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Lewis M, Duncan
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Abstract

This paper reviews the tonospheric effects
and associated environmental impacts which may
be produced during the construction and opera-
tion of a solar power satellite system. Propel-
Yant ermisstons from heavy 1ift-launch vehicles
are precdicteo to cause wide-spread ionospheric
depletions in electron and jon densities. Col-
1isional damping of the microwave power beam in
the lower i{onosphere can signifizantly enhance
the Yocal free electron temperatures. Therma)
sel f-focusing of the power beam in the iono-
snhere may excite varfations in the beam power-
flux density and create large-scale field-
aligned electron density irregularities. These
larce-scale frreqularities myy alco trigcer the
formation of small-scale plasma striations.
lonospheric modifications can Yead Lo the devel-
opment of potentially serious telecommunications
and climate impacts. A comprehensive research
program 1s being conducted to understand the
physical f{nteractions driving these ionospheric
effects and to determine the scope and magnitude
of the associated environmental impacts.

Introduction

The solar power sateliite (SPS) concept pro-
poses to collect solar enercy in space and
microwave beam this energy to ground-based
receiving antennai where it can be converted to
electrical power, A network of these solar-
power satellites, each generating 5 to 10 GW of
power, could make a substantial contribution to-
ward satisfying our future energy needs. The US
Department of Energy 1s currently directing
research programs to determine the feasibility
of a satellite power gystem.

The fonosphere is frequently defined as that
pert of the earin's upper atmosphere where free
electrons exist in sufficient numbers to affect
radio-wave propsgation. Numerous telecommunica-
tions systems rely on fonospheric reflections or

transionospheric propagation as part of their
commnications signal path, Any system which
can significantly modify the fonosphere has the
potential to proiuce wide-ranging talecommunica-
tions interference. In addition, the rcle of
the fonosphere ir sotar-terrestrial courling and
climate change {s just beginningc to be investi-
qated. This paper explores the potential 1ono-
spheric disturbances and associsted environ-
mental impacts accompanying the construction and
operation of a solar-power satellite systiem,

Construction Impacts on the lonnsphere

Construction of a syster ot solar-power
satellites requires many flichts of large
rockets, called heavy-11ft launch vehicles
(HLLV) .2 Powered flights of these large
hydrogen- or hydrocarbon-burning rockets could
cause temporary removal of ions and electrons
from the f{onospheric F-region. At heights of
150 to 500 km, the normally occurrina 0% fons
transfer their charge to the combustion products
H,0 and C0O,, forming polyatomic {ons that recom-
b;ne rapid?y with free electrons. Severe deple-
tions in 1fonospheric electron-number density can
resul t. These plasma depletions can produce
serfous telecummunications efferts and may
trigger climate modifications. The proposed
HLLV launch trajectory currently i{nvolves on'y
1imited propellant emissions in the F-layer of
the f{unosphere. The scope and magnitude of
associated envirommntal impacts s Dbeing
{nvestigated.

Jonospheric Effects on SPS Operation

The microwave power beam responsible for
transmitting energy from space to the ground-
based rectenna {3 designed to operate at
2.45 Gz, This frequency represents a conven-
fent compromise between the ionosphere-microwave
tnteractions that are more easily excited at
lower frequencies and the increased scattering



lTosses from atmospheric hydrometeors such as

rain and hail that occur for higher frequen-
cies. Althouoh no major changes in this oper-

atina frequency are anticipated, small changes

may be made to reduce interference 2ffects on

other electromagnetic systems. An alternative

option of .aser power transmission is also being

considered.

To avoid nonlinear ionospheric interactions,
the maximum power flux density within the SPS
ricrowav beam was oricinally limited to
23 mi!/cmc, Therefore, to detiver 5 GW of power,
the downcomina beam would have to bz at least
5 km in diameter. The rectenna, equally as
larce as the beam, then beromes a substantial
part of the SPS system cost (estimated at
approxirately 42+«). Any significant change in
the maximum power-flux Jensity in the microwave
beam results in an associated change in SPS cost
etficiency. Tre SPS e.onomics, thus, are
closely related to the 1{onosphere-microwave
interaction thresholde and the magnitude of
associated effects. A research program to
determine these tnresholds accurately and to
evdluate accompanying environmental impacts fis
well underway.

In addition to economic considerations, the
ionosphere can also affect the SKS operational
performance. The dovncoming microwave power
bear 1s directed ontc the ground-based rectenna
by an upgoing pilot beam., This retrodirective
system operates at a frequency close to that of
the power bear and i{s centered 1in the rec-
tenna. Thus, the upgoing pilot beam propagates
throuch the same i-nospharic plasma as does the
downcoring power beam. Any disturbances gene-
rated in the ionosphere could then lead to pilot
bear scintillation or scatterirg, resulting in
wandering or defocusing of the microwave power
bran. A detailed study of beam control 1s an
frportont part of the SPS 1onospheric research
prourar.

Microwave Beam Effects on the Jonosphere

Electromagnetic radiation propagating
through the jonosphere 1s collisionally demped
Ly free electrons. 7or microwave frequencies,
the fraction of wave nnergy absorbed by the
plasma 1s expected to be extremely small,
Nevertheless, because this absorbed energy goes
directly into the free electrons, which have &
very small effective heat cepacity, the result-
ing ohmic heating can significently affect the
Yocal fonospheric therma) budget. Strong radia-
tion can fnitiate significant enhancements f{n
electron temperature, also affecting fonospherir
densities and structure. Furthermore, the
resul ting thermal forces can drive additiona)
fonosphere-microwsve interactions leading to
beam ge)f-focusing «nd the development of
tonospheric striations.

Most of the changes in the fonosphere in.
duced by the SPS microwsve beam are believed to
be restricted to an area near the beam. How-
ever, even locelixed _hénges 1in tonospheric
structure, density, ard temperature can couse
serious wide-ranging telecommunicaiions ef-
fects. The magnitude snd scopy of these effects

depends both on the specific telecommunications
system characteristics and on the nature ot the
fonospheric disturbances. A vigorous research
program is underway to establish the thresholds
for exciting nonlinear 1ifonosphere-microwave
interactions, to determine the effects of these
interactions on the ionosphere, to define the
scope and magnitude of associated telecommunica-
tions impocts, and to devise mitigation strate-
gies to suppress their occurrence, if necessary.

HLLYV Propellant fmissions

Depleticon Chemistry

lonospheric depletiors in electron ancd icn
densities are predicted to occur following HLLV
launches f%' the construction of solar-power
satellites. The injection of rocket wexhaust
products, primarily H,0 and Hy, leads to an
enhancement of the effective eleCtron-ion recor-
bination rate through the substitution of poly-
atomic fons H 0%, H 9‘. and OKH* in place of the
normally occurring B « The depletion effect is
apparently confined to the F-layer i{onnsphere
above 200-km altitude where 0* is the dominant
positive fon, The main reactions are

0% + Hp0 + Hy0* + 0 (1
followed by

Hp0% ¢+ ™ = H + OH . (2)
Reaction (1) 1s much faster than either of the
normally occurring F-layer charge transfer reac-
tions

0* + 0, +0,* 40 (2)

or

0% « Ny » NO* + N (4)

Reaction (i) 1s about 10° times faster than the
direct recombination of electrons with 0%, viz:

0* + e 20+ hv . (5)

In addition, the OH radica) formed in Reaction
{2) can resct further with 07,

0" 4 OM « 0% + M, (6)

whlch is followed by rapid neutralization of the
07,

0+ e"s0lD)so . (1)

The 0(1D) s & metastable electronically excitec
oxyqen atom that decays primarily by emission of
6300-A radiation,

As 8 result of these two cycles, each Hy0
molecule can induce rapid recombination of two
electron-fon pairs. Sim{lar procasses occur
with other common rocket exhaust products, such
[ 1) Nz and COZ.

The spatial and temporal scale of the fono-
spheric depletion is inflyenced by diffusion and
convection of the exhsust products from their



tnitial peint of depnsition. A portion of the
witer depcsited in the F-recion {onosphere will
form ice and fall to D-region heights (65 to
90 km), where {ts interaction with the normal
jonospheric chermistry 1s much less serious.
When the Hzo concentrativ. along the rocket
trajectory has decreased by diffusion to levels
bwlgw tse nermal  F-layer 1on concentration
(:0° ¢m™”) the local ionization should be
renlaced by suniiaght-induced photoionization of
atomic oxvoen in about four hours.

Relevant QObservations

Tre launck of Skylab 1 (Saturn V rocket,
123C EST, 14 May 1973) involved an unusually
long second-stage burn through the ionospheric
F-regiin. Nearly simultaneous observaticns of
the forraiion of a large fonospheric hole were
repcrted. The 1onospheric total-electron
cclurn density was ohserved to be reduced by 50:
cr more over a period cormencing within 10 min-
utes after the launch and persisting for about 4
Fours, as shown in Fig. 1. The depletion appar-
ertly extendec over a region approximately
2aC kr in calameter. These observations were
made {n the course of rout'ne Faraday rotation
measurerents of VHF signals from geostationary
satellites ATS-3 an¢ -5, as obtained from the
Sagarcre hi11 Racio Observatory in Hamilton,
Massachusetts. The 1{onosphere may have re-
ceverer from the denletion in the observed four-
hcur event duraticr, or the hole structure may
sinply have drifred beyond the nbservational
1ine-cf-siart. In either case, the large deple-
tion in f{onospheric electron density can be
attrituted directly to the rocket propeliant
erissions during 1aunch.
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Figure 1
Measured tots! electron contont‘ vs time fol-
lowing Skylab 1 lsunch on line-of-sight from
Sagamore Hi11 Dbse: vatory to ArS5-3; wodel com-
putation of TEC vs time for same line-of-sight
for the 24 hours psocod!ng and 4 hours following
the Skylad lsunch.

Because of the potential impacts of thesc
depletions on telecomunications systems, Los
Alamos National Scientific Laboratory and Sandia
Laborateries jointly sponsored twu rocket erper-
iments (code-named Lagopedo) to investigate the
expected_chemistry modifications produced hy H,0
and C0,.”° The experiments generated 1onospher¥c
deplet;ons by many of tne same processes that
are active following the depnsition af rocket-
propellant emission products; consequently, the
Lagopedo data are directly pertinent to tke SF3
problem. The rockets’' explosive payloads depc-
1fted detonation products HZO, COZ. ard hy intc
the F-region ionosphere.

Betr experiments successfully producec ioro-
spheric depletions. The first experiment, fired
in local day!ight, produced a visible ice clouc
as a result of adiabatic expansion of the H:G
which expanded to a diameter of over 100 km
within 30 s. The cloud was visibhle due tv scat-
tered sunlight. No cloud was seen ir tr- second
shot, fired after local sunseir. Both releases
were acconpanied by measurable alrg1ou emissyons
at 6300 A [0('C)] and 5577 A [0('S)].

1t {s also probable that the Yaunck of laroe
spacecraft produces similar global disturbarces
of electron density in the 1ionosphere. kt
observation peinis approximately 200c ke fror
the launching site, fluctuations 1n el:ctron
densi®y of 5 to 10% were detected fo\\ou1n% the
Yaunch of Soyuz 19 and Apollo tpacecraft. A
cecrease in density was recorded several minutes
after eacr launch, followed by @& aquasiperiodic
recovery with a period of about 90 minutes and
persisting for several hours. HMuitiple reflec-
tions of HF radio waves were observed du~ing the
fonospheric disturbance. These disturbances
reserble the 1onospheric response follow! 1 sud-
den commencement of a magnetic storn.

The High-Energy Astrophysical Observatory
satel'ite HEAQ-C was launched from Cape (Cara-
veral at 0530 GMT ‘0030 1ocal time) on September
20, 1979, ghoard .n Atlas-Centaur rocker. The
launch trajectory, which was aimos* due east-
ward, wal urusudl {n that the (Centaur second-
st.qe engines burned to an sltitude of 466 knm,
depositing large quantities of exhaust gases
directly into the F-layer. Experimental cbier-
vations confirmed that, as predicted Fy computer
models, a significant F-laser depletion rid
occur over a region roughly 60C km in north-
south extent. V'e depletion prraisted until
dawn. High-altituue density profiles measured
using the Arecibo Observatory incoherent-scatter
radar 1indicated tha' electron density in
magnetic-flux tubes directly connected to the
depleted regfon chowed no apparent rocket-
{nduced changes.

Predirtions for SPS

Details of rocket-exhaust induced 1ono-
spteric depletion prucesses depend oOn many
factors, i4ncluding vcrticai and horizontal
diffusion and convection, sunlight-induced
rhoto!on!:it!on and photodis)octation, and @

arge number of chemical reactions. Large
computer models that 1incorpirate these ®m°ny
factors affecting {onospheric chemistry are



being constructed to predict the effects of the
HLLY launches envisioned as part of the SPS
transportation system, Preliminary results

fndicate the potential for substantial reduction
of the total ionosphere, as shown in Fig. 2.
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Figure 2

Computed concentration contours3 for H,0, Hy and
electrons (number per cubic centimeter) 2.4
hours after a hypottetical HLLV orbit circulari-
zatfon burn over the Phili{ppine lslands. The
cross-sectional view 1{s perpendicular to the
orbital plane and parallel to the magnetic meri-
dian plane looking back along the trajectory.
The original c.haust deposition was in the cen-
tral plane x = 2000 km, and extends 1400-km
lengthwise in that plane.

A sifple HLLY second stage wouldatmit about
7.8 x 1077 H,0 molecules and 2.4 x 1) Hy mole-
cler. If 811 of these molccules went o the
F-layer, they could recombine 1.8 x 10 {on-
electron pairs, or about twice the number pre-
sent in the entire global {fonosphere. However,
before reaching any catastrophic conclusions,
the dtmospheric models must 1nclude accurate
treatments of diffusion, gravitational settling,

and convection effects, as well as a realistic
description of the HLLV launch trajectory and
associated vehicle effluents,

These 1large-scale 1onospheric depletions
could have many consequences, Decreases in
fonospheric electron density will directly
affect high-frequency (HF) telecommunications
systems that depend on radio waves reflecting
from the 1ionosphere. Additionat impacts are
much more speculative. The fonosperic electron
temperature profile, electric conductivities,
and wezve-particle interactions will be affected
to some extent. The ionnsphere-magnetosphere
coupling may be aitered and satellite drac ray
increase. Auroral behavior and airglow intensi-
ties could also change.

Several pctentially serious environmental
impacts may accompany these modifications of
ionospheric structure and behavior. In addition
to direct HF radio-wave effects, changes in the
fonospheric propagation properties of other
electromagnetic waves may lead to impacts on
many telecommunications systems. The role of
solar-terrestrial coupling in triggering cli-
matic changes 1s not yet well-understood; how-
ever, several theories suggest that changes in
the upper atmospheric conductivity and composi-
tion may lead to c)imate modifications. A1l of
these possibilities, as well as many others,
must be studied in much greater detail before we
commit curselves to constructing solar-power
satellites.

lonosphere-Microwave Interactions

fnhanced Electron Heating

The collisional heating and coclino pro-
cesses of the ionospheric plasma are all deper-
dent on the electron temperature, For suffi-
ciently strona yadiation, the rate of heating
may increase much faster than the no-mal cooling
interactions, initfating a rapid increase in the
electron temperature that continues until com-
pensating processes set in that 1imit the tem-
perature rise. The net result is a phenomenon
orig19511y described as an electron thermal run-
awdy. we now understand that the compensating
processes that sa‘urate the heating develop
quickly enough to preclude ar asctual runaway in
electron temperature, although significantly en-
hanced electron heating can occur. This heating
then can affect the electron-ion recombination
rates, changing fonospheric dersities, or drive
secondary nonlinesar {onosphere-microwave inter-
actions, further disturbing the ambient plas-
ma. These disturtances can produce potentially
terious telecommunications impacts.

Electron Heating Theory. Holway and Me1tz.7
investigating the elTects of strong radio-wave
heating of free electrons {n the lower {ono-
sphere, first introduccd the concept of an elec-
tron temperature runaway. However, because
their calculations neglected seversl {mportant
fonospheric cooling mechanisms, their results
sre not quantitatively accurate and do not pre-
dict an electron temperature saturstion limit.
A computation of electron heating within the SPS
microweve besm was described recently by Perkins



and Poble,B includina a comprehensive model for
the dominant collisional cooling processes.
Their results represent the first thorough
analysis of the effects of a thermal runaway in
the ifonosphere, including a steady-state solu-
tion for the electron temperature. Additional
studies have verified this ana1§s1s and extended
the results to lower altitudes.

The electron eneroy equation 1ir the iono-
sphere can be exnressed as
3 dTe +
% « (7 - (07
Thet g - )

where n_ {¢ the electron number density, k 1s
Boltzrann's constent, dT,/dt s the Jrate of
change of the electron iemperature, (15 the
reat source function, and (° describes the
volume heat losses. Clearly, whenever the
eneray inpyt exceeds; the cooling losses, the
electror termperatu-e musl increase. Suffi-
ciently stronc ohmic heating can produce a
centinuously  increasing  electron temperature,
saturating only at some level where the in-
creased ohric heating fs balanced by additiona)
COONVINR, PIroCesses.

The rate cf (nergy input to the atmcspheric
free electrone resuiting from the absorption of
ricrowave or radicofrequency radiation can be
attritutec ertirel% to ohmic heating, aiven hy

2 f
> £ ro
G T ??. (uei + Ueﬂ) ,

where £ 15 the wave slcctric fieid amplitude, f_
fs the local plasma freauency, f i{s the electro-
majnetic wave freouency, 8nc v {r pn 8TE the
electror-fon and e1ectron-neutra$ co?f{sion fre-
cuancies, In the lower 1oncsphere, the
e ecircn-neytra) CO\11§VDq trequency dominates
and car be approximated hy

(91

e = 23 107 a7 (10)

y

whers niM; 15 the total mole.ular number density
fcm™ ) and T, fs the electron temperature (K),

A:s the electrons gafn energy from tre micro-
waves or from solar UV radiation, they also lose
energy by collisrons with atoms and molecules of
the backqround cas. In the collfsion-dominated
Yower {onosphere, thermal corduction {31 not an
important cooling mecharism. ‘he most effective
kinds of energy transfer collisions are inelas-
tic interacticns with 02 and NZ' producing rota-
tional and vibrational excftation, and colli-
sions with atomic oxynen, groduc1ng erc'taticn
of hyperfire levels of the “P ground state. In
the upper atmosphcre, thermal conduction 1s the
nrincipal cooling process, rapidl, diffusing
<xce3s heaat along the geomagnetic field Yiney.

The electron tempericture 13 a8 sentitive
bslance between heatino processes and cooling
fnteractions. As shown in Eqs. (9) and (10}, as
the electron temperalure rites the electron-
nestral  collfsion {reguency also 1increares,
thereby incressing the ohmic heating. Electron
cooling also decomes more efficient as the elec
tron  temperature f{ncresses above ity ambient
value the time 1t tnkes a plawma to self-
consistently reach an cquilibrium between these

competing processes {5 called the heating tirme
scale, After the f{onospheric wind har swept
this plasma beyond the heating hear, the elec-
tron temperature relaxes to its ambient level on
a cooliig time scale that 1s not very d fferent
from its heating counte  art, In the lower
fonosphere, both heating and cooling equilihrya
are reached in tens of milliseconds or less.

Relevant Observations. No present facili-
ties can zontinucusly irradiate the ionosrhere
at the SPS frequency of 2.45 (Hz with the SFC
power-flux denc<ity of 23 mw/cnt. Te conrstruct
such a facility woula be extremely ci5:)v.  HOow-
ever, at lcast for the study of tonosphere-
microwave 1nteractions, this does not seer
necessary. The SPS freoguency 1s many times
gresater than normal plasma freauencies in the
ionosphere, which are typically smaller thrpr
10 MHz and usually do not exceed 20 MHz. There-
fore, resonant 1onosphere-microwase interactions
are not expected to occCur. Insteaa, therra)
forces should drive any phenomens that

develop. As can be seen in Ea. (9), this
heating scales inversely as the saquare of
freaquency. Thus, by using lower experimenta)

wave frequencies but still avoicdina rescnant
fnteracticns, the SPS microwave bear can be
accurately simulated at much lower radiater
powers.

Inftial tests of the enhanced ele-tror
heatina theory were made 1n twc seriq cf
exrerimental studies wusing the 430-MHz radar

csten of the Arecibo Nbservatory (Nationa)
~stronomy and lonospher. Center), Preiiminary
resul ts measured only abcut 100k increases 1r
clectron temperature at 100-km altitude fcr SFS-
eaquivalent power, compared to  theoretical
heating predictions of everal times this,
(xperimental results are sho n in Fig, 3. The
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Figure 3
Experimental messurements of electron heating
following 6 m4 of 430-MHz heating on Junc ll,
1978. The i&S frequency-scaled power flux
equaly 25 w/cm“ at B5 km. Theoretical predic-
tions are from G. Meltr (1980).



heating pulse length for this experiment was
linited to 10 ms. Although tnis 1is several
times the normal heating time constant, we dis-
covered that the enhanced heating time scale is
nonl inearly denendent on the heating power-flux

density. New time-dependent heating calcula-
tions yfeld predictions 1in general agreement
with the experimental observations. In addi-

tion, unexpected natural variability in th2
fonospheric behavior was observed to affect the
heating balance. No explanation for this varia-
bility is yet available.

A detailec research progrem is planned using
high- frequency (HF) d{onospharic moaification
facilities at Arecibu, Pu>rto Rico, and Platte-
ville, Colora-o. These facilities currently
produce SPS-eaquivalent heating omiy in the D-
region 1{oncsphere. but anticipated uparraing
will extend this to cover all f{onospheric
hefahts, Studies to determine thc threshold and
maenitude of 1{onosphere-microwave inteiantions
and to demonstrate the validity of extrapclating
results of these frequency- and power-,cated
experiments to the SPS microwave beam will be
complemented by representative generic teieconm-
munications tests Jesigned to directly demor-
strate <he fonospheric finteractions impacts on
comunicatiors systems., If neccessary, this re-
search will also finvestigate poscible 1mpact
mitigation strategins,

Predictions for SPS, At the SPS fr(yuency
of 7,85 GHz, the threshoid nrower-flux density
for producing signi‘icant nonlinear heating is
now thougnt to be approximately 40 mW/cm®, How-
ever, even for small power iluxes, enhanced
electron hcating s predicted to occur, as shown
in Fie. 4. This hesting 18 restricted to the
neighborhood of the microwave beam.
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Fiyure 4
Contours of theoretically calculated electron
temperature over Boulder, Colorado for microwave
heating by the solar power satellite power
besm. The dashed 1ines give the beam direction
ard the light solid Vines indicete the geomag-
?;;gg field direction (from Perkins and Roble,

Large electron temperature ircveases in the
fonosphere may produce several important envi-
ronmental effacts. Enhanced electron tempera-
tures will {incroase HF radio-wave absorption in
the lower tionosphere. The associated thernal
forces can drive potentially serious nomlinear
interactions, resulting in beam self-focusing
and further development of ionespheric irrequ-
larities. If generated, these irregularities can
scatter HF, VHF, and UHF radio waves, producing
widespread communicaticns interference on mepy
systems using transionospheric propagation,*¢
In sddition, accompanying changes in foncspheric

density and conductivity may dinduce climate
modifications  throuyh effests on  upper-
atmospheric solar-terrestrial counling
mechcnisms.13

Despite identification of these potential
environmental impacts, much more retearch i
needed before e&ny definitive statements can e
made, At this poin* in our very limited studies,
no significart environmental impacts associated
with enhanced ijoncspheric ieating heve been
experimentally d=monstrated.

On the basis of these preliminary experi-
mertal results, we believe <{he instability
thres! old fc SP5 excitation of non)inear iono-
spheric interactiors 15 greater tnan the current
microwave Qf‘m power- flux dersity cvesign 1imit
of 23 mW/cm*,

Collective Plasma Phenomena

D fferential phmic heatirg of the tonosphere
gives rise to electron terperature gradients,
convective plasma motions, an” macroscopic
thermal forces cayable of exciting plasme insta-
bilities. The large-scale fonospheric responses
to these inducerd heating eftects can generally
be described as collective plasma phenomena.
This Yarge-scale plasma beravinr is driven by
dynamic macroscopic thermal forces, as opposed
to the inicroscopic kinetics of resistive heating
effects,

Beem Se)f-Focusing Therry., A considerable
amount of attention has recently been directeo
at wave self-focusiny, a macrosconic plasma phe-
nnaenon, Matura) density fluctuations cause
small variations in the index cf refraction of a
plasma, rezulting in a slignt focusing and defo-
cusirg of &n electromagnetic wave propagating
through the medfum. The electric-field inten-
sty increare; as the {ncident wave refracts
into regions of com?grutively underdense plas-
ma. Ohmic houtinq and the e@lectri--field
pondervmotive force then drive plasma from
thase focused regions, einplifying the initia)

perturbation. This self-focusing process con-
tinues until  hyarodynsmic  equilibrium {3
reached, creating field-aligned striations

within the plasma. This process s {1lustrated
schematicaly in Fig. 5.

Thermal self-focusing has heen shown to
develop at much lower power fluxes than thcse
required for sflf-focu-1ng driven by the ponder-
omotive force. Thermal self-focusing theorie:
are currently limited to threshold calculations
sond usually fnvolve geometric restrictions. In
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Figure §
Schematic description of the thermal self-
focusing process. Increased electron heating iIn
the focused regions produces & temperature gra-
dient that drives plasma out of the region,
further focusing the bean.

the magnetic meridian plane, the thermal self-
f°§751ng threshold power flux can be expressed
as

Penresh(W/n?)
~ (6 W/m8)(105/n)3(1,/1000 K)4(f/2.4 GH)3¢p ,
(11)

where n is the ambient electron density, To is
the ambient electron temperature, f 15 the
microwave freauency, and Cp ts roughly unity,
depending on .patial and temporal qrowth
rates. This expression is valid for underdense
fonospheric heating (f > f_ ), which 1s the case
for the SPS 1onosphere-microwave interactions.

It 1s not possible to determine a threshold
power 1in the usual sense for thermal self-
focusing because the instability threshold power
depends nonlinearly on the cxcited striation
width. As the incident power flux i{ncreases,
smaller striations can become unsiable. Also,
the power flux necessary to amplify any parti-
cular striation size becomes very small when the
sel f-focusing beam nearly pa:allels the geomag-
netic field. The {nstability threshold depends
on the cube of the incidert wave frequency, so
that once again SPS-equivalent experiments can
be conducted at lower heating frequencies with
much less radiated powe:,

Relevant Observations. Thermal self-
focusing of high-Trequency electromagnetic
radiation has been observed in overdense 1{ono-
spheric modification experiments. These obser-
vetions will be extended to the appropriate
uiderdense regime in similar experiments sche-
duled for the ntar Jutura., The overdense self-
focusing {nstebitities are observed to develop

with the theoretically predicted thresha]g
fields, scale lengths, and arowth rates.
Associated density firregularities form on time
scales of seconds to tens of seconds and decay
on time scales of minutes.

A schematic of a self-focusing experiment
conducted at the Arecibo Observatory is shown in
Fig. 6. Results of this study, presented in
Fig. 7, 1indicate that the measured striation
widths agree with the theoretical pred.ctions of
b Nlb km for the experimental parameters
used. However, the thermdl self-focusing
theory predicts that all drregularities with
widths of 1 km and greater should be anpli-
fied. Apparently the saturation state of the
sel f-focusing instability preferentially selects
the smallest striation width compatible witlh a
given threshold power for growth, 1n the plane
perpendicul ar to the magnetic field, the stria-
tion Xﬁfths are predicted to be approximately
500 m, ‘9’Y§ in relative agreement with the
observations. tlectron-density perturbations
due to the field self-focusing are experi-
mentally estimated at about 5% of the nptural
background density,
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Figure 6
The experimental configuration for {ncoherent
backscatter radar mapping of plasma striations,
attributed to thermal self-focusing. Radar
scans across the interaction region yfeld two-
dimensional measurements of the local electric
field strength.

In addition to these large-scele electron-
density firregulerities, overdense 1{onospheric
heattng 13 observed to proigco short-scale
(meter-size) plasma striations. however, they
sre believed to be produced through some type of
resonant {nteraction, and thus are not pre-
dicted to be excited by the SPS microwave
radiation,

Frediciions for SPS. Thermal self-focusing
18 expec:sd to cicur Tor the SPS microwave power
basr,  Tnv environmental and system impacts of
tris process will depend on the degree of beam
focusing, the size of the resulting large-scale
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Figure 7
Experimental observations of wave sel f-
focusing. The top figure shows the backscat-

tered stanal modulaticn induced by the natural
drift of self-focusing striations through the
fixed radar beam. The lower figure presents 2
series of striations as observed from rapid
scanning of the radar beam across the interac-
tion region immediztely after the drift measurc-
ments. The dashed curve estimates the unstri-
ated beam.

density striations, and the magnitude of the
density fluctuations within these irregulari-
ties. Best estimates are that the solar-power
satellite microwave beam should excite ifono-
spheric striations with scale sizes of about
100 m __and density fluctuations of  4n/n
~ 108,17 These irregularities may cause scin-
Tillation of radio waves using transionospheric
propagation, including the SPS pilot beam. In
addition, HF radio waves will undergo multiple
reflections in the striated region. The modi-
fied fonosphere will resemble a natural spread-F
environment.

1t short-scale plasma striations develop in
this region, much more serious and wide-ranging
communications effects may occur. Coherent
scattering of HF, VHF, and UHF radio waves can
produce interference in many telecommunications
systems, including television and radiyv. De-
tailed experimental studies scaled to SPS-
equivalence are planned to verify the finitial
predictions that such short-scale plasma stria-
tions will not be generated {n the SPS microwave
beam.

fonclusions

Al though we have presented a simplistic
review of a8 number of distinct ionospheric
phenomena, 1t is clear that for a complete
evaluation of the solar-power satellite impacts,
we must investigate a complex, coupled set of
problems. HLLY prcpeliant emissions may produce
large depletions 1in the 1Jonospheric electron
density; collisional damping of the SPS micro-
wave beam will significantly enhance electron
temperatures in the lower icncsphere; beam sel f-
focusing can generate large-scale density irre-
guiarities in the ubper ionosprhere. In addition
to their independently assessed effects, the
interactive nature of tnese phenomena must be
considered. A comprehensive research program to
perform _.he SPS envirommental impact assessment
has been organized and is being administered by
the US Department of Energy.

Historically 1in the s*udy of djonospheric
physics, theory has been relatively poor at pre-
dizting experimental results, although quick to
explain observations once they have been made.
For this reason, it is premature to draw conclu-
sions based on the {onospheric studies to
date. Although theoretical {investigations have
identified several potentially serious SPS
environmental impacts, no effects have yet been
experimentally demonstrated. Furthermore, we
cannot extrapolate the results of current jono-
spheric research o the SPS studies without also
verifying the theoretical assumptions that those
extrapol ations are based cn. A1l of these con-
siderations have been incorporated into the Dof
research prograr plan. In addition to directly
measuring the environmental 1impacts of iono-
spheric HLLV emissions and SPS-equivalent iono-
spheric heating, this program is designed to
determine the physics of the interactive mechan-
isms driving these effects. With this approack,
the proposed ionospheric research will yield a
thorough understanding of the environmental im-
pacts associated with the solar-power satellite
construction and operation.
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