and the medium is assumed to be free of externally applied sources
"y
-5
, (i.e. JEXT = 0, pEXT = 0). In order to complete the system of equations

(2.15-18) one must supplement them with a set of dynamical equations
of motion for the plasma particles. The formulation of these dynamic

equations is described in the following section.
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2.2 The Kinetic Theory

The kinetic theory attempts to explain the physical properties
of a plasma by considering the forces of interaction between the
component particles of the plasma in the presence of externally applied
force fields. 1In this theory the state of the plasma is described by

distribution functions for each type of constituent. The distribution

-> -
function fs(r, vs, t) for the s-th particle type is defined such that
=S
the number of s-type particles in the differential volume dr located

> -
at position r at time t with velocity components in the range v to

> -~ > > > > A
v + ¢@év_is given by £ (r, v_, t) dr dv_ where dv_ = dv__dv_ dv is
s s s s s s SX sy sz
>
a differential volume in velocity space centered at vs, and st' Vsy'
>
vsz denote the cartesian components of VS. The number density of
s-type particles at r and t is thus given by
o]
-+ -+ > -+
n(r, v = | £, v, 8 av (2.19)
s -2 s s s

The fundamental equation governing the particle distribution func-
tions is a plasma is the Boltzmann equation which is of the form (Holt

and Haskell, 1965)

- > > o
-~ f =-v +VEf -R ¥V fs + §E'fs ) (2.20)
coll

where $v is the differential velocity operator defined by the rela-

tion
ﬁvfs = 5r E Rt £ 9 £ R (2.21)
sx sy sz

=
The term RS is the force per unit mass on s-type particles due to
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-
externally applied fields. For electromagnetic fields Rs is given

by the Lorentz force per unit mass

R (E.+ v xB) (2.22)
Rs = q, (E, v, X BT /mé .

>
where qs and ms are the charge and mass of s-type particles, and ET

-
and BT are the total electric field and magnetic flux density acting

> >
on s-type particles. 1In this study ET = E, the electric field of the
>

> > >
heating wave and BT = uoH + BE where H is the magnetic field of the

->
heating wave and BE is the magnetic flux density of the earth's mag-

netic field. Boltzmann's equation states the local variation in the

distribution function, 3fs/3t, is equal to the variations in the

distribution function due to streaming of particles in or out of a
-+ > > >
given volume, VS' st, externally applied forces, Rs . vas' and col-
lisions of s-type particles with one another as well as with all
other types of plasma particles, (st/at)coll.
Particle collisions in a plasma are of two basic types: long
range Coulomb interactions between charged particles (e.g. electron-
electron, electron-ion or ion-ion collisions) and short ranée inter-
actions involving at least one neutral particle (e.g. electron-neutral,
ion-neutral or neutral-neutral encounters). The former type of col-
lision is a multiple interaction in which a charged particle continuously <
interacts with the Coulomb fields of a large number of other charged
particles. 1In contrast, the latter type of interaction is a localized
;
| encounter between two particles (i.e. a binary collision). Based on

the relative importance of each of these types of collisions in deter-

mining the physical properties of the plasma, one can distinguish




]
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between two different types of plasma: a strongly ionized plasma in
which Coulomb collisions are dominant, and a weakly ionized plasma
in which binary collisions overshadow Coulomb interactions. In the
lower ionosphere the electron and ion densities are much smaller than
the neutral density, and the properties of the plasma are governed
primarily by electron-neutral and ion-neutral collisions; hence, only
binary collisions are considered here.

The time rate of change of the distribution function, fs, due to
binary collisions between s-type particles and all other particles

can be written as an integral of the form (e.g. McDaniel, 1964)

9 £ ~ 0~ >
('{3‘{ s)con = z fj (fs fk - fs fk) g qsk(g, 8) 4 dvk (2.23)
k

where
qsk(g, 8) a2 - differential scattering cross section for
collisions between s and k type particles,
-> -+
g = |vs - vkl - relative speed between colliding particles,
dQ = sinbdf d¢ - differential solid angle, and
- > s '3
f# - angle between vs - vk and Vs - Vo

where the tilde above a given quantity indicates its value following
the collision.

The collision integral includes all types of binary processes
which occur in a plasma. Depending on the types of particles involved
in the collision, these processes may include elastic scattering,

inelastic encounters resulting in the excitation of rotational, vibra-

tional or electronic energy levels of one or both of the colliding

t
partners, collisional ionization, ion-electron recombination processes,

oL e pem, o



22

electron attachment to neutral particles, charge transfer and many
other types of chemical reactions.
Given the distribution functions for a plasma, the mean value
‘» + I3 . I
of any plasma property, ¢s(r, vy t) , associated with s-type particles

(e.g. velocity, kinetic energy, etc.) is given by

o0
- 1 > > > > >
% (r, t) = —F——-r  (r, v, t) £ (r, v , t) dv (2.24)
s ns(r, t) s s s s s
-0

In particular the constitutive relation between the current density

and the electromagnetic field in a plasma is given by

8

-> > -> > > > > -
J(r, t) =] gq v £ (r, v, t, E, H dv (2.25)
S S S S s

S

8

where the dependence of the individual distribution functions on the
-> -
heating wave field vectors, E and H, is specified by Boltzmann's

equation.

2.3 Solutions of the Boltzmann Equation

For a homogeneous plasma on which no external fields are active,
the steady state solution of the Boltzmann eguation is the well-known
Maxwellian distribution function

3 -+
M ms /2

= — S
fs,O ns 2m KB TS e s S B s (2.26)

where

T - characteristic temperature of the s-type particle

distribution,
B = 8.617 x 10~° eV/ K - Boltzmann's constant, and
-+ -> -> s
VS = vs -( vs> - thermal speed of s-type particles.
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if the mean thermal speed of s-type particles is much larger than
their average velocity, one can write 35 . 35 x V52 so that the
Maxwellian distribution is symmetrical (i.e. depends only on the
magnitude of ;s). This condition is usually satisfied for electrons
and ions in the lower ionosphere (Gurevich, 1978).

If the distribution function of each particle type in the plasma
is Maxwellian and all of the particle types are characterized by the
same temperature, then the plasma is said to be in a state of thermal
equilibrium. 1In this study, it will be assumed that, in the absence
of heating wave fields, the plasma is in a state of thermal equili-
brium characterized by the neutral gas temperature, Tn. This is a
reasonable assumption in the lower ionosphere (i.e. < 100 km) where
good thermal contact between the plasma particles is achieved due to
the high density of the neutral particles and the corresponding high
frequency of particle collisions (Banks and Kockarts, 1973). How-
ever, in the upper ionosphere, the neutral particle densities are
smaller, particle collisions are less frequent, and the electron,
ion and neutral temperatures can differ significantly (Schunk and
Nagy, 1978).

For the general case of a plasma containing spatial gradients
and acted upon by external fields, no exact solution of the Boltzmann
equation is known. However, one can construct an approximate solu-
tion to this equation by expanding the distribution function as a
series of spherical harmonics in velocity space and them making cer-
tain agsumptions about the state of the plasma in order to make the

problem mathematically more tractable.

R . LM
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The spherical harmonic expansion of the distribution function, .
fs, in velocity space is of the form (Brandstatter, 1963)

© n

> > m - m
fs(r, Ve t) = zo m{_n fs'n(r, v t) Yn(a, B) (2.27)

. . - m
where Vs' o, B are the spherical polar coordinates of Vs and the Yn

are normalized spherical harmonic functions defined by

Y:(a, B) = (-1™ [ (2n+1) (n-m)!] Zsin™a _ d" P (cosa) &Jm6
am (n+m) ! d(cosa)mM
(2.28)
where Pn(cosa) is a Legendre polynomial of order n; and
¥H* = (-1 " (2.29)
n n

where (Yz)* is the complex conjugate of Y:. The spherical harmonic

functions satisfy the orthogonality condition (Arfken, 1970)

2r x
™ )
Jr .]'Yn (a, B) Yn (a, B) sina da 4R = Gn n 6m n (2.30)
1 2 1’ 72 "1’ 2
0 0
where § is the Kronecker delta function,
n,., n
1 2
5§ = 1, ny=n, (2.31)
’
1 2 0, nlafn2

The general procedure for solving Boltzmann's equation using the
spherical harmonic expansion is to substitute (2.27) into the Boltzmann
‘%

. . m .
equation, multiply the resultant equation by Yn, and integrate over

sinoadadB. Using the orthogonality relation for the spherical har-

monics to eliminate the double summation over n and m, one generates

e e,
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a series of equations involving the functions, fsfn' If one can
solve these equations for the fsfn up to some order n = N, then
(2.27) can be used to write an N-th order approximation to the

distribution function (e.g. Gurevich, 1978). A modified form of

this procedure will be used in the following section to study the

electron distribution function.

2.4 The Electron Distribution Function

This section outlines a first order solution of the Boltzmann
equation for the electron component of a weakly ionized plasma in
the presence of a heating wave field and a constant geomagnetic field

>
of flux density, B_. The objective of this analysis is to develop

E
an expression for the electron current density, Ee' induced by the
electromagnetic field of the heating wave. Since one is concerned
only with the field induced current, the effects of gravity and
spatial gradients will be neglected. It is also assumed that the
plasma is nonrelativistic so that the force exerted on the plasma by
the magnetic field of the heating wave is much smaller than that due

to the corresponding electric field, and can thus be neglected.

>
Finally, the electric field of the heating, E, is assumed to vary har-

monically as e]wt. Under these conditions the Boltzmann equation
becomes
- ->
3f -e (E+v XB) *+V £ =| 3f
== e - e E v e = e (2.32)
ot m ot
e coll

where -e = q,-

T W T
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From equations (2.27-28), one has to the first order in n

Y L . 3
1 0 3 . B .1 3 0
fe = (4ﬂ ) fe,o - (sn ) sina e fe,l + 4ﬂ) coso. fe,l
b .
3 . =3B _-1
+ (8Tr ) sin0d e fe,l (2.33)
f
or more compactly
£ =f +8 - f 2.3
R S ae e 1 (2.34)
where
| ooe ()5
e,0 4w e,0
]
b4 3 l ~ 0 ~ -1 ~
= —_— +
fol (41r) 1% v 5,187 518
and
A b
a =v /v
e e
_ =sina eJB él + coso 82 + sina 538 63
VY2 V2

with él' 82, 53 being a set of complex orthonormal vectors.

Substituting (2.34) into (2.32) and integrating over sinoadadf,

one obtains

L ez 03 27 y_.[2
93t e, 0 m 3v 2 Jv e “e,1’” |3t e,O) (2.35)
e e e
coll
2w v

= & f[(—-az fe\’ sina do dB (2.36) o
coll ¢
00
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Similarly, by inserting (2.34) into (2.32) and integrating over

>
ve sina da dB, one obtains

o
»
Hhy

-2 E =t -= —(—3? ) (2.37)
at “e,l m, ave e,0 m, E e,l ot “e,l coll

m
f a a—a £ sino do dB (2.38)
t e
5 coll

33 .3
at “e,l To4m
coll 3

Considering the expansion (2.34), one notes that the terms fe 0
14

<>
and fe 1 depend only on the magnitude of ;e; hence from (2.24) and
14

the identities

2m
-
ff ve sinag da dB8 = 0 (2.39)
00
27 T
- > T
ff v _v_ sino da dB = -4—v2 I (2.40)
e e 3 e
00

where I is a unit diagonal matrix, one finds that

-
(7o) =i"—f v i o av (2.41)
e 3n e e,l e
e
0
and o
<v2> = A f Ve av (2.42)
e n e e,0 e
¢

->
Thus, the average electron momentum, me< ve> and the electron current

density

Ee = -e ne<3e> (2.43)

>
are related to f , while the average electron energy, m, <V2 )/2:

e,l

wtliin,
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>
is related to fe,O' The corresponding collision terms (afe’l/at)co11 .
and (afe,o/at)coll describe the transfer of momentum and energy,

respectively, from electrons to the neutral gas.
In order to evaluate the collision terms (2.36, 2.38), one must

first evaluate the collision integral (Bfe/at)c which is given

oll

by (2.23). 1In the weakly ionized plasma of the lower ionosphere,

electrons collide primarily with neutral particles, principally N2 and

02. Since these particles are much more massive than an electron,

one could assume as a lowest order approximation that the neutral
particles are infinitely massive (i.e. they are initially at rest
and do not recoil as a result of collisions with electrons). This

assumption implies that Ge =v, =g fk = £, and since fe’o and
-> >

fe,l depend only on the magnitude of ve, one has fe,o = fe,O'

~

>
e = fe 1° From these conditions and the collision geometry given
-k ’

mie

in Figure 2.1, one finds that

-~ E - f = ~ - ~ . -* .
fe k fe k (ae ae) fe,l fk (2.43)

{sin® cosd siny + (l-cos8)] cosy fe,l fk

>
Substituting (2.43) into (2.23) and integrating over d¢ and dv , one

k
finds that the collision integral can be written as
a ~N -+
— f = =)V . .44
( 9t e ) z ek e fe,l (2.44)
coll
k

where T
vek(ve) = 27 n, Vg J (l-cosf) qek(ve,e) sin 46 (2.45)

0

is the electron-neutral collision frequency for momentum transfer

_d
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Figure 2.1 Geodmetry of momentum transfer
collisions.
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with the k-th type of neutral constituent. Inserting (2.44) into

(2.38) and applying (2.40), one finds that

92 =- 1 H (2.46)
( 3€ ‘e,l = Vek ‘e,1 ’ .
coll "

and substituting (2.44) into (2.36) and applying (2.39), one obtains

it “e,0 coll = 0 (2.47)

v

Equation (2.47) states that for infinitely massive neutral par-
ticles, there is no energy transfer from the electrons to the neutral
particles during collisions. In order to allow for energy transfer,
one must recompute the collision integral for the case where Ge # ve

(i.e. me62/2 # mevz/2). This shall be done presently.

>

Focusing on fe 1’ one has from (2.37) and (2.46)
14
9 % e 2 ¢ ¢ B.xt =1 T (2.48)
3% ‘e,1 m v e, 0 m EXTe,1” Vek Te,1 .
e e e X

Since one is only interested in that part of the current density which

>
is induced by the electric field and E is assumed to vary harmonically

as ejwt, one may assume that Ee 1 also varies as ejwt. Equation
’
(2.48) can therefore be written as
jw £ e 3 xT _+v_ £ o =-2 %2 ¢ (2.49)
Wlel1 ™ m E* fe,1 en e,1 m v. e,0 :
e e e
where
= AV °
Ven Zek (2.50)
k

~ﬁ~wm¢»n1m--n-1!!
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This equation may be put in a more compact from by defining the

following quantities:

> -
Y=-eB /mw (2.51)
. E e
zZ = vm/w (2.52)
and U = l -3z (2.53)

Rewriting (2.49) in terms of these quantities, one has

K ;Y x £ i = 2 ¢ (2.54)
u e,l J e,1 J m W E Bve e,0 )

Let ﬁl, X. and X_ be a set of orthonormal unit vectors chosen such

2 3
-> ~ - ~
that Y is parallel to x3: Y=Y x3. Writing the left hand side of
(2.54) in matrix one has
+> . e > 9 .
A fe,l 3j —— E 5o fe,O (Z.55)
e e
where
U jY 0
A =|-jY U 0 (2.56)
0 0 U

in the above coordinate system.

Solving (2.55) by matrix inversion, one has

‘f’ _ .
e.l - J
where
-1 _ 1
= Tuw?-yd
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One can now write the electron current density (2.43) as

2
Ezﬂj-e—IA-lv'a—-a—f av_E (2.59)

- e ov e,0 e
e

->
From the above equation, it is apparent that one can write Je as a
conduction current

- -
J =0 B (2.60)

T = GH cT 0 (2.61_