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I13NOSFiERIC MODIFICATION flY HIGH-MWER RADTO WAVES

Lewis H. Duncan
University of California, Los Alamos National Laboratory

Los Alenos, New Mexico 875U5

ABSTRACT

Powerful , high-f’rcquency radio waves have been used to temporarily modify the ionosphere.
The~al and paramet.rie interactions have led to a diverse range of’ observed phenOmena, inclding

generation of density striations and artil’icinl sprenrf-F, ●nh~ncanents of ●lectron plasna waves,
production of ●xtrathermtxl electron rluxes and ●nhnnced alrg!ow, modification of the 11-reflion
t.m’nperaturp nnd den~ities, widehand slgnnl attenuation, and self-f’ausing and scattering of the
el~ctrcm~netic waves. The physics or ionosph~rlc mnrilficatlon try hiqh-power radle waves is revi-wl

in the corit~xt or o!:r current. theoretical unrfprstanding; disturhanre Remeration ‘nerhanim.s ~rr
qunlitntively riescrih~d. In ddition, r~sults Or ree~nt •x~rlments arc summarized In whirh
ionosptl~rie irregulariti~s ar? zen~rated and th,’ir ●vrrlution and drcny process~s inv~stigntml in

detail , The ●frects and ~t.entl~l controlled applie~l,,ns of these W ionospheric morflf]cntions for
vnrious RF sy~tans sturiimqiw~ riiscIIswl. Thr C T scientl fir crnrmunity provides nn impor~mt
motivation rnr t.h_s@ Ion?apherlc moftlficat.ion St.lvfios; their inrreasol int,prart ion and art Ivr

pnrt.icipntlnn in ●Kperlmentnl d~sifln and int.wpr~!.atio{l is ●n,wurafle, lm
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plasma. Heating-induced changes in the local ionospheric conduct iv ities 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 sel !-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 Have Refr.+ction and Self-Focusin~. Natural density fluctuations in the Ionosphere cause
small variations in the index of refraction Uf the plasma, resulting in a slight focusing and
defocusing of an elect,rurragnetic wave propagating through the mediun. The electric field intensity
increases as the incident wave refracts into regions of comparatively underd(nse plasma. ?hmic
heating and the electriefield pondercmotive force (a radiation pressure) ther drive plasna from
these focused regions, further amplifying the initial perturbation. This self-focusing process
continues until hydrc.dyntwnic equilibrium is reached, creating field-aligned st.riatio,)s within the
plasma. This process is illustrated schematically in Figure .?.

As a result of the change of the refractive index of the wave in the pla.czna, the beam ~.ra.).ctory
is distorted and the wave’s direction and propagation pat” are shift,?d, For radio wai,es refloating
in the ionosphere, if thermally-induc(,d imbalances of lor?izat.i>n arm not significant, the wav?’s
reflection heiRht shifts upwards. Sufficiently powerful and narrow beams may then penetrate thr,~LgL
critical density layers in the ionosphere,

Even a weak plasma nonlinearity cau~es radio wave prop?gtition trajectorii:s t.n hmcl not!c,~a!)!:;.
This leads to focusing and filmtentation of the inrirlent ra’io wave beam, to thl unset ~f wavp f:(,!i
intensity oscillations, and to stratification of the ionolpherl:’ plasma d~nsitv. Thr res)~tiqi
iarp,escale fiel(kaligned ionospheric Irreglllarities ~an impole severe scattering, s-!ntlilat ion, anl
distortion effects nn other radio waves over ;, wide frequen<’y ra)ge which may pr,,;):lQa!@ !hr,~(]$l+ths

modified region.



Resorant instabilities can be excited in regions uhere the radio wave frequency IS close to scale
natural oscillation frequen?y of the plasna. In these regions, the electronagnet!c wave may excite

natural plasma oscillations through linear w~ve transformation. This process lends to the develop
men? of mall-scale fielc-aligned plasna striations an~ the effective absorption of radio waves by
the plasma. The resulting small-wale plasma irregularities alm effectively scatter VHF ard UHF
radio waves aver a wide frequency band,

Another lmprtant nonlinear phenommon that occurs in the plasma r~sonance region ISI the excita-

tim Or p~ranetric instabilities. Parmnetric wav+plama interactions can generate enhanceri plasnn
.gnri ion-acoustic waves in the rield of a powerrul radio wave. In aidition, paranetrlc instabilities
can lead 50 effective nonlinear p,enerat.lon of noi3e and to absorption ~.f the incident ra!iatlon by
the plasma. Parametric interactions are usually accanpanled Dy pulsations cf the wave reflected
frcrr the ionosphere and by the C_neration of ●nergetic electrons (1-?0 ●V) accelerated as a result of
Landau danplng of the enhanced plasma waves. Interaction between parametr!call:,-enhnnced electron
plasna waves may also iead to the formation of short-srale pla5na striation: capable o! coherently
scatt.er]ng VHF and UHF radio waves.

TP addition to their local ionospheric eff,:rts, nonlinear wav-plnsma interactions may 5P

responsible for a ndmher of new phencxnena ol~tslde of thP modified region, Electrons accelcratel in
thP ~rturbe5 F-reflion i~nosphere and high-~wer lou-freql)ency radia!.ion produced by wave modulation
or wave-wave interaction pror~sses both may have a strong inf!uence on the behavior of the
magnetospherlc plasma, Wave energy rib.mrberi try the ionsopheric free elertrons ultlrnarelv may b-
trans!.=rrei throuuh collisions+ :P the n~utral mole~clpx and atmq of the upper atmosphere, Thl!r

process can resul? In notic~abl~ heai!n~ of the neutral atmsophere, alrmlou both :n the visit,:.= ;)1!
Infrar.-l, cm~,os!tioll rhanue~, anl p(]sslbly the ;i+l)nrhlng of aco~)stlc-~ravlt.y wave: an I th(,:-
assl~iatr=d travt=lllng lonc)~ph~>r]? dlst,,jrbanrps, ‘a,’!) of thesp p-rtl]rha:l(,ns, Lt,r,]uf,!)the:?
!n!~rn,,linns W:tp, otl)t=r ~ai: I UFIVP? , )onosrherir r;rlls and -jr~vnts, fast plf=rtr<>n~. 1? !

nap,nf,t-)s;):,~r) uhisl lors , may ~hcms~lie~ givr rlsr Lo a,idltional nonilne;{r ph~nomw+.



limlted by the telemetry rate on that information channel: coherent radar studies, particularly
involving the 50-MHz radar at Jicmnarca, Peru, have mea~ured spread-F echoes from gtructure with
~-meter gcale size. A condition indistinguishable on an ionogram from naturally-occurring spread-?
can be generated repralucibly bv illuminating the ionosphere with intense HF radio waves (Figure U;
Utlaut a~od Violette, 1972), Expsrimemtal HF radar studies (Figure 5; mane and Perkjns, 197.), radio
scintillation measurements (Figure 6: Getmantsev et al., 1976: Rufenasch, 197jj , AE satellite meas-

urements (Figwe 7, J. P, McClwe, 1977: Carlwn and Ddncall, 1977). and interaction region striation

mapping (Figure 4; Duncan and Behnke, lC7i3) have presented observational data to support interpreta-

tion of these large-scale spread-F effects as dw to a thermai self-focusing instability (Perkins ‘and
Valeo, 197U: Perkins and Goldmel, 1980). Additional studies have confirmed that ~hese HF irregulari-
ties apparently form with w~r spectral densities similar to natural spread-F, !J~r:ur cioud strla-
Llon9, nnd irregularly stru!tllre founj in the high-altitude nuclear -!?’~i?tiianent(Figure 9, Ganguly,
1981) Ray tracing simulations of observations h3ve Suggcst?d 3cale sizes perpendicular to B of a
few kilczneters, groqth time9 of a few minute9, and 3aturaticn fractional plama concentration changes
of the order or 19- (Allen et al., 197u), in general agreement with the experimental observations.

A different approach considering stimulated Brillouin forward scattering (decay of the electranag-
netic wave into another electromagnetic wave and an ion somd wave) has alm been dev.-l’,~.!d (Cragjn
and Fejer, 1974) , with collislonal heating dcrriin~ting the ponrfermnut.ive force and generating fiel+
aligned irredularitias wltb perpendicular scale sizes ~n the order f 5’70 meters. Althouih Lhp
initial approach dirfers, the physics or these mechanims is quite Similar,

Vqr and 119C roherent radar observations of aspect-sensitive echoes from fi~id-a!ignel irreg~lar’-

ties have denonstrate,l the generation and decay of short-scale plasna striations on time scalrs on
the order of 13 ms. The .qhort. -scale structures are heli~vc+ to be exrited by secondary therm?)
processes assnciateq with the parmptri cally-enhanced elecLron p!ama uavps (Perk[ng, 1Q71+: Vask~v
and Wrev Ich , lq”5; ?rag]n et al. , 19-”T: Lee and Fe.ler, lq~~), Experimental nb3P~vati~ns o? ttl:r

roheren!- sratter have bprn det.t=rtej for radar r-PfllJPf)piPS from 5~ t.o q~~ YHz (FIL!IJr@ 1’1: Hink[orf,
Irl-!l). ‘rh.- otjserfel .qhort-seal- irrequ!aritlP~ exhibit 3t.rOng tem~ral an,i spatia: var]ahilltle?

(Fiuure 11: Frey, l~qm), The ro!c cf short-srale f]el?-align-d pla.ma strlati>ns in sratlerlnP ?f
thr’ ,nri ’!.-n!W radiat:>n, produ]c]nti an oversh:,otlnfl ~? the tiL”-Inducel parametrw P?fPI’t5, an I ‘IF J

.%)ure of anmnal~tjs sl~r:al ah.qo~p~ Ion in the Iir interaft,lon r~,Rion, i~ a -urrenl. subjr.,~ ~! St’l!y.

As wo ran ae$, rrom thu prer-eiinti de?-rlptlon3, no~!]nOar’ pk(,nomrna aPLxnpalyinv, Inrlryr)o.rl

molirtc;]tlon hv hig%pwer radiu w{a~,ts -or].qt(tt]!r ,+ r,arhr- , lve~sc end f=xt~n+ive ~!a.~:! 7? ‘,!’!(>”-.
?9;3 I:, I{w hnt+ t ‘l)< Inl)-rrn’ varl”!y of n,rl~ IQc,.Ir ,,rrr,f- IV Ill;i.wa - a:. ! !.I rhp cl”fs:I’l:f~c,,,ll,.

If, p~lvq! +1 ?ondlli >n:. foun! in !h~ )c>n~sphrrr a3 a rl]nc’IIT1 ,~? f imp ~nl alt’,’wll>, ;,~!lfrd:lv, t~,
p!,.1,>~:r].11,$of” f’or! n in th~ lrIUPI- 1:,n,nplltnrf7 a-l, ;I~50< t13A>l WI’1, n-,r)!in~ar ~Ianfles in uv:~, allr !-I’3,‘T,
wt. : l,, II!~~II,,- lonr].qpt~pri,, phe!lcm-1~1 aro m>r,, (1711;1, !:,, o.!: -iato! HItl I -llar)~~,:; ITI WAJP .~~!r:l’: I a,, !

dlf-; ::r!im, l in!i’ !!l!)’; 1,3.
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(1) fiat determines the geometry and spatial extent of the large-scale ionospheric irregularity.es?
(4) By what processes do .smail-scale field-aligned striations form and decay?
(5) fiat secondary instabilities are ltkeiy to develop during the evolution of Lhe irregularities?
(5) How do ionospheric disturbances drift?

In ddition to the above physics questions, we can begin to addres.g the problems of desiflninR
definitive experime~tal prograns tG determine the size and duration of ionospheric dl~turbance

impact9 on generic C T systems. The ptential applications of HF ionospheric modification research
to controlled experl:7ental ir,vestigatlons of RF sy3tmlperfomance in disturbed ionospheric condi-
tions could be vlg~rously pursued if encouragd by the C I scientific cmnm{,nity.
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