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INNOSP1ERIC MOD1F ICATINN BY HIGH-POWER RADIO WAVES

Lewis M. Duncan
University of California, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Powerful, high-frequency radio waves have heen used to temporarily modify the iunosphere,
Thermal and parametric interactions have led to a diverse range of observed phenomena, including
generation of density striations and artiricial spread-F, enhancements of electron plasma waves,
production of extrathermal electron fluxes and enhanced airglow, modification of the D-region
temperature and densities, widehand signal attenuation, and self-forusing and scattering of the
electromagnetic waves, The physics of {onospheric modification by high-power radioc waves ia reviewed
in the cortext of our current theoretical understanding; d4isturbance generation mechanists are
qunlitatively described, In addition, resulta of recent experiments are summarizea {n which
fonospneric irregularities are generated and their evnlution and decny processes investigated in
detall, The effects and potential controlled appli~alinns of these H¥ f{onospheric modifications fnr
various RF systems studies are discussed, The C T sclentificr community provides an 1important
motivation for these Jlondapheric modification studies; their {increasei interaction and artive
participatinn in experimental deaign and interpretation {s encnuraged,

INTROD I7TI W

The loncsphere {8 romonly defined as that part of the earth's upper atmosphere where !(rew
elentrons exist {n sufficien! numbers so as to affect raiio wave propagation, Numerous telecommuni-
cations systema rely on *hin partinlly fonized plagma througkh {onoapheric reaflections or tranainnn
spheric propagntion an part of their commumications aignal p.th, The majn=ity af atudies of the
effects nf the {t.noaphere on cemmunicatinne systema addraess specifically the influance of {onaspheric
disturbanren on rallo wave propagation, Hownver, the propaga'lon of electromagnetic ratiation
through a plamma {s inherently a nonlinear procean, No' only doen the plasma throwugh ita index of
refraction w4 collisinnnl Adamping affect the propagating radio wave, but. a.a the rallio wave
through olrmie heattng an! the ponderomotive for~e may {nfluen~e (he hehavior of the plama, Thina
atudy diacysaen fonoapheric modifications and accampanying RF ayntema effect s which may be generated
Wy highapewer radic wave propagation theough the upper atmoaphere,

Within the pant decade it hant hecame technoslogically  feanihlie tr econatruet  groum f-based
high= frequency (HEY tranmmitting ayatems capable of delivering RF energy to the {ononpheric plnwma
With power densities sufffcient to alter the fonaapheric electran thermal budget and local plas=a
charasteriaticra, driving a wide variety of plasma {natablilitien and nonlinear wave propagation
affectn, Somn of the primary and  secopda=y martifenta*{onn of nuch energy depoafition in the
{opaphsre and upper atmosphere are patel schemptienlly fn Figuees ' (fram Carlacn and Puncan, 197°7Y,
Reaulta of experiments performel uaing such high=power W facilities have by now had  important
applicationas to a number of areat of plamma phvaten,  telecommunicationa sactenes,  and  banle
onoapherie pesearsh,  Such "fonoapheric modification® or "heating” fat1{tira have been operate! {n
the Umtel Statea (At Arectbo, Puerte Rico and Platteyville, “nloraded, the HSSR (at Gor' kil and
Moacow) a1t moat recently {n Furope (At Tromas, Norwny!',

W {onoapherie modificatfon ressarch han many potent {al app!icatfons 1o atulisx of jonoapheris
affecta on ralio wave aystema,  High-power radic waves oan he uaed Yo prodoes con rolled fonaapher g
plama  envirommerta Lo inveatignte the temporal  and  apatial  evolution of infuced  fonoapheric
diaturbanrea,  Recont work in this area has concentrated on the dynamicas and dixatpation propertien
of fonoapherie field=aitaned density iresgularities and artificial apread-F plasmn striations, In
andition, intuead fonoapherie (rreqularition or changen (n the {onoapherie thermal and TR hackgrounda
may perhapa be uisd o provide countarmeasures to radara and aatellitr~baaed aurveillnnes ayatoan, ‘o
create new propagation patha nnt naturally preaent  fop over-the-hortson O TH radara or
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plasma, Heating-induced changes in the local ionospheric conductivities can be used to generate LF
and VLF radio waves emitted from the heated ionospheric regions. As a result of the nonlinear
dependence of wave absorption on the incident field amplitude, strong amplitude-modulated radio waves
may suffer appreciable selt-distortion of their modulation as they propagate through the ionosphere,
Analogous nonlinear distortions can affect the waveform of the envelope of strong radio wave pulses,

Change of Wave Refrdction and Self-Focusing. Natural density fluctuations in the ionosphere cause
small variations in the index of refraction of the plasma, resulting in a slight focusing and
defocusing of an electromagnetic wave propagating through the medium. The electric field intensity
insreases as the incident wave refracts into regions of comparatively underdense plasma. Nhmic
heating and the electric-field ponderomntive force (a radiation pressure) ther drive plaama from
these focused regions, further amplifying the initial perturbation. This self-focusing process
continues until hydrodynamic equilibrium {s reached, creating field-aligned striatioss within the
plasma, This process is illustrated schematically in Figure 2.

As a result of the change of the refractive index of the wave in the plasma, the beam trajnctory
is distorted and the wave's direction and propagatior pat: are shiftad, For radio waves reflecting
in the ionosphere, {f thermally-induced imbalances of ionization are not significant, the wave's
reflection height shifts upwards, Sufficiently powerful and narrow heams may then penetrate through
critical density layers in the ionosphere,

Fven a weak plasma nonlinearity causes radio wave propagation trajectorics tn bend noticeably,
This leads to focusing and filamentation of the incident ra - io wave beam, to the onset of wave field
intensity oscillations, and to stratification of the f{oncipheric plasma density, The resulting
large-scale field-aligned ionospheric irregularities ran imprie severe scattering, a~intillation, ani
distortion effects on other radio waves over » wide frequency raige which may propadate through this
modified region,

Wave Interaction. The nonlinearity of radio wave propagation through the fonosphere also mManifen's
ftsell as a violation of the principle of superposition of waves. When a 'agh-power radin wave
propagates through a plasma, it changes the absorption and refraction properties of the metjgm ot
only for {tself, but also for all other raifo waves passine through the same regton, The radis wiven
thus interact {n the plaama, In particular, {f the high-power ratio ware {2 amplitydeemetal b et
then the resulting changes of absarption can cause thin modulation to be tranaferred to other waven
passing through the same reginn of the {onosphere, Thia phenomenon  »f  croas mofgiat{sn ia of
practical importance for radio wave systems operating at mediur wavelengtns ant for short pulae wave
interactinon astudies of the fonosphere, Absorption changes {ndy:e! by stromg ratic waves can be e
extremely large, and {n practice can enable a strong ratio wave t - totally nuppress or fistaet bey o
informational use other RF signaln propagating through the pertarhef regfn,

Nontinear interacticn hetweon several high-power radio waven can also be vge! Y gonerate ey

ratio waven at  camhination antd difference frequencies, to Jdrive resonant plasma oafline . s
unstable, or to prodjuce new LF and VLF =atio waves by low=frequen-y modulation of o single hidbh-powe
wave, In addition, various normal componenta of the vadio wave polarization nantinearly {n*eeg-t
with one another in a magnetoartive plamma, Thin can lead to a nonltnear rotation of the pelar, e
tion ellipse and to sel femodulation effecta,  The nonlinear interaction of ratis waven in the | ooe
sphere can al 8o generate through nonlinear wave tranaformation proceager othar types of elecbte vy
neti1o and electrostati{c waven, such as plaama waves, whistlers, {on-nommd wiaves | madnet chy ety e
wavenr . or aconatic waves,
Rreakdown lontzation, In the fielda of very powerful radio waven, free eleoctprons may becane acoeis
ornted i(‘f'ﬂ‘r{t'wr;l-l}“n. aufficient to impact {onize meleculen and atoms (n the {anoaphers durfng o1l
stona, Thia electric breakdowr of the neu'ral gas reaulta {noa ravld and Jarge fncreate o tae
plammg slectron rnumber denaity, The nonlineartty asnoci{nted with thin procens alas teals to o very
fant inerease in the wave absorption, and to a raptd saturatisn of the wave e}y, The epfter n
thus  ael f-quenching, An equally strong increass accuras fa the ahnorption of other waver pan, oy
through the tonization regfon: the high-power radio wave effectively attenunten other Rboowjara e
propagat ing through thia med{um, In addition, th: artift~ial nization regiona can be uand o
seatter or reflect VHF and UHF padio waves which normally pann theough the  fonosphere anlmpe fet
potentially impacting numerous telecommuni catfons syatema relylng on fransyanonpher{c propaga’ tor,

Tnatability Excttation,  High-power ralio waves (nereans the electyon temperatare and chaage the
eleoctron ald {on densitien in the modifind fonosphere,  Artificial inhomogeneities can eastly hecome
unatable, auch ax with reapect to flute, drift and fon-cyclotron waves,  Tonoanpher i modifoabiooo s
Lhe field of high~powesr redlo waves can sxcite new plamma onefllartnn and erhanee exiat ing oact )
tiona, forming an electrogtatically turbulent plasma envivonest Tole wreongly inflosneen the
conditiona of radio wave propmiation in the mod!Cied reglon ot Yhe Lonosphere, canning ad i ttionag.

anomaloya atgnal abaorption and aeattering,



Resorant instabilities can be excited in regions where the radio wave frequency 13 close to some
natural oscillation frequency of the plasma, In these regions, the electramagnetic wave may excite
natural pleasma oscillations through linear wave transformation., This process leads to the develop-
ment of small-scale fielo-aligned plasma striations anl the effective absorption of radio waves by
the plasma. The resulting small-scale plasma irregularities also effectively scatter VHF ard UHF
radio waves vver a wide frequency band.

Another {mportant nonlinear phenomenon that occurs in the plasma resonance region {3 the excita-
tion of parametric instabilities. Parsmetric wave-plaama interactions can generate enhanced plamma
and jon-acoustic waves in the field of a powerful radio wave. 1In eidition, parametric instabilities
can lead to effective nonlinear generation of noise and to absorption of the incident ra'iation by
the plasma. Parametric {nteracti{ona are usually accompanied by pulsations cf the wave reflected
from the i{onosphere and by the generation of energetic electrons (1-20 eV) accelerated as a result of
Landau damping of the enhanced plasma wauves, Interactions between parametricalli-enhanced electron
plasma waves may also ic¢ad to the formation of short-scale plasma striationc capable ot coherently
scattering VHF and UHF radic waves,

Ir addition to their 1local 1ionospheric effects, nonlinear wave-plasma interactions may be
reasponsihle for a number of new phenomena outside of the modified region., Electrons accelerated In
the perturbed F-region {onosphere and high-power low-frequency radiati{on produced by wave modulation
or wWave-wave |nteraction processes both may have a satrong influence on the behavior of the
magnetospheric plasma, Wave energy nabsorbed by the {onsopheric free electrons ultimately may be
transferred through collisions tn the neutral molecules and atams of the upper atmosphere, This
process can result in noticeabl: heaiing of the neutral atmsophere, airglouw both in the visible ant
infrared, camposition changes, ani poasibly the launching of acoust{c-gravity waves anl the.r
asssriated travelling ionoapheric disturbanceasa, Fach of these perturbatinns, throug’ the:ir
{nteractinns with other railis waves, i1onospheric fields and -~urrents, faat electrona, ant
magnetaspherie whistlers, may themaelves give rise to additional noniinear phenomenn.

FYPFERTMENTAL HTSTORY

The {ni*tal high-power high=freqiency lonnapnerce modification facilities were cona‘ructe) n
ant: ipation of rother gentle enhancements of the {ornsapheric free electron temperatyre, wWith
as crated planma redintribution,  However, {r allltinn to the experled increagen of the alect 0 gas
temperatare, g orich sapectrum of plasma instabilities and nonlinear wave propuagation efferte were aln.
ex i ted . The most prominent nonlinear phenomensn detects! 1n thene ecarly experimen v was agsarint et
with H¥-indfure! parametric {nstabilities, protocing enhan:od plasma waves, anamalnyn RF ahaorption,
acceleratel enerygetis electrons, ant airglaw excitatinn ("arlson and Duncan avy, Thene gtodien
Derefited graatly from o the active gntereat of many leadine plamma physicista [e.g., Perkina ant Kaw,
AT Valeeo v gl 00 T 0 Feyer g Lear, Y0700 darker, 10 Duydain o pnd Soldman, Y9720 Rogenhlogth,
Yo, Hoviewsn of reculta ohtaine! in these early experiments can bhe found in apecial {gngen o
Koolte Seqence 0 00 1 end Tzv, Vuash, Hepebn Raved, Hadioffz, (Y4, 9, 19750 ) 01, 1T

e paranet s antabil ity mechaniam entalila a pump or driving field winse arerpy cascaden 1n' o

piatma anedllations gt Lwa Jower natural renonant frequencieas {n the planma, 'n thia caae, tr.
iphepower HE electranagnetic racaation provides the {n:itial driving field, and the longitulinag:
rlectr mbaty ey electran plasma wa.e and  the aon-acoustis wave (parametric decoy Anstabi] ity "
doroefreaanency  jon made (two-atream or purely growlng  fnatab{ilty) represent  the pargmetricslly
entan o orcrliationg, Rarfir meangrement . of the noetpra of these onhgnee] plasma wiaven (Kane o
B I Chowen, 1975 Dunean 1ot fnvestigate!t  *he  enhance !l plasma wave  atructuyre . in-lo!ine
i tirional featares appare' 1y asaociated with e aatgpration  of  the parametrleally  enban e
axc il iatvona, Treae striucturen were satisfretoertly axplained (n terms of o aaturation mechanism

Lased on qecontary parametric decay Interget topn oowith the anhiance b e inetranragng plasma g Ll iation:
Acting an new e waves (Perkina et al 0 1970, Feter and oo, 1978 0 The inatability threaho!d and
anturation ape tram jn affected by the loeal plasma ool lfagon freqaoney dennity gralient
gremaenet e crioptation, and amplif{cation of the {ncident radio wave through focuning fasl f-nct o
aropre—ex it g tuetx and Ary-atruyctare seelling near the refles tion altitayde . Figare { prenent:s
anoambient {apoaphersie alectron denaity profile as meagnure ! with the Arectbho Incoherent basnent ter
ralaor s oand a corpsaponding profile meanared with the afdel (nfluence of Wigh=-power HE ratia*yon,
ahowing o narrow relton of paramer cleally-excf{ted elactronratic turhogoepnee near the HE raflest  on
het

Pulaed ratar studien of Yhe gdonasphere often detect mgitiple or apread return echaen Rk
echoen from the nataral fonoaphere have heen used historieally to {dentify and characterize an
Fernsy nophienmonon called apread=+, and have bLoeon atbtribated to elsctron denaity trregularitian,
The  phyalcn behint  the genseatfon ant matntenance of the {preegularitien 13 st {1l uneertatin,
Morpholonteatoy, natuerally  occorring jreegalarilies are  neen in the Foregion 4 oponphere  with
fract s ol depaity chpngen an large an 10 Lo W0 tn only n frw kitometepa, Satell{tasborne proben
an Atmeapher e Fxpiorer have aeasen ot oacale atzen from aeveral kilomeotera to gn oamall oo ndomy



limited by the telemetry rate on that information channel; coherent radar studies, particularly
involving the 50-MHz radar at Jicamarca, Peru, have measured spread-F echoes from structure with
j-meter scale size. A condition indistinguishable on an ionogram from naturally-occurring spread-t
can be generated reproducibly bv illuminating the ionosphere with intense HF radio waves (Figure 4;
Utlaut and Violette, 1972), Experimental HF radar studies (Figure 5; Thome and Perkins, 1974), radio
scintillation measurements (Figure 6; Getmantsev et al,, 1976; Rufenasch, 1973), AE satellite meas-
urements (Figure 7, J, P, McClure, 1977; Carlsor and Duncan, 1977), and interaction region striation
mapping (Figure A; Duncan and Behnke, 1678) have presented observational data to support interpreta-
tion of these large-scale spread-F effects as due to a thermal self-focusing instability (Perkins and
Valeo, 1974: Perkins and Goldme1, 1980), Additional studies have confirmed that these HF irregulari-
ties apparently form with power spectral densities sgimilar to natural spread-F, bariur cloud stria-
tions, and irregularity stricture found in the high-altitude nuclear envizyiment (Figure 9, Ganguly,
1987) Ray tracing simulations of observations have suggested 3cale sizes perpendicular to B of a
few kilameters, gro_\,(th times of a few minutes, and saturaticn fractional plaama concentration changes
of the order of 10 (Allen et al., 1974), in general agreement with the experimental observations,
A different approach considering stimulated Brillouin forward scattering (decay of the electramag-
netic wave into another electromagnetic wave and an jon snund wave) has al3o been devel-,.:d (Cragin
and Fejer, 1974), with collisional heating dominiting the pordermmotive force and generating field-
aligned irredularities with perpendicular scale sizes on the order [ 570 meters. Although the
initial approach differs, the physics of these mechanians is quite similar,

VME and UNF coherent radar observations of aspect-sensitive echnes from fieid-aligned irregulari-
ties have demonstrated the generation ani decay of short-scale plasma striations on %ime scales on
the order of 197 msa. The 8hort-scale structures are believed to be exrited by secondary therme!
processes associated with the parametrically-enhanced electron plagma waves (Perkins, 1'974; Vasknv
and furevich, 1975; “ragin et al,, 1977; Lee and Feler, 1373), Experimental nbaervations of this
coherent scatter have been detected for radar frequenries from 59 tco 40 MHz (Figqure 10; Minkoff,
107N ), The obaerye! short-scale jrrefularities exhibit atrong temporal and sgpatia! variahilities
(Figure 11; Frey, '097), The ro!e of short-scale field+aligned plaama striations in scattering »f
the incident HF radiation, producing an overshooting nf the HV-induce1 parametric effects, ani an a
sourre »f ananalous sixnal 3bsorption in the HF {nteraction region, 18 a ~urrenlL subtjex! nl stniy,

As we can see from the preceiing des~riptions, nonlinear phenomena accompanying  ioncspheris
modifi{cation by high-power radio wavis aonat!tute a rather « iverse and extensive clasy 2 offeta,
T™ig i Tue botr t ¢t ipheren' variety of nonlinear offecte {0 plasmar an !t te the great 1Hferen en
in phys!al conditions found in the innosphere as a function of time ani altisude, Generaily, the
predaminant effecta in the lower 1onosphere are assor a'a with nanlinear changes in wave absorp!'yor,
wlile upper lonospharic phenamena are mare uauacly aasooiated with chandes an wave refra-tio and!
WA= lasma innt ot {it ies

PINYEDYERT S TREE SV ARTITIES

The ataly of plasma strlation dynanicn using enaseaeris madification by hiphepower rati

5 junt (v irvs infarcy, Previoun obasevatisnn mave Jemonst rated tha* 1 noapher{ > (rreciarities
he formaed over a4 w'de range of jonoaphertc contitiann {n oo con'ralled expreimar al enviropment | A
seprehensive array of toneapheric diagnestios have bees fredfe ]t dnvest fgate the gan coaved poanma

hepavinr . The prinsipal experimental rensulta o ared

1 Larde-acale  popnoapher{s frreguiaritien farmoprefeprent pally Wit L m o bt gm e gt oo
niren,

{0 The {rregularitinn constat of dennity “luctuat{ans of ‘n'n -1

f- Thean large=ncale structyren deeiy on time-acales af aeveral tons of miayten to hogen b gr a0

ahow stenificant early disaiparion et s on g Yime geale ! lens than o few Mingte
i mall-acale finlfallgne! atriations form with acple Ajpzes o approximatecy onpest) e f moter b
anveral metera gnder apect e fonospher{c mod2Cooatpom oty nsoand o wirhtn a narrow altitte
region,
Y The amal l-acale mbrusture docayn on timecacgien of e dhagn 0o
v Anth large- and o amall- reale qreedulac [t fen drift t wether with oapparently the bacgprund o wind
velhe it en
e fnveatigatiaon of HF—induced Jonaapher i frrecularit, sl Fap st o mant fromoo Ynck ‘
fnteract ton with the thearetical acientf{fic communi'y talying freepdarity stabp bty ant el oty o
We aalleott yagr  atvice and  anapatance  gn puraning thia o relat{yely o pdecdevelapet eperment o
capubility,  The ohasrvationa to Aate addreas a pumber of anveactved phoenamenol yioal draies, Thene
out atanding queat {onn inelude:

(1) Why do large-sacale tresgulartitien foarm proalerent{ally with Y m to Y kgm aeple alzen!
o Why 4o theas  largeeacale  wbpuctaresn decay with b Tong b ime anttan' oWkt i v he
dAiastpat Lon mechan tam?



(1) What determ.nes the geometry and spatial extent of the large-scale ionospheric irregularities?
(4) By what processes do smail-scale field-aligned striations form and decay?

(5) What secondary instabilities are llkely to develop during the evolution of the irregularities?
() How do loncspheric disturbances drift?

In addition to the above physics questions, we can begin to address the problems of designing
definitive experimenltal programs tc determine the size and duration of ionospheric disturbance
{mpacts on generic C 1 systema. The potential applications of HF ionospheric modification research
to controlled experimental {nvestigations of RF system_performance in disturbed {onospheric condli-
tions could be vigorously pursued {f encouraged by the C'T scientific community,
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